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RESEARCH

Switchgrass Biomass Composition Traits
and their Effects on its Digestion by Ruminants
and Bioconversion to Ethanol

Kenneth P. Vogel,* Michael D. Casler, and Bruce S. Dien

ABSTRACT

Six generations of divergent breeding in
switchgrass (Panicum virgatum L.) for forage in
vitro digestibility (IVDMD) resulted in significant
changes in 20 biomass composition traits.
Stepwise multiregression was used to determine
which of the 20 composition traits had the largest
significant effects on forage IVDMD and potential
ethanol yield (ETOH) in a biorefinery. Switchgrass
biomass samples from a field nursery containing
thedivergentswitchgrass populationsandfamilies
were harvested after flowering, dried, ground,
and analyzed for composition traits by near-
infrared reflectance analyses using previously
developed near-infrared reflectance calibrations.
After nonsignificant variables were eliminated,
the resulting multiple regression models were
highly significant (P < 0.001) and accounted for
95 and 96%, respectively, of the total variation
for both IVDMD and ETOH. Standardized partial
regression coefficients were used to estimate the
relative importance of each significant variable.
The biomass composition factors that had the
largest impact on both IVDMD and ETOH were
esterified ferulates, p-coumarate esters, specific
cell wall sugars that are involved in the linkage of
cell wall lignin to hemicellulose, N, and extracted
fats. Klason lignin was not a significant variable
in either regression analysis, even though it
was strongly negatively correlated with both
IVDMD and ETOH. The IVDMD test, which
acted as a biological selection index in a long-
term population breeding program, impacted an
array of switchgrass biomass composition traits
whose relative effects on both IVDMD and ETOH
had not been previously quantified.
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Abbreviations: ETOH, ethanol yield from biomass saccrification and
fermentation; IVDMD, in vitro dry matter digestibility; NIRS, near-
infrared reflectance spectrometry; see Table 1 for an extensive listing of
abbreviations for biomass composition and conversion traits.

THE EXTENT and rate of digestion of herbaceous biomass by
ruminants and its bioconversion to ethanol in a biorefinery
is dependent on its cell wall composition and the linkages of cell
wall components to each other (Vogel and Jung, 2001; Casler and
Jung, 2006; Jung et al., 2012; DeMartini et al., 2013; Loqué et
al., 2015). Both the amounts and types of cell wall carbohydrates,
lignin, and hydroxycinnaminates are known to aftect digestibility
by ruminants and conversion to ethanol, including ferulate and
diferulate molecules that can be esterified to arabinoxylan and
covalently linked to lignin by ether and ester bonds (Sarath et
al., 2008, 2011; Jung et al., 2012; Molinari et al., 2013). Previous
research has demonstrated that these cell wall compounds can be
genetically modified using both conventional (Casler and Jung,
1999; Sarath et al., 2008, 2011; Vogel et al., 2013) and molecu-
lar plant breeding approaches (Fu et al., 2011a, 2011b; Saathoff
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et al., 2011; Baxter et al., 2015; Cass et al., 2015; Ran-
cour et al., 2015). The relative magnitude of the effects
of all of the different biomass chemical constituents on in
vitro dry matter digestibility IVDMD) or ethanol yield
from biomass saccrification and fermentation (ETOH)
has not previously been studied for populations of plants
that produce biomass with known differences in IVDMD
and ETOH and that also have significant differences in
concentration of most biomass composition traits. Plant
populations of biomass species with these known differ-
ences are very limited, and the cost of the wet laboratory
work to determine the concentration of all the composi-
tion traits has previously been prohibitive.

Switchgrass (Panicum virgatum L.) is one of the primary
perennial grasses being developed as a perennial grass bio-
energy crop for production on marginal cropland (Schmer
et al.,, 2008; Mitchell et al., 2012; Moore et al., 2014).
In previous research, populations and half-sib families of
switchgrass, which were developed by divergent selec-
tion for IVDMD for six breeding generations, produced
biomass that differed significantly for both IVDMD and
ETOH and also had significant differences for over 20
biomass chemical constituents (Vogel et al., 2013, 2016).
In this study, our objective was to determine which of the
compounds, whose relative concentrations were geneti-
cally altered in these switchgrass populations and families,
had the greatest effects on the resulting differences in
IVDMD and ETOH by using multiple regression analy-
ses. This research was made feasible by development of
near-infrared reflectance spectra (NIRS) calibrations for
over 25 switchgrass biomass composition traits (Table 1),
which enabled the concentration of these traits to be accu-
rately predicted at a fraction of the wet laboratory cost,
as measured in both money and time (Vogel et al., 2011).

MATERIALS AND METHODS

The plant materials, field trial and sample collection work, and
the laboratory procedures used in this study have been reported
previously in associated research (Vogel et al., 2011, 2013). In
the previous research, 2-yr plot means were used to determine
genetic differences between populations produced in the six
breeding generations and also among half-sib families produced
in the last breeding generation. For simplification purposes, the
populations and half-sib families produced in the six breeding
generations will be referred to as “strains’ in this report. In this
study, the biomass composition of the biomass samples collected
from all switchgrass strains were used in the regression analyses
without any linkages to breeding populations or families.

In brief, a field evaluation trial was established in 2006 at the
University of Nebraska’s Agricultural Research and Development
Center (ARDC), which is located 50 km west of Omaha, NE
(Vogel et al., 2013). The trial included all the switchgrass strains
produced by the divergent breeding for IVDMD. A plot for each
strain was a single row of 10 plants spaced 1.1 m apart within and
between rows. The experimental design was a randomized com-
plete block with six replicates. Herbicides and hand weeding was

used for weed control. In 2007 and 2008, plots were fertilized with
recommended rates of N fertilizer (115 kg N ha™") in the spring
and were harvested when the plants were fully flowered. Biomass
samples were obtained by harvesting four or five tillers from each
plant within a plot. Because heading date and flowering time were
similar for all populations and families and all plots were sampled
within a single day for each year, genetic variation observed among
families was independent of reproductive maturity.

Harvested samples were dried in a 50°C oven for 48 h and
were then ground in a two-step process to pass a 1-mm screen.
Ground samples were scanned using a Model 6500 near-infra-
red spectrometer (NIR Systems, Silver Springs, MD; now FOSS
NIR Systems, Inc., Laurel, MD) to determine feedstock compo-
sition and conversion. A comprehensive set of switchgrass NIRS
prediction equations were used to determine the concentration
and composition components of the harvested biomass samples,
as fully described by Vogel et al. (2011, 2013). The NIRS calibra-
tion set of samples (n = 112) were from regional yield trials in the
US Midwest, management experiments, and breeding nurseries
(Vogel et al., 2011). The NIRS calibration for ETOH was based
on ethanol yield from switchgrass biomass following pretreat-
ment and simultaneous saccharification and fermentation using
commercial cellulases and Saccharomyces cerevisiae Meyen ex E.C.
Hansen, which only ferments hexose sugars to ethanol (Dien
et al., 2006; Vogel et al., 2011). Composition traits (Table 1),
IVDMD, and ETOH concentrations were determined for 204
harvested biomass samples using the NIRS analyses.

Statistical analyses were conducted using SAS 9.4 for Win-
dows (SAS Institute, 2012). Means and standard deviations were
determined using PROC MEANS, Pearson correlations were
determined using PROC CORR, and stepwise multiregression
analyses were conducted using PROC REG. In the multiple
regression analyses, [IVDMD and ETOH were treated as depen-
dent variables and the biomass composition traits were treated as
independent variables. The BACKWARD selection option was
used in the regression analyses. In the BACKWARD regression
analyses, variables were deleted one by one in sequential analyses
until all of the remaining independent variables were significant
atleast at the 0.10 level of probability, with the variable having the
least contribution to the model deleted at each step (SAS Insti-
tute, 2012). In regression analyses, differences in magnitude or
unit of the independent variable can affect the magnitude of the
partial regression coefficients, making it difficult to use them to
make comparisons among independent variables for their relative
impacts on the dependent variables. Standardized partial regres-
sion coefficients can be used to make direct comparisons among
independent variables for their effect on the dependent variable
(Snedecor and Cochran, 1967). Standardized partial regressions
coefficients were calculated using the following equation:

B, = (SD./SD)b,

where (3, is standardized partial regression coefficient for the
ith independent composition variable (x), SD , is the standard
deviation of the ith independent x variable, SD is the standard
deviation of the y dependent variable (IVDMD or ETOH), and
b, is the partial regression coeflicient for the x; independent
variable from the multiple regression model for the regression
of the y dependent variable on all of the significant independent
variables. The standard deviations listed in Table 1 were used to
calculate the standardized partial regression coeflicients.
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Table 1. Biomass composition mean and range values for 204 biomass samples harvested from switchgrass experimental
strains divergently bred for high and low in vitro dry matter digestibility (IVDMD) that differed significantly for all traits.

Range
Variable Abbreviation Mean SD Minimum Maximum
mgg™

Carbon C 435.4 3.0 428.0 443.0
Nitrogen N 14.6 1.89 1.1 18.8
Extracted fat EE 121 1.7 8.3 16.0
Minerals (total ash) ash 88.2 6.4 67.8 102.7
Klason lignin KL 166.8 18.7 121.2 21141
Uronic acidst UA 17.3 0.6 15.7 19.1
Rhamnoset RHA 1.01 0.21 0.54 1.40
Fucoset FUC 0.12 0.03 0.03 0.19
Arabinose t ARA 30.7 1.7 26.7 34.4
Xyloset XYL 198.4 4.8 182.3 212.0
Mannoset MAN 6.2 0.6 4.8 8.0
Galactose T GAL 8.2 0.7 6.1 10.0
Glucoset GLC 2851 6.4 267.2 301.4
p-Coumarate esters PCA 5.86 0.62 4.27 7.59
Esterified ferulates FEST 1.62 017 0.92 2.06
Etherified ferulates FETH 0.45 0.16 0.05 0.91
Sucrose SuUC 18.7 2.9 1.7 27.8
Soluble glucose GLCS 4.3 1.5 1.4 8.7
Fructose FRU 3.0 11 0.0 6.6
Starch STA 4.0 1.8 0 8.8
Ethanol mg g~' dry forage ETOH 86.8 8.0 68.9 105.0
In vitro dry matter digestibility IVDMD 635.0 401 551.8 77

T Cell wall carbohydrates.

RESULTS AND DISCUSSION

There was a large range in the concentration values for
all of the biomass composition traits among the switch-
grass biomass samples that were used in this study (Table
1). The abbreviations given for the traits in Table 1 are
used in the following discussion and tables for brevity
purposes. As reported in the previous study (Vogel et al.,
2013), there were significant differences among popula-
tions and half-sib family means or strains, based on the

Pearson correlations of ETOH with the independent
variables were significant (P < 0.01) for all composition traits
except for mannose (MAN), esterified ferulates (FEST), and
FETH (Table 2). For IVDMD, Pearson correlations were
significant for all variables except for FETH. Klason lignin

Table 2. Pearson correlations (r) between switchgrass biomass
composition variables and ethanol yield (ETOH) and in vitro dry
matter digestibility (IVDMD).

12 samples that had been harvested from the six repli- r
cates of each family or population for the 2-yr period,  Trait ETOH IVDMD
except for total C, cell wall concentration (CWC), sol- ('\:‘ g‘ig** 8‘?1?**
uble glucose.(G.LCS), apd etherified ferulat§s (FETH). 5 cose .43 .45+
There were significant differences among strains for both  yyjose ~0.38* _0.48"
ETOH and IVDMD. The range in composition values  Mannose 0.13 0.25"
listed by trait in Table 1 represents the variations among  Klasonlignin -0.72 -0.66™
strains that were significant for almost all traits plus the  Extractedfat —0.2” -0.67

.. . - . Rhamnose 0.81* 0.84™*
variation among replicates within strains over two har- Fucose e 069"
vest years .and are about fourfold the. standard devw'lt?on Arabinose 0.90% 0.89**
for the trait. The large range in the biomass composition Uronic acids 0.79* 0.85*
traits and for IVDMD and ETOH, combined with the Galactose 0.86** 0.86**
relatively uniform stage of reproductive maturity for all ~ Sucrose 0.34™ 0.18™
samples, supports the validity of using this population of Soluble glucose -0.59 -0.65

1 d . h lat; T £ the bi Fructose 0.27* 0.22*
samples to determine the relative effects of the biomass g/ oy 052 .54
composition traits on [IVDMD and ETOH. The rela- ;. coumarate esters _0.71 _0.70%
tively uniform stage of reproductive maturity validates  Esterified ferulates 01 0.09
inferences regarding correlative and potentially causative  Etherified ferulates -0.09 -0.18™
changes due to selection, as opposed to changes associ- ~ Minerals (total ash) ~0.36™ ~0.24*
. .. . . . IVDMD 0.94
ated with variation in stage of maturity or heading date.
** Significant at the 0.01 probability level.
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(KL), glucose (GLC), xylose (XYL), extracted fat (EE),
fucose (FUC), GLCS, starch (STA), p-coumarate esters
(PCA), and ash were significantly negatively correlated to
both ETOH and IVDMD while nitrogen (N), carbon (C),
rhamnose (RHA), arabinose (ARA), uronic acids (UA),
galactose (GAL), sucrose (SUC), and fructose (FRU) were
positively correlated. It should be noted that the correlation
between IVDMD and ETOH also was highly significant (r
= 0.94, P < 0.01). This positive relationship was predicted
by Vogel and Jung (2001). Anderson et al. (2010) reported
a smaller (r = 0.55, P = 0.01) positive correlation between
IVDMD and ETOH with bermudagrass [Cynodon dactylon
(L.) Pers.] regrowth biomass samples. In a study in which a
small number of switchgrass plants with significant genetic
differences in biomass IVDMD were compared, the plants
with increased biomass IVDMD also had increased ETOH
yield (Sarath et al., 2011).

In the multiregression analyses for IVDMD, the com-
position variables KL, UA, GAL, MAN, SUC, GLCS,
and FETH were eliminated, in that order, in the stepwise,
backward analyses (Table 3). The final regression model was
highly significant, with a coefficient of determination (R?)
value of 0.95 (Table 3). Eleven composition variables had
significant effects (P < 0.05 or smaller) on IVDMD. The
significant partial regression coeflicients in the model (Table
3) were used to calculate the standardized partial regression
coeflicients. The traits that had significant effects on switch-
grass [IVDMD in order of the absolute value of their standard
partial regression coeflicients were N, FEST, PCA, RHA,
XYL, FUC, ARA, ash, EE, FRU, GLC, and STA (Table 3).
As indicated by the negative sign of the standardized partial

regression coefhicients, PCA, RHA, XYL, FUC, ash, EE,
and GLC had negative effects on IVDMD, in their order of
magnitude, while the other variables had positive effects on
IVDMD. Etherified ferulates were the last variable elimi-
nated from the model with a probability level of P < 0.14.
The lack of significance for FETH may have been due to
insufficient power, because FETH concentration did not
vary significantly among the switchgrass strains (Vogel et al.,
2013). Etherified ferulates have previously been closely asso-
ciated with IVDMD in several different C3 grasses for which
heading date was also maintained at a near-constant value
(Casler and Jung, 1999, 20006).

In the ETOH regression analyses, the composition
variables GLCS, GAL, KL, STA, FUC, MAN, GLC, and
UA were eliminated, in that order, in the stepwise, back-
ward analyses (Table 4). The final regression model, which
contained 11 biomass composition variables, was highly
significant with a coefficient of determination (R?) value
of 0.96 (Table 4). The traits that had significant effects on
ETOH, ranked by their absolute value, were PCA, FEST,
ARA, RHA, EE, N, XYL, SUC, ash, FRU, and FETH.
Traits that had negative effects on ETOH were PCA,
RHA, EE, XYL, and ash, while the remaining traits had
a positive effect on ETOH.

The multiregression results for both IVDMD and
ETOH differ from results that would be expected from
the Pearson correlation analysis, in which KL concentra-
tion was highly correlated to both IVDMD and ETOH. In
the correlation analyses, FEST was not correlated to either
IVDMD or ETOH. In the regression analyses, in which
all the major biomass composition traits were evaluated

Table 3. Regression of switchgrass in vitro dry matter digestibility (IVDMD) on biomass composition components. Deleted
variables that were not significant at the 0.10 level of probability are listed in the order that they were removed in backward-

elimination stepwise regression.

Regression of IVDMD on biomass composition properties

Intercept or

Explanatory variable Bxt variable b,  Standard Error  Type Il SSt F value Deleted variables R? for model
mg g™

Intercept 851.51 62.64 15944.00 184.76*** 0.95***

N 0.50 10.54 1.08 8195.45 94.96*** Klason lignin

Extracted fat -0.07 -1.68 0.69 509.12 5.90* Uronic acids

Minerals (total ash) -0.09 -0.56 015 1280.71 14.84*** Galactose

Rhamnose -0.21 -39.77 10.16 1320.81 15.30"** Mannose

Fucose -0.14 -188.12 45.44 147917 1714 Sucrose

Arabinose 0.13 2.98 1.41 385.97 447 Soluble glucose

Xylose -0.15 -1.22 0.25 2008.40 23.27** Etherified ferulates§

Glucose -0.06 -0.40 0.18 417.93 4.84*

Fructose 0.07 272 0.65 1497.31 17.35***

p-Coumarate esters -0.42 -26.99 4.06 3820.71 44,27

Esterified ferulates 0.44 104.68 8.44 13281.00 153.90***

Starch 0.09 2.04 0.59 1043.00 12.09***

* Significant at the 0.05 probability level; ** significant at the 0.01 probability level; *** significant at the 0.001 probability level.

T Bx is the standardized partial regression coefficient for the explanatory variable.
1 SS, sum of squares for the variable in the regression analyses.

§ Statistically significant at the 0.15 level of probability.

278 WWW.CROPS.ORG

CROP SCIENCE, VOL. 57, JANUARY—FEBRUARY 2017



Table 4. Regression of switchgrass ethanol yield (ETOH) produced in a laboratory saccharification and fermentation process
on biomass composition components. All variables left in models were significant at least at the 0.1 level of probability.
Deleted variables that were not significant at the 0.10 level of probability are listed in the order that they were removed in

backward-elimination stepwise regression.

Regression of ETOH on biomass composition properties

Intercept or

Explanatory variable Bxt variable b,  Standard error Type Il SSt F Value Deleted variables R2 for model
mg g™’

Intercept 113.89 11.12 26216 104.85** 0.96***

N 0.16 0.69 017 39.59 15.83*** Soluble glucose

Extracted fat -0.18 -0.84 0.1 144.26 57.70" Galactose

Minerals (total ash) -0.12 -0.15 0.038 62.86 2514 Klason lignin

Rhamnose -0.25 -9.39 1.91 60.29 24 41 Starch

Arabinose 0.31 1.48 0.22 109.24 43.69** Fucose

Xylose -0.13 -0.22 0.04 67.39 26.95°** Mannose

Sucrose 0.12 0.33 0.08 47.92 9.16 Glucose

Fructose 0.08 0.56 0.13 42.70 17.08** Uronic acids

p-Coumarate esters -0.58 -7.44 0.71 277.80 A1

Esterified ferulates 0.38 17.95 1.62 306.99 122.78**

Etherified ferulates 0.03 1.73 0.81 11.29 4.51*

* Significant at the 0.05 probability level; ** significant at the 0.01 probability level; *** significant at the 0.001 probability level.

T Bx is the standardized partial regression coefficient for the explanatory variable.

1 SS, sum of squares for the variable in the regression analyses.

together, KL was not a significant variable, while FEST
was a highly significant composition trait affecting both
IVDMD and ETOH. Pearson correlations quantify the
degree to which the biomass composition compounds
covaried positively or negatively but do not show cause
and effect relationships. Conversely, the standardized par-
tial regression coeflicients show potential cause-and-eftect
relationships that are independent of all other potential
explanatory variables in the model (Bhatt, 1973).

The biomass composition factors that had the largest
impact in the regression analyses on both IVDMD and
ETOH were FEST, PCA, several specific cell wall sugars,
N, and EE. A possible mechanism for the impact of EE is
unknown. The significant positive effect of N is probably
due to the need of rumen microorganisms and yeast for
N to produce the enzymes needed for digestion of the
biomass cell wall complex carbohydrates. Anderson et al.
(2010) also reported a positive eftfect of N on IVDMD for
bermudagrass biomass. Cell wall sugars directly involved
in covalent linkages between the lignin and hemicellulose
XYL and ARA were consistently associated with both
IVDMD and ETOH. Soluble xylan oligomers have been
observed to be a potent inhibitor of cellulases (Qing et al.,
2010), which may explain the consistent negative effect of
XYL. Conversely, plants with more AR A had consistently
higher IVDMD and ETOH, suggesting that more AR A
sidechains creates a cell wall matrix that is more readily
fermented. It has been observed that increased AR A: XYL
negatively affects cellulose crystallinity (Wang et al., 2016).
In their comprehensive recent review, Wang et al. (2016)
indicate that replacement of XYL by AR A increased bio-
mass saccrification, which supports our results. The results

of this study indicate that, for switchgrass biomass, the
total amount of lignin is not the primary factor affecting
digestion by ruminants or conversion to ethanol in a bio-
refinery. The multiple regression analyses results indicate
that the primary factors are the compounds that comprise
the lignin and cell wall carbohydrate linkages that inhibit
the breakdown of plant cell walls.

Much of the research on using molecular engineering
to modify plant biomass for use as feedstock in cellulosic
biorefineries or forage has been focused on reducing lignin
concentration (Fu et al., 2011a, 2011b; Saathoff et al., 2011;
Baxter et al., 2015; Cass et al., 2015), although some other
traits have also been targeted (Rancour et al., 2015). Bio-
mass from some of the genetically modified plants with
reduced lignin concentration has exhibited improved eth-
anol yields in saccharification and fermentation tests (Fu
et al., 2011a, 2011b; Baxter et al., 2015). The results of this
study would indicate that reduction in lignin concentra-
tion reduces the number of lignin—cell wall carbohydrate
bonds that inhibit digestion of forage by ruminants and
bioconversion of biomass to ethanol. Previous research has
indicated that digestion of pretreated biomass by cellu-
lases is limited by access to cell wall cellulose (Jeoh et al.,
2007), which supports the results of this study.

The number of genes believed to affect cell wall
development and composition of switchgrass has been
estimated to be more than 1600 (Chen et al., 2016), which
indicates that multiple factors affect switchgrass biomass
structure and composition. The results of this study dem-
onstrate that biomass composition factors other than
lignin concentration per se have a significant impact on
the conversion of biomass by ruminants or conversion
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to ethanol in biorefineries. These results also demon-
strate that the IVDMD test used in the breeding work to
develop the divergent switchgrass populations served as
a biological selection index that enabled genetic changes
to be made for multiple composition traits controlled by
an array of genes. The IVDMD assay requires access to
rumen fluid that may not be available to some research-
ers; however, highly predictive NIRS calibrations for
IVDMD have been developed (Vogel et al., 2011). These
calibrations are publicly available (Vogel et al., 2011) and
are robust (Casler and Vogel, 2014). Recently, Solomon
et al. (2016) reported that gut fungi isolated from sev-
eral different mammalian herbivores produce a large array
of biomass-degrading enzymes, and they suggested that
these gut fungi should be considered for use in the biofuels
industry. If these isolated ruminant gut fungi and other
organisms are used in the conversion of biomass to liquid
fuels, they also could be used as biological selection agents
to breed improved biomass crops. The filter bag proce-
dure used for IVDMD analyses (Vogel et al., 1999) could
be modified for using these fungi, and the results could
be used to develop specific NIRS prediction equations
that would enable a large number of samples to be rap-
idly analyzed. Although this research was conducted on
switchgrass, its results are applicable to other grasses based
on the comprehensive review by Jung et al. (2012). The
divergent switchgrass populations used in this study have
been released and are publically available as germplasms
for use by other researchers (Vogel et al., 2016).
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