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Abstract Switchgrass (Panicum virgatum L.) is a candi-
date feedstock in bioenergy, and plant breeding and
molecular genetic strategies are being used to improve
germplasm. In order to assess these subsequent modifica-
tions, baseline biomass compositional data are needed in a
relevant variety of environments. In this study, switch-
grass cv. Alamo was grown in the field, greenhouse, and
growth chamber and harvested into individual leaf and
stem tissue components. These components were analyzed
with pyrolysis vapor analysis using molecular beam mass
spectrometry, Fourier transform infrared, and standard wet
chemistry methods to characterize and compare the
composition among the different growth environments.
The details of lignin content, S/G ratios, and degree of
cross-linked lignin are discussed. Multivariate approaches
such as projection to latent structures regression found a
very strong correlation between the lignin content
obtained by standard wet chemistry methods and the two
high throughput techniques employed to rapidly assess
lignin in potential switchgrass candidates. The models
were tested on unknown samples and verified by wet
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chemistry. The similar lignin content found by the two
methods shows that both approaches are capable of determin-
ing lignin content in biomass in a matter of minutes.

Keywords FTIR - Lignin - PyMBMS - S/G ratio - Cell wall -
Recalcitrance

Abbreviations

ANOVA Analysis of variance

FTIR Fourier transform infrared spectroscopy

L1, L2, etc. Leaf tissue 1, Leaf tissue 2, etc.

PLS Projection to latent structures

PyMBMS Pyrolysis vapor analysis using molecular
beam mass spectrometry

RMSEC Root mean square error of calibration

RMSEP Root mean square error of prediction

S1, S2, etc. Stem tissue 1, Stem tissue 2, etc.

SD Standard deviation

Introduction

Switchgrass (Panicum virgatum L.) is a warm-season
perennial grass native to North America, which has been
targeted as an energy crop for biomass and biofuel production.
It naturally possesses various traits that make it desirable as a
lignocellulosic feedstock, including high yield potential,
tolerance to water and nutrient limitations, low establishment
costs, mitigation of soil erosion, adaptation to marginal land
sites, and a high net energy gain [1-3]. While switchgrass is
considered a front-running feedstock for bioenergy, the
complexity of the cell wall and recalcitrance attributable to
compounds such as lignin currently renders the utilization of
switchgrass for ethanol production at an economic disadvan-
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tage [4]. Plant breeding and molecular genetic approaches
can be used to decrease lignin content [5-8], and strategies
are underway to produce switchgrass with modified cell
walls that are more easily degraded for saccharification and
fermentation [9]. Fortunately, an established tissue culture
system and genetic tools exist for switchgrass [10-14],
enabling trait improvements in a rapid fashion. P. virgatum
cv. Alamo and cv. Kanlow are the only cultivars that have
been described in the literature as amenable for tissue culture
and transformation [10-13, 15, 16]. Alamo is a lowland
variety originally isolated from Texas and has been demon-
strated to have greater yields than other switchgrass varieties
in the southeastern USA [17]. Hence, Alamo is the cultivar
that has been selected for trait improvement within the
Bioenergy Science Center, a US Department of Energy
Bioenergy Center focused on addressing the recalcitrance
problem that must be solved before cellulosic biofuels can be
economically feasible.

To study the effects of genetic alterations of cell wall
components on biomass composition, baseline data of
switchgrass biomass components are needed in addition to
already published papers. Differences in sugar and lignin
composition have been associated with the season of
harvest and plant growth stage during harvest [18-20], as
well as differences between stem, leaf blade, and leaf sheath
components of switchgrass [20, 21]. One study found that
fiber, lignin, cellulose, hemicellulose, and ash contents have
little variation among multiple varieties of switchgrass
when viewed at the total dry biomass scale [17]. However,
El-Nashaar et al. [22] found significantly high levels of
variation in mineral composition among multiple varieties
of switchgrass. Leaves tend to have lower levels of lignin
and higher levels of cellulose, hemicellulose, and solubles
when compared to stem components [23]. Considering
different components of the stem in switchgrass cv.
Kanlow, Sarath et al. [24] used high-performance liquid
chromatography and gas chromatography—mass spectrometry
(GCMS) and observed increased levels of cellulose and lignin
in the basal internodes when compared to the apical internodes
in tillers harvested at the reproductive stage. Additionally, cell
solubles and hemicellulose in internodes decreased with
distance from the plant shoot apex [24].

While these general trends have been observed, no single
study has directly compared the compositional differences
of individual components of switchgrass tillers grown in the
field, greenhouse, and controlled environmental growth
chambers. This information is crucial because transgeni-
cally modified switchgrass will initially be grown in
environmentally controlled environments for common
garden experiments for phenotypic and compositional
analysis prior to being transplanted and assessed in the
field. Therefore, direct comparisons between these different
growth environments must be obtained.

The number of samples that need to be tested for most
experiments is substantial, requiring high-throughput tech-
niques that can rapidly screen samples of switchgrass for
classification and identification of potential candidates with
desirable traits. Analytical pyrolysis has been demonstrated
to be a very sensitive and useful technique for the rapid
analysis of plants and other biomaterials [25]. The mass
spectra of the pyrolysis vapors provide a chemical
fingerprint that is useful for the classification and identifi-
cation of the parent material. Analytical pyrolysis is
sensitive to changes in molecular, metabolite levels, and
cellular structure and has been successfully used to classify
microbes and other unicellular organisms [26-28]. Pyroly-
sis combined with GCMS (PyGCMS) has been employed
to measure lignin content and determine changes in lignin
structure in biomass materials [29-36]. Pyrolysis molecular
beam mass spectrometry (PyMBMS) has been used to
analyze the chemical composition of many different
biomass materials [37—41]. More recently, PyMBMS has
been employed in quantifying changes in lignin structure
[42] and estimating changes in S/G ratio [42, 43]. This
technique can be very informative in studies where speed is
important and less detail is needed for sample assessment,
e.g., traditional and transgenic plant breeding [44]. Simi-
larly, Fourier transform infrared spectroscopy (FTIR)
provides chemical fingerprints of materials in a matter of
minutes. The technique is non-destructive and combined
with multivariate analysis; it is a powerful tool for the rapid
assessment and characterization of biological material [45].
In addition to chemical information, such as quantitatively
detecting a range of functional groups, other characteristics
can be retrieved from FTIR spectra, such as the index of
crystallinity in cellulosic materials [46]. In this study,
PyMBMS, FTIR, and wet chemistry (ASTM method) were
performed to assess biomass compositional comparisons
(lignin content and S/G ratio) among switchgrass cv. Alamo
grown in the field, greenhouse, and growth chambers.

Methods
Plants

Switchgrass (P. virgatum L.) cv. Alamo plants were grown
in a variety of conditions. In the field, plants were grown on
the Agricultural Campus at the University of Tennessee,
Knoxville, TN, USA. Switchgrass at this site was previ-
ously established by seed in 2007, and samples for this
study were grown and harvested in October of 2008.
Additionally, plants were grown in a greenhouse and
controlled environmental chambers (Percival Scientific;
Perry, TA) in Knoxville, TN in 12-L pots in Fafard 3B
Mix (Conrad Fafard, Inc., Agawama, MA). In the green-
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house, plants were grown at 38°C/25°C day/night temperature
and 16-h day/8-h night cycle under ~300 pmol photons per
square meter per second with 400-W halide lamps. In
controlled environmental chambers, plants were grown at
25°C/25°C day/night temperature and 16-h day/8-h night
cycle under 500 pmol photons per square meter per second
with a combination of fluorescent and incandescent light.
Plants in the greenhouse and controlled environmental
chambers (referred to as growth chambers throughout this
study) were watered with tap water and supplemented with
commercial fertilizer [10-15 g 14-14-14 controlled release
fertilizer every 3 months and 200 ppm of 20-20-20 soluble
fertilizer biweekly (The Scotts Co., Marysville, OH)].

Harvesting of Plant Tissue

Plants at the reproductive growth stage (R1-R5 as defined
by Moore et al. [47]) were harvested 4 cm above the
surface of the soil and separated into (1) the flower and
peduncle, (2) individual regions of the stem (included node,
internode, and leaf sheath) and (3) individual leaf blades.
Stem regions (S) and leaves (L) were separated by position
from the top—downward (S1, S2, S3, etc. and L1, L2, L3,
etc.). Once samples were separated, they were allowed to
dry at 65°C for 48 h and milled in a Wiley mill through a
20-mesh screen to obtain a powder for analysis. Each
sample was split with one replicate sent to the National
Renewable Energy Laboratory (NREL) for MBMS analy-
sis, and the second sample retained at the University of
Tennessee for chemical analysis and FTIR analysis.

Chemical Analysis

Lignin content, the main property of interest in the study, was
measured following the standard procedure developed by
NREL for biomass (see website, www.nrel.gov/biomass/
analytical procedures.html). Briefly, the method employs a
two-step acid hydrolysis to fractionate the biomass (carbo-
hydrates and lignin) into forms that can be quantified. Lignin
was fractionated into an acid-soluble and acid-insoluble
fraction. The soluble lignin fraction was measured by UV-
Vis spectroscopy, while the insoluble fraction, which might
contain ash and protein, was quantified by gravimetric
analysis. Each switchgrass sample was analyzed in triplicate.

Pyrolysis Vapor Analysis Using Molecular Beam Mass
Spectrometry

A custom-built molecular beam mass spectrometer using an
Extrel™ Model TQMS C50 mass spectrometer was used for
pyrolysis vapor analysis [48, 49]. Minor modifications were
made to incorporate a commercially available autosampler
inlet pyrolysis system. The autosampler furnace was elec-
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tronically maintained at 500°C, and the interface was set to
350°C. The 3.2-mm transfer line was wrapped in heat tape
and heated to approximately 350°C measured with thermo-
couples. Helium gas (2 L/min) was used to carry the
pyrolysis vapors from the pyrolyzer to the mass spectrometer.
The residence time of the pyrolysis vapors in the reactor
pyrolysis zone has been estimated to be ~75 ms and is short
enough that secondary cracking reactions are minimal.

Samples of approximately 4 mg were introduced into the
quartz pyrolysis reactor via 80 pL deactivated stainless
steel Eco-Cups (Frontier Lab, Ltd.). Samples were random-
ized throughout the experimental run to eliminate bias as a
result of possible spectrometer drift. Disks of glass fiber
filter paper (type A/D) cover the top of the sample to
prevent sample from coming out of the cup during
injection. Mass spectral data from m/z 30-450 were
acquired on a Merlin Automation data system version 2.0
using 22.5 eV electron impact ionization.

S/G Ratio Estimation

S/G ratios were determined by summing the intensity of
syringyl peaks 154, 167, 168, 182, 194, 208, and 210 and
dividing by the sum of the intensity of guaiacyl peaks 124,
137, 138, 150, 164, and 178 [43]. Several lignin peaks were
omitted in the syringyl or guaiacyl summations as a result
of individual peaks having associations with both S and G
precursors.

Fourier Transform Infrared Spectroscopy

Switchgrass powder was placed on a ZnSe crystal of an
attenuated total reflectance accessory of a Perkin-Elmer
Spectrum One FTIR spectrometer. Spectra were collected
over 4,000-650 cm ', with the resolution of 1 cm ! and
eight scans per sample. Sample contact area was a circle of
about 1.5 mm in diameter. Five spectra were collected for
each switchgrass sample. In total, 15 spectra were collected
for each switchgrass tissue.

Cross-Linked Lignin Ratio

Absorbance ratios between peaks around 1,500 and
1,600 cm ! were calculated to estimate the relative level
of cross-linked lignin present in the biomass. The more
condensed and cross-linked the lignin is, the higher this
ratio will be.

Data Analysis
Student ¢ test was used for analyzing standard wet

chemistry results. ANOVA was conducted on lignin
measurements from wet chemistry, S/G ratios from
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MBMS, and lignin cross-linking absorbance ratios from
FTIR using SAS (Mixed procedure, 2008, SAS Institute.
Inc., Cary, NC), and least squares means were compared.
Letter groupings were obtained using Fisher’s least
significant difference method where P<0.05. Using this
method, no common letters between samples indicate that
there is a significant difference between the samples being
compared.

The FTIR and MBMS spectral data were imported
into The Unscrambler software (ver. 9.2; CAMO A/S,
USA) for model development. The FTIR spectra were
mean normalized and subjected to a full multiplicative
scatter correction to compensate for multiplication and/or
additive scatter effects in the data. The MBMS spectral
data were mean normalized prior to the analysis.
Multivariate analysis was used to extract useful informa-
tion from the spectral data set. Projection to latent
structures (PLS) was performed to develop a model to
predict lignin content. PLS provides a model for the
relationship between a set of predicator variables X
(spectral data) and a set of response variables Y (lignin
content). If the spectral data contain information about the
property of interest, a reliable calibration model can be
constructed. The models were validated using a full cross-
validation approach. In this technique, a sample is
excluded from the data set and the model is calculated
on the remaining data points. The value for the excluded
sample is then predicted. Reiterations permuting each
sample are performed until every object has been excluded
once. This approach is used to assure that the developed
models are not over-fitted (a tendency to describe too
much of the variation in the data, where not only
consistent structure is taken into account but also some
noise or uninformative variation). The number of principal
components (factors) used for the models was selected by
observing the response of the residual Y variance to added
factors. The models were completed when additional
factors did not substantially decrease the residual Y
variance. PLS models generate also regression coeffi-
cients, or information on the chemical features that drive
the calibration. The regression coefficients are useful to
relate chemical features in the spectra to the properties of
interest.

Results

To study the effects of growth environments on switch-
grass biomass composition, and more specifically on
lignin content, plants were grown in the field, green-
house, and environmentally controlled growth chambers.
Plants were then divided into different components
(Fig. 1), and individual leaves (L1 to L7) and stem

Fig. 1 Representation of indi-
vidual tiller components of
switchgrass as indicated in the
analysis. Tiller components are
indicated by letter: F flower,

L leaf blade, S stem tissue

regions (S1 to S7) were analyzed. Different growth
patterns were observed by the percentage of biomass
component (leaves versus stem) obtained for each growth
environment (Fig. 2). Plants grown in the field had the
highest percentage of stem and lowest percentage of leaf
biomass (75% and 25%, respectively), while plants grown
in the growth chambers had the lowest percentage of stem
and highest percentage of leaf biomass (56% and 44%,
respectively). The biomass of plants grown in the
greenhouse was in between these values (65% for stems
and 35% for leaves). Although the percentage of biomass
components fluctuated from one growth environment to
another, there were no significant differences observed
between the average number of nodes per tiller across all
three environments (data not shown).

Individual leaf and stem tissues for switchgrass grown in
field and greenhouse environments were analyzed using
standard wet chemical method (wet chemistry; Table 1).
For field samples, there were significant differences when
comparing the total stem and total leaf tissues for xylose,
arabinose, mannose, ash, and lignin content (P<0.05). For
the greenhouse samples, there were significant differences
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Fig. 2 Allocation of biomass to leaves and stems of tillers harvested
from the field, greenhouse, and growth chamber, as measured by the
total percentage of biomass weight

between the total stem and the total leaf tissues for glucose,
xylose, arabinose, ash, and lignin contents (P<0.05).
Additionally, significant differences were observed when
comparing individual tiller components for the field versus

the greenhouse (Table 1). While some differences were
detected for sugar content (e.g., the glucose, xylose, and
galactose content in leaf 1), the most striking differences
were observed in the ash contents between switchgrass
from the field and switchgrass from the greenhouse, with
the field samples having significantly more ash content in
the young leaves (L1, L2, and L3) and significantly less ash
content in the lower leaves (L4 and L5) and stem tissues
(S1, S2, S3, and S4) when compared to the greenhouse.
Because the characterization of biomass is time consum-
ing, spectroscopic approaches were employed to rapidly
analyze the numerous samples. Figure 3a and b show FTIR
and MBMS spectra collected on leaf (L1) and stem (S1) of
switchgrass plants grown under the three different environ-
ments (field, greenhouse, and growth chamber). While
some small differences can be observed, the various tissues
possess similar spectral profile. In the mid-infrared spectra,
bands are observed at 3,340, 2,920, 2,850, 1,735, 1,635,
1,603, 1,515, 1,463, 1,427, 1,371, 1,320, 1,245, 1,160,
1,035 and 899 cm . Some of these bands are functional
bands found in the main constituents of switchgrass

Table 1 Wet chemistry analysis for characteristics of switchgrass components

Glucose Xylose Galactose Arabinose Mannose Ash Lignin Extractives
Field
Leaf 1 32.4+0.4* 20.7+£0.3%* 2.94+0.02* 2.65+0.17 0.99+0.68 6.13£0.08%* 13.7+0.4* 17.4+£0.2
Leaf 2 30.0+0.9 17.9+0.6 2.54+0.33 2.10+0.28 0.61+0.13 5.07+0.08%* 142409 21.0+0.7
Leaf 3 33.1+0.1 20.3+0.2 3.05+0.24 2.77+0.08 0.62+0.14 5.32+0.06** 14.0+0.4 16.6+0.1
Leaf 4 30.5+0.7 19.6+0.5 3.10+0.19 2.52+0.10%* 0.65+0.36 5.48+0.18* 15.6+0.2 16.5+0.2
Leaf 5 29.5+0.7 18.5+0.3* 2.49+0.40** 1.96+0.22 0.62+0.25 5.72+0.04** 15.1+0.1%* 18.1+£0.2
Stem 1 33.1+1.9 248+1.4 3.28+0.53 2.38+0.49 1.38+0.10* 2.87+0.09** 16.5+2.7 18.5+1.2
Stem 2 31.9+2.4 22.0+1.6 2.80+0.25* 1.65+0.36 1.70+0.96 2.16+0.04** 19.34£0.2%* 18.8+0.2*
Stem 3 28.9+1.5 19.3+1.1 2.30+0.40* 1.42+0.27 1.27+0.71 2.23+0.00** 20.0+0.6* 18.0+0.1
Stem 4 32.9+0.5%* 21.0£0.4%* 2.76+0.06 1.48+0.08 1.74+0.30 2.34+0.09** 19.4+0.4 13.34£0.1%*
Stem 5 32.3+1.5% 20.1+0.9%* 2.86+0.25 1.56+0.21 2.11+0.66 2.52+0.04 20.5+0.6* 14.6+0.1
Greenhouse
Leaf 1 28.9+1.0 17.8+0.2 2.67+0.03 2.01+0.17 0.88+0.25 3.52+0.14 15.6+0.3 ND
Leaf 2 27.6+1.2 16.3+0.7 2.23+0.55 1.91+0.55 0.51+0.16 4.76+0.25 153+1.6 19.6*
Leaf 3 30.3+1.9 19.1+1.2 2.77+0.20 2.34+0.12 0.39+0.14 2.39+40.32 15.3+0.5 18.0%
Leaf 4 31.4+0.5 19.1+£0.2 2.84+0.15 2.25+0.13 0.62+0.53 6.32+0.01 14.5+2.6 19.3*
Leaf 5 27.8+0.5 15.4+0.3 2.12+0.46 1.79+0.39 0.34+0.13 6.57+0.07 14.1+0.1 18.9*
Stem 1 31.843.1 23.4+2.1 2.86+0.28 2.19+0.27 0.45+0.16 4.76+0.25 15.4+0.5 18.6+0.3
Stem 2 31.4+3.8 22.3+3.0 2.53+0.31 1.75+0.24 0.96+0.38 4.72+40.05 16.0+0.1 16.5+0.1
Stem 3 26.6+1.0 17.8+0.6 1.78+0.27 1.15+0.42 0.50+0.12 3.58+0.02 17.5+0.6 17.2+0.5
Stem 4 39.1£0.8 24.9+0.5 2.90+0.14 1.56+0.12 0.46+0.25 3.14£0.02 17.4+1.2 17.8+0.7
Stem 5 403+1.2 23.7+0.4 2.72+0.08 1.36+0.11 1.05+0.29 2.59+0.20 18.4+0.3 16.0+0.8

Mean value=+standard deviation
ND not determined

*P<0.05; **P<0.01 for field components when compared to greenhouse components

#No standard deviation because only a single replicate was available
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Fig. 3 a FTIR spectra collected
on leaf 1 (L7) and Stem 1 (S7)
of switchgrass grown under
three different environmental
conditions. b MBMS spectra
collected on leaf 1 (L7) and stem
1 (S7) of switchgrass grown
under three different environ-
mental conditions

(cellulose, hemicelluloses, and lignin [30, 44]). The band at
3,340 cm ' is assigned to hydroxyl groups, and the bands at
2,920 and 2,850 attributed to C—H groups. The band
located at 1,735 cm ' demonstrates the presence of
carbonyl groups in hemicelluloses and lignin. The two
absorbances at 1,603 and 1,515 cm™ ! are the result of the
breathing mode of the aromatic rings in lignin. Figure 3b
shows the MBMS spectra resulting from switchgrass
pyrolysis. The figures show that content features originated
from undecomposed switchgrass components. Various
masses can be specifically attributed to cellulose, hemicel-
lulose, guaiacyl lignin, and syringyl lignin. Cellulose has
mass peaks (m/z) values of 57, 60, 73, 85, 86, 96, 98, 100,
102, 110, 112, 126, and 144. Hemicellulose produces mass
peaks values of 58, 85, 86, and 114. Whereas mass peaks of

guaiacyl lignin have m/z values of 124, 137, 138, 150, 152,
164, 166, 178, and 180, syringyl lignin has m/z values of
154, 167, 168, 180, 182, 194, 208, and 210 [39, 48, 50].
From the MBMS spectra, the ratio between syringyl
and guaiacyl units in core lignin (S/G ratio) was
calculated and compared for different tiller components
and different growth environments (Table 2). The differ-
ences between the average S/G ratio for leaves and the
average S/G ratio for stems were significant (P<0.05) for
all three growth environments. Additionally, the total
average S/G ratio (combined for leaves and stems) was
significantly lower in growth chamber when compared to
field and greenhouse (P<0.05). From the FTIR spectra,
absorbance ratios between peaks around 1,500 and
1,600 cm ! were calculated to estimate the relative level
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Table 2 The mean value of S/G ratios for individual components of
plants grown in different environments

Component Average S/G ratio
Field Greenhouse Growth Chamber

L1 0.44° 0.40° 0.35°
L2 0.39° 0.36% 0.32°
L3 0.40° 0.37% 0.35°
L4 0.36% 0.34% 0.33%
L5 0.34% 0.36% 0.34%
L6 0.36 0.38% 0.34%
L7 0.45° 0.40° 0.40°
S1 0.47° 0.45° 0.36°
S2 0.49° 0.42% 0.40°
S3 0.56° 0.52% 0.42°
S4 0.57° 0.57° 0.46°
S5 0.56 0.60* 0.52°
S6 0.59° 0.64* 0.51°
S7 0.62° 0.63* 0.52°
Total Average 0.48° 0.46* 0.40°

Letter groupings were obtained from mean separation test (Fisher’s
least significant difference method, P<0.05) comparing single
component (e.g., “L1”) mean values across the three environments
(field vs. greenhouse vs. growth chamber)

of cross-linked lignin present in the biomass (Table 3) as
previously demonstrated [51]. A high 1,500/1,600 ratio
has been linked to more condensed and cross-linked lignin
structures [52]. In stem tissues, the ratio was found to
significantly increase in field samples when compared to
greenhouse and growth chamber samples, and in leaves,
the ratio significantly increased in field and greenhouse
samples when compared to growth chamber samples.
Spectroscopic approaches were undertaken to developed
models that will be useful to predict lignin content in
unknown samples. The models (FTIR and MBMS) were
constructed by correlating each spectral data set to lignin

content by partial least square regression technique.
Figures 4a and S5a show the calibration and cross-
validation models for FTIR and MBMS, respectively. The
predicted values of lignin are plotted against the measured
values to visualize the prediction performance. In such
plots, the data should fall on the diagonal (target line) when
a calibration model predicts the data perfectly. To evaluate
the prediction performance of each calibration model, a
cross-validation was performed on all samples. The
procedure involves using a single observation from the
original sample as the validation data and the remaining
observations as the training data. This step is repeated such
that each observation in a sample set is used once as the
validation data. Various parameters can be calculated to
determine a model’s ability to fit the data and its predictive
power, such as calibration R (coefficient of correlation for
calibration) and cross-validation R (coefficient of correla-
tion for cross-validation). In addition, the root mean square
error of calibration (RMSEC) for the training data and the
root mean square error of prediction (RMSEP) for the test
data can be used to evaluate the quality of the models. For
both models, an R>0.94 was obtained, and RMSEC and
RMSEP were very low (<1%). A regression coefficient plot
is an additional plot generated during a PLS model
construction. This plot shows the chemical features that
are responsible for the correlation between the spectral data
of the samples and the predicted characteristics (lignin
content). Figures 4b and 5b show the regression coefficients
for the PLS models developed from the FTIR and MBMS
data, respectively. Several absorbance bands in the mid-
infrared region (1,735, 1,616, 1,507, 1,323 cmfl) con-
firmed that lignin bands were used to build the models. The
same observations can be made for the MBMS model. The
masses at 137, 154, 167, 180, 194, 210, and others are
found to contribute to the model. The FTIR and MBMS
models were applied to predict lignin in switchgrass
samples that were grown in the growth chamber. The
content was predicted for the various components of the

Table 3 Measurement of lignin absorbances from the FTIR spectra of switchgrass plants grown in different environments

Lignin absorbance at 1515cm’

Lignin absorbance at 1603cm™

Absorbance ratio between 1515 and 1603cm™

Stem
Field 0.665+0.037
Greenhouse 0.705+0.032
Growth Chamber 0.715+0.029
Leaf
Field 0.748+0.090
Greenhouse 0.847+0.062
Growth Chamber 0.711+0.091

0.858+0.067 0.768+0.041°
0.998+0.065 0.702+0.037°
1.004£0.094 0.713+0.061°
1.058+0.086 0.719+0.042°
1.266+0.046 0.685+0.065"
1.193+0.091 0.609+0.068°

Each data point is the mean+standard deviation of absorbances from at least five separate FTIR spectra. Letter groupings were obtained from

mean separation test (Fisher’s least significant difference method, P<0.05)
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Fig. 4 a Results of a FTIR PLS model showing the correlation
between the measured and predicted lignin content in switchgrass. b
Regression coefficient plot from the FTIR PLS model allowing the
identification of the most important variables in building the model

plant (leaf and stem tissues) and then compared to the value
obtained by wet chemistry. Table 4 shows the results, the
lignin content associated with a standard deviation pre-
dicted by FTIR, MBMS, and the “true” lignin content (wet
chemistry).

From Table 4, several trends in lignin content were
revealed from various tissues. For leaf tissues, no
significant differences were seen for leaf tissue from the
top of the tiller (L1) compared to all other leaf tissues
down to the bottom of the tiller (L5). However, stem
tissues had significantly increased in lignin content
progressing from the top of the tiller (S1) to the bottom
(S5). Similar results were observed for all environments
(field, greenhouse, and growth chamber) from the wet
chemistry results (Fig. 6a, b). The leaves displayed
minimal differences between the different growth environ-
ments (Fig. 6b), while the stem regions showed signifi-
cantly higher levels of lignin in the lower, more mature

stem tissues (Fig. 6a). In addition, the younger stem
tissues (S1, S2, and S3) from the field samples were
characterized by slightly higher lignin levels when
compared to the greenhouse and growth chamber samples.

Discussion

The percentage of biomass component (leaf versus stem)
observed from the field in these experiments is comparable
to other studies of switchgrass harvested in the spring and
fall [18]. The percentage of biomass, composed of stems
and leaves, is of relative importance to those involved in the
processes within a biorefinery, resulting from the variation
in chemical composition between different components
(Fig. 2). For instance, 75% of the total biomass (excluding
the panicle) from the field was composed of the stem tissue,
containing an average of 19% lignin as measured by wet

a
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Fig. 5 a Results of a MBMS PLS model showing the correlation
between the measured and predicted lignin content in switchgrass. b

Regression coefficient plot from the MBMS PLS model allowing the
identification of the most important variables in building the model
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Table 4 Prediction of lignin content in switchgrass samples grown in growth chamber by FTIR and MBMS models with standard deviation in

parenthesis

Growth chamber Predicted lignin content

Predicted lignin content Calculated lignin content

switchgrass by FTIR (%) by MBMS (%) by wet chemistry (%)
L1 15.03 (1.09) 14.32 (0.80) 14.95 (0.39)
L2 13.65 (0.94) 15.42 (0.69) 14.87 (0.28)
L3 14.15 (1.15) 15.31 (0.67) 14.91 (0.26)
L4 14.07 (1.39) 14.75 (0.96) 14.55 (0.44)
L5 13.96 (1.39) 14.50 (0.75) 14.38 (0.11)
S1 14.15 (1.12) 15.54 (0.77) 14.40 (0.25)
S2 15.22 (0.77) 16.59 (0.77) 17.16 (0.21)
S3 16.60 (0.50) 17.09 (0.63) 17.75 (0.17)
S4 17.57 (0.48) 18.36 (0.53) 19.00 (0.04)
S5 17.79 (0.63) 18.77 (0.70) 19.07 (0.13)
S6 18.06 (0.82) 18.86 (0.86) -

S7 18.30 (0.75) 19.44 (0.70) -

chemistry (Table 1). However, the other 25% of the
biomass, composed of leaves, only contains an average of
14.5% lignin. These differences are substantial and can
have a significant impact on the performance of the
biomass in a biorefinery.

Lignin levels are consistently higher in stem tissues
when compared to leaf tissues [20, 21, 53], and these trends
were noticeable in this study as well. The gradual increase
in lignin moving from S1 down to S5 was observed in all
three environments where switchgrass was grown and is
consistent with results shown from a previous study [24].
There was a lack of variation in lignin content among
different leaves throughout the switchgrass tiller (L1 to LS),
although these results are not surprising, since switchgrass
leaves do not play a major role in physically supporting the
plant and do not undergo secondary growth.

Most striking are the significant differences observed
between the overall S/G ratios (Table 2) and the cross-
linking ratios (Table 3) when comparing the field and
greenhouse to the growth chamber samples. Additionally,
the percentage of stem biomass decreased from the field
(75%) to the greenhouse (65%) to the growth chamber
plants (56%). These patterns of differences between the
switchgrass grown in the field, the greenhouse, and the
growth chamber can most likely be attributed to inherent
differences in the environments themselves. Plants within
the environmentally controlled growth chambers are limited
by the physical space available (e.g., the height of the
switchgrass plants rapidly reaches the chamber ceiling,
attaining a growth limitation within the chamber). This
might explain the lower S/G ratios seen for samples from
the growth chamber, as S/G ratios have been demonstrated
to increase with stem development, and lower S/G ratios
have been associated with less mature stem regions [5]. It is

@ Springer

also likely that compositional differences observed between
field-grown and growth chamber-grown switchgrass can be
attributed to more environmental and mechanical stresses
present in the field. Similar observations have been
demonstrated to affect the chemical properties and lignin

Fig. 6 a Lignin content (%) determined by wet chemistry of
individual stem tissues (S/ to S5) for switchgrass grown in the field
(black), greenhouse (gray), and growth chamber (white). Letter
groupings were obtained from mean separation test (Fisher’s least
significant difference method, P<0.05). b. Lignin content (%)
determined by wet chemistry of individual leaf tissues (L/ to L5) for
switchgrass grown in the field (black), greenhouse (gray), and growth
chamber (white). Letter groupings were obtained from mean separa-
tion test (Fisher’s least significant difference method, P<0.05)
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composition of pine and other trees [54, 55] and could have
similar effects in herbaceous crops. These findings are
necessary to take into account for studies where growth
chambers will be used for initial assessments of traits (e.g.,
reduced lignin content) that are eventually desirable in
field-grown energy crops. Observations made in the growth
chamber may not be directly extrapolated to the field.

The FTIR and MBMS models were developed indepen-
dently of the type of tissue and growth environment. The
strong correlations obtained between the spectral data and
the lignin content confirm that the techniques and the
models are reliable to determine lignin content in plant
tissues and to assess lignin chemical structures. The two
high throughput techniques generate complimentary data
that permit a more complete assessment of lignin in
switchgrass. In addition to chemical composition, they
provide information about physical and structural properties
of biomass that directly influence biomass utilization and
conversion. In conclusion, these techniques can be used to
rapidly assess switchgrass biomass grown under different
environments, determine the lignin complexity and content,
and identify fluctuation among these parameters.
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