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ABSTRACT: The world collection of sugarcane (Saccharum hybrids) 

and related grasses (WCSRG) is an important source of genes for 

sugarcane and energycane breeding. The core collection or diversity 

panel of the WCSRG was created in Canal Point with 300 accession 

and 10 checks to evaluate its diversity. The fiber components of the 

species and accessions within the WCSRG are unknown, so a shredded 

and dried fiber sample was taken from each accession and sent for 

fiber analysis. The acetyl groups, acid insoluble lignin, acid soluble 

lignin, arabinan, glucan, holocellulose, total lignin, structural ash, and 

xylan were quantified on a % fiber basis and nonstructural ash on 

a % total basis. There were significant, but not large differences 

between species for holocellulose, lignin, acetyl, acid soluble lignin, 
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nonstructural ash, and glucan. For each trait, Saccharum spontaneum 

had significantly more holocellulose, glucan, lignin, and nonstructural 

ash and less acetyl and acid soluble lignin than other species. In all 

populations, glucan and holocellulose were positively correlated and 

glucan and lignin were negatively correlated. In hybrids, internode 

length correlated positively with holocellulose and nonstructural ash 

and negatively with lignin. Principal component analysis indicated 

that a large amount of diversity exists within each of the species. The 

results suggest that strategic use of the WCSRG could provide both 

positive and negative selection for fiber-related traits could be made 

within all species of the collection. 
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INTRODUCTION

Sugarcane and energy cane are important feedstocks for 
sugar and biofuel production. They are primarily derived 
from complex hybrids within the genus Saccharum. Two 
large germplasm collections were developed with the 
intent of broadening the genetic base of sugarcane. Due 
to the genetic similarity between sugarcane and energy 
cane, both collections can also be useful for broadening 
the genetic base of energy cane. These collections, 
which are collectively known as the World Collection of 
Sugarcane and Related Grasses (WCSRG), are located at the 
USDA-ARS Subtropical Horticulture Research Station in 
Miami, FL, USA, and at the Research Centre at Kannur, in 
Kerala, India. The collection in Miami is composed of 20 
species within the Saccharum complex with approximately 
1200 accessions collected from 45 countries (Nayak et al. 
2014; Todd et al. 2014). The three most abundant taxa in 
this collection are S. spontaneum L., S. officinarum L., and 
Saccharum hybrids. Phenotypic and genotypic evaluation 
of the WCSRG allowed us to create a diversity panel, or 
core collection, of 300 accessions (Nayak et al. 2014; Todd 
et al. 2014), which represents the range of progenitors of 
modern sugarcane and energy cane cultivars (Bremer 
1961; Nair 2008; Tew and Cobill 2008). This replicated 
trial provides a more manageable source for intensive 
studies and further characterization to improve breeders’ 
knowledge of the characteristics of this germplasm 
(Upadhyaya and Ortiz 2001). 

Energy can be derived from the fiber of sugarcane 
and it is the primary energy source of energy cane 
(Matsuoka et al. 2014). In plant cell walls, the cellulose 
fibrils are embedded into a matrix of hemicellulose and 
lignin (Aspinall 1980). The cell wall components can 
be further grouped in different ways. Holocellulose is 
composed of cellulose (i.e., glucose polysaccharide ) and 
hemicellulose (i.e., xylan, glucuronoxylan, arabinoxylan, 
or glucomannan) (Schwartz and Lawoko 2010), a term 
that collectively describes a group of different compounds 
that interact with cellulose in the cell wall (Vermerris 
2010). Cellulose, or glucan (Schwartz and Lawoko 2010), 
is a chain polymer of β-(1,4)-linked D-glucopyranoses; 
making up 15-30% of the cell wall (Vermerris 2010). 
The composition of the hemicellulosic compounds 
varies according to both the type and the developmental 
stage of the plant. Both cellulose and hemicellulose are 

carbohydrates that can be broken down into simple 
sugars and fermented into biofuel.  

Depending on the type of post-harvest processing, 
some components of fiber architecture may inhibit 
carbohydrate conversion to energy. For example, lignin 
reduces conversion by inhibit enzymatic hydrolyzation 
of the digestible parts of the biomass, including cellulose 
and hemicellulose (Chang and Holtzapple 2000). 

Lignin can be classified according to its acid solubility 
(Sluiter et al. 2010). Acid-insoluble lignin (AIL) has a high 
molecular weight (Sluiter et al. 2010) and can be precipitated 
and removed by filtration (Schwartz and Lawoko 2010). 
Acid-soluble lignin (ASL) has a low molecular weight 
and dissolves in acid, thus remaining in solution and 
interfering with the conversion process (Schwartz and 
Lawoko, 2010; Sluiter et al. 2010). If the ASL is removed 
by chemical treatment, then an increase in fermentation 
and conversion to energy could occur in the enzymatic 
method (Schwartz and Lawoko 2010). However, both 
ASL and AIL can be used for direct combustion for heat, 
steam, or electricity (Huang et al. 2009), because they 
have greater inherent energy values than do cellulose and 
hemicellulose (Novaes et al. 2010). 

Other conversion inhibitors include the acetyl groups 
on xylan, which sterically hinder xylanase activity (Chang 
and Holtzapple 2000), and ash, which reduces heating 
value. It was found that deacetylation of poplar wood 
and wheat straw could increase enzymatic digestibility 
(Grohmann et al. 1989; Kong et al. 1992). Despite the 
digestibility issues found with acetyl groups (Chang 
and Holtzapple 2000), they had a minor impact on 
biomass digestibility when compared with lignin. Ash 
is produced as a byproduct of the combustion process, 
and is composed of several elements including Si, Al, 
Fe, Ca, Mg, Na, K, S, and P. Ash reduces heating value 
proportionally by content (McKendry 2002), and many 
of ash’s elements increase the maintenance and cleaning 
costs of boilers by forming slag in the boiler tubes (Khan 
et al. 2009; McKendry 2002).  

Because fiber content and composition affect energy 
conversion and carbon partitioning, knowledge of fiber 
composition is important for sectioning breeding material 
used for improving energy cane and sugarcane cultivars. 
For both sugarcane and energy cane cultivar improvement 
programs, selections that minimize both lignin and ash 
are preferred. The objectives of this research were to:
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i.	 evaluate the fiber composition of germplasm 
accessions in the diversity panel selected from 
the WCSRG;

ii.	 character ize  relat ionships  between f iber 
components in the germplasm accessions; and 

iii.	 identify superior breeding material those accessions 
with minimal lignin and ash. Accomplishing 
these objectives should ultimately improve the 
performance of sugarcane or energy cane lines 
destined for an energy-production pipeline.

MATERIALS AND METHODS

 In March, 2013, the 300 accessions selected from 
the WCSRG (Nayak et al. 2014; Todd et al. 2014) as the 
diversity panel, along with nine commercial sugarcane 
cultivars (i.e., CP 00-1101 (Gilbert et al. 2008)), CP 01-1372 
(Edmé et al. 2009), CP 03-1912 (Gilbert et al. 2011), CP 
72-2086 (Miller et al. 1984), CP 78-1628 (Tai et al. 1991), 
CP 88-1762 (Tai et al. 1997), CP 89-2143 (Glaz et al. 2000), 
CP 96-1252 (Edmé et al. 2005), CPCL 00-4111 (Glynn et al. 
2011), and one high yielding sugarcane genotype (CP 
01-2390) planted as checks, were established in 37 × 37 cm 
pots in a randomized complete block design (RCBD) with 
three replicates per entry (March 2013). All pots were 
placed in containers (29 × 41 × 52.5 cm) with a drain 
hole 5 cm above the ground. The pots were filled with 
5% fine pine bark (< 9.53 mm), 10 % well point sand, and 
85% compost. An automatic sprinkler system was used 
to irrigate the plants twice per 24 h, by using shrubber 
emitters, at a rate of 8 L·h-1 water, for 5 min at a time. Pots 
were weeded as needed. Each accession was fertilized three 
months after planting with 25 g of 10-10-10 N-P-K with 
micronutrients, and 100 g of 14-14-14 N-P-K Osmocote® 
slow release fertilizer. The surrounding area was treated 
periodically with 2% (w:v) glyphosate to control weeds. 

Of the initial 300 accessions in the diversity panel, 292 
survived until the ratoon harvest in July and August of 
2014, when plants were sampled for fiber analysis. Stalk 
samples of each accession were collected and weighed 
immediately before removing the remaining stalks of the 
first-ratoon harvest. Depending on their individual masses, 
3 to 93 stalks were collected from each pot to estimate 
dry biomass and fiber composition. The subsamples were 
shredded separately with a modular sugarcane disintegrator 

(Codistil S/A Denini, Mod: 132S, Piracicaba-SP, Brazil) and 
mixed thoroughly in a plastic container. To estimate dry 
biomass, a subsample of approximately 1 kg of shredded 
fresh biomass was weighed and then dried at 60 °C until a 
constant weight was achieved. The weights of dry samples 
were noted before being ground and passed through a 
2-mm screen (Wiley-Mill, standard model #3, Thomas 
Scientific, Philadelphia, PA). Samples packed in 4 ml glass 
vials were scanned with a vial autosampler on a Fourier 
Transform Near-Infrared (FT-NIR) analyzer (Antaris II, 
Thermo Scientific, Madison, WI, USA) fitted with an 
integrating sphere module. Near-Infra Red chemometric 
software (OPUS, Version 7.0, Bruker Optik GmBH, 
Ettlingen, Germany) was used for spectral processing, 
and analysis of fiber composition was accomplished by 
using an independently developed calibration model.

Fiber traits, including acetyl groups, AIL, ASL, 
arabinan, glucan, holocellulose, total lignin, nonstructural 
ash, structural ash, and xylan, were analyzed by using 
SAS Proc Mixed (2011), where the explanatory variable 
was set to group or accession and treated as fixed within 
a random replication. All traits, except for nonstructural 
ash, were recorded on a % total fiber content basis, whereas 
nonstructural ash was recorded on a % total plant basis. 
For statistical analysis, the accessions were divided into 
different major groups, including Saccharum spontaneum, 
officinarum, and hybrids. The species S. barberi Jeswiet, 
S. edule Hassk., S. robustum Brandes & Jesw. ex Grassl, 
and S. sinense Roxb. were grouped together as “Other 
Saccharum” since this group had a small number of 
accessions and its members are genetically related (Nayak 
et al. 2014). In addition, the remaining species, which 
included those of Erianthus (Erianthus bengalense Retz., 
E. brevibarbis Michx., E. arundinaceus (Rez.) Jeswiet, 
E. ravennae (L.) P.Beauv., E. procerus (Roxb.), E. kanashiroi 
Ohwi, E. rufipilus Griseb.), Miscanthus (M. floridulus 
Warb. Ex K.Schum. & Lauterb. and M. sinensis Andersson), 
and Sorghum (Sorghum arundinaceum (Desv.) Stapf ), 
were grouped together into “Other Genera” (Nayak 
et al. 2014). The least squared means (lsmeans) of species 
were compared with the DIFF option in PROC MIXED 
in SAS (2011), and the lsmeans of individual accessions 
were compared against the combined average of the 
10 sugarcane checks with the LSD method (p = 0.05) 
(Saville 2015). The coefficient of variation (CV) was 
calculated by using the same Proc Mixed model together 
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and then run for each group separately with the following 
equation:

CV = √(RESID) ×100 / MEAN

where the RESID is the residual covariance and MEAN 
is the overall mean of the model. 

Correlations were performed on the fiber components 
agronomic traits from concurrent research (Todd et al. 
2017), including stalk height and diameter, internode 
length, leaf width and length, fresh and dry biomass,  water 
content, stalk number, and Brix for the largest three groups, 
S. hybrids, S. officinarum and S. spontaneum and the total 
diversity panel population by using Pearson coefficients 
in PROC CORR of SAS (2011). The lsmeans from all fiber 
component measurements were used to conduct a principal 
component analysis (PCA) in the MULTIBIPLOT program 
by using the single value decomposition method (Vicente-
Villardón 2010), displaying the results in a bi-plot format 
(Gabriel 1971). In our correlations and PCA analysis, the 
checks were treated as hybrids. 

RESULTS AND DISCUSSION
Fiber component in the diversity panel

The estimates of the fiber components of the diversity 
panel (Table 1) indicate that approximately 72% (72.13 ± 
2.20) of the total fiber mass was holocellulose, and, of this, 
approximately 43% was glucan or cellulose (42.53 ± 2.08) 
and 27% (26.78 ± 2.68) xylan. Lignin was approximately 
21% (20.62 ± 1.72) of the fiber mass, which could be divided 
into AIL 17% (16.99 ± 1.0) and ASL 5% (4.64 ± 0.23). These 
components add up to more than the total lignin because 
they are estimates with associated standard error. The 
other components were present in lower concentrations, 
but they may inhibit energy conversion, including Acetyl, 
which comprised about 2.5% of (2.5 ± 0.41) total fiber mass. 

Fiber component analysis among groups

There were significant differences among the groups 
of accessions selected from WCSRG in all of the fiber 
components, except for arabinan, structural ash, and 
total ash. When comparing the three largest groups, 
S. officinarum, S. spontaneum, and hybrid, there were 

Table 1. The estimated mean, standard deviation, least significant 
difference (0.05) and coefficient of variation for fiber components 
in the diversity panel of World Collection of Sugarcane and Related 
Grasses (WCSRG) and the checks.

....continue

Group No
Mean SE CV

Holocellulose

Over all 301 72.13 0.09 2.89

S. officinarum 75 71.78 0.17 cd 3.21

S. spontaneum 106 72.67 0.14 a 2.46

Hybrid 37 71.36 0.23 d 3.71

Other Saccharum 32 72.05 0.26 bc 3.03

Other Genera 18 72.69 0.34 ab 2.56

Checks 10 71.96 0.38 abcd 2.84

Unknown 23 71.76 0.30 cd 2.26

No Glucan

Over all 301 42.51 0.30 4.59

S. officinarum 75 42.20  0.34 b 5.81

S. spontaneum 106 42.83 0.32 a 4.12

Hybrid 37 42.33 0.36 b 4.00

Other Saccharum 32 42.47 0.39 ab 4.38

Other Genera 18 42.81 0.44 ab 3.26

Checks 10 42.53 0.47 ab 3.42

Unknown 23 42.08 0.41 b 4.55

No Lignin

Over all 301 20.63 0.31 7.92

S. officinarum 75 20.47 0.33 bc 8.38

S. spontaneum 106 20.83 0.32 a 8.07

Hybrid 37 20.57 0.35 abc 6.69

Other Saccharum 32 20.49 0.36 abc 7.56

Other Genera 18 20.60 0.40 abc 8.53

Checks 10 20.01 0.42 c 7.00

Unknown 23 20.87 0.38 ab 8.79

No Xylan

Over all 301 26.84 0.12 8.92

S. officinarum 75 26.69 0.20 ab 7.68

S. spontaneum 106 26.87 0.17 ab 7.76

Hybrid 37 27.11 0.26 a 12.57

Other Saccharum 32 27.01 0.30 ab 12.75

Other Genera 18 26.96 0.39 ab 5.81

Checks 10 27.23 0.43 ab 8.69

Unknown 23 26.23 0.33 b 4.78

significant differences between S. spontaneum and the 
other groups (hybrids or S. officinarum) for holocellulose, 
lignin, acetyl, acid soluble lignin, nonstructural ash, and 
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glucan components (Table 1). The spontaneum accessions 
had significantly more holocellulose, lignin, and glucan 
than did the other two major groups, but possessed 
significantly less acetyl and acid soluble lignin than did 
hybrids or S. officinarum. The spontaneum samples also 

Table 1. Continuation... Table 1. Continuation...

....continue

Group No
Mean SE CV

Acetyl

Over all 301 2.51 0.07 15.67

S. officinarum 75 2.53 0.07 b 14.26

S. spontaneum 106 2.44 0.07 c 15.02

Hybrid 37 2.56 0.08 ab 18.20

Other Saccharum 32 2.48 0.08 bc 15.58

Other Genera 18 2.51 0.09 bc 13.70

Checks 10 2.72 0.10 a 17.45

Unknown 23 2.56 0.08 ab 15.20

No Arabinan

Over all 301 3.60 0.09 12.14

S. officinarum 75 3.60 0.10 a 13.15

S. spontaneum 106 3.61 0.10 a 11.06

Hybrid 37 3.61 0.10 a 14.97

Other Saccharum 32 3.65 0.11 a 10.91

Other Genera 18 3.63 0.12 a 10.27

Checks 10 3.60 0.12 a 12.60

Unknown 23 3.54 0.11 a 9.47

No Acid insoluble lignin

Over all 301 16.99 0.13 5.76

S. officinarum 75 16.92 0.15 ab 5.95

S. spontaneum 106 17.07 0.14 a 5.96

Hybrid 37 16.97 0.16 ab 6.68

Other Saccharum 32 16.96 0.17 ab 4.42

Other Genera 18 16.88 0.20 ab 4.19

Checks 10 16.67 0.22 b 3.49

Unknown 23 17.16 0.18 a 5.78

No Acid soluble lignin

Over all 301 4.64 0.02 4.71

S. officinarum 75 4.67 0.02 a 4.46

S. spontaneum 106 4.60 0.02 b 4.67

Hybrid 37 4.65 0.03 a 4.99

Other Saccharum 32 4.66 0.03 ab 4.09

Other Genera 18 4.67 0.04 ab 4.12

Checks 10 4.66 0.04 ab 4.78

Unknown 23 4.60 0.02 ab 5.91

Group No
Mean SE CV

Total Ash

Over all 301 5.52 0.35 20.47

S. officinarum 75 5.50 0.36 a 21.26

S. spontaneum 106 5.60 0.35 a 18.75

Hybrid 37 5.33 0.36 a 21.91

Other Saccharum 32 5.67 0.37 a 19.32

Other Genera 18 5.52 0.39 a 19.19

Checks 10 5.25 0.40 a 28.42

Unknown 23 5.48 0.38 a 20.07

No Nonstructural ash

Over all 301 2.27 0.17 28.60

S. officinarum 75 2.24 0.17 ab 32.41

S. spontaneum 106 2.36 0.17 a 23.33

Hybrid 37 2.08 0.18 b 34.58

Other Saccharum 32 2.30 0.18 a 26.52

Other Genera 18 2.35 0.20 a 27.06

Checks 10 2.00 0.20 b 39.65

Unknown 23 2.32 0.19 a 32.86

No Structural ash

Over all 301 3.25 0.18 26.68

S. officinarum 75 3.27 0.19 a 29.37

S. spontaneum 106 3.23 0.19 a 25.59

Hybrid 37 3.25 0.20 a 28.14

Other Saccharum 32 3.37 0.21 a 24.82

Other Genera 18 3.18 0.23 a 24.65

Checks 10 3.25 0.24 a 29.85

Unknown 23 3.16 0.22 a 20.10

had significantly higher concentrations of nonstructural 
ash than did the hybrids. These results agree with Knoll 
et al. (2013), who found that Type 1 energy canes, which 
have large genetic contributions from S. spontaneum in 
their pedigrees, typically had higher ash concentration. 
The genotypes represented by the other genera and other 
Saccharum taxa tended to be intermediate for most fiber 
components which could be because of their sample size. 

The CVs of the different fiber components varied for 
each of the groups represented in the diversity panel. 
The three major groups, S. officinarum, S. spontaneum, 
and hybrid, had relatively high CV values for most fiber 
components, but the hybrid group had a much higher 
CV in xylan measurements and a low CV for glucan. The 
checks also had high CVs in acetyl, ASL, NSA, and total 
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ash, reflecting the variability for these traits in this sample 
of hybrid cultivars. The other Saccharum species had high 
CVs for acetyl, arabinan, ASL, and xylan. The plants within 
the other genera group had low to moderate CV values in 
most traits. The group of unknown accessions had higher 
CVs, similar to S. spontaneum or S. officinarum, with the 
exception of xylan’s CV which was low.  

Holocellulose had the lowest variability, ranging from 64.94 
± 2.08 (in Shoaguan, a S. spontaneum accession) to 76.56 ± 
2.08% (in NG77-016, a S. officinarum accession) of the total 
fiber content. The chief component of holocellulose, glucan 
(Rubin 2008), also had a low CV (4.59), with percentages of 
holocellulose ranging from 27.74 ± 1.98 in Shoaguan to 47.82 
± 1.98 in Pundia, an accession of S. officinarum (Figure 1). 

Figure 1. Scatterplot of the fiber components of Saccharum and related taxa accessions significantly different (p < 0.05) than the mean of 
the checks (CP 00-1101, CP 01-1372, CP 03-1912, CP 72-2086, CP 78-1628, CP 88-1762, CP 89-2143, CP 96-1252, CPCL 00-4111, and CP 01-2390). 
(a) Holocellulose, total lignin (lignin), acid insoluble lignin (Insoluble Lignin), Glucan and Xylan; (b) Acid soluble lignin, arabinan, and acetyl; 
(c) ash fiber components. 

Accessions

Accessions Accessions

Fi
be

r (
%

)

Fi
be

r (
%

)

100 Holocellulose
Lignin
Insoluble Lignin
Glucan
Xylan

80

60

40

20

0

0

1

2

3

4

5

6

6

5

4

3

2

1

0

7

Acid Soluble Lignin
Arabian
Acetyl

Total ash
Structural ash
Non-structural ash

Species are indicate
by the following abbreviations:
H = hybrids
Ea = Erianthus arundinaceum
Mf = Miscanthus floridulus  
S = Saccharum spontaneum
Sr = Saccharum robustum
Ss = Saccharum sinense

(a)

(b) (c)



Bragantia, Campinas, v. 77, n. 1, p.48-61, 201854

J. R. Todd et al.

However, accession Shoaguan was high since the nearest 
mean is given by accession NG 28-266, an S. officinarum 
(36.84 ± 1.98). Our results were similar to those for glucan 
extracted by methods ASTM E-1821-96 or E-1758-95 from 
bagasse in Hawaii, as reported in the US Department of 
Energy’s Biomass Feedstock Composition and Property 
Database (2015) where values ranged from 31.87 to 43.39%, 
but were higher than the values for glucan reported by 
Kuchelmeister and Bauer (2015), which ranged from 32.2 
to 33.0% in energy cane and 19.5 to 19.6% in sugarcane. 
The accession in this collection with the highest glucan (i.e., 
Pundia; S. officinarum) was 11.65% higher than the mean 
for the S. spontaneum group, which was the highest group. 
S. officinarum had the highest CV for glucan (Table 1), 
indicating that there is high diversity within S. officinarum 
accessions for glucan. 

Xylan had a somewhat higher CV at 8.92 than did 
holocellulose and glucan, and the xylan percentage of 
fiber content ranged from 23.43 ± 2.39 (in accession 
NG 28-266, S. officinarum) to 38.34 ± 1.69 (in hybrid 
accession RSB 90-22) (Figure 1), which was greater than 
those reported by methods ASTM E-1821-96 or E-1758-
95 in the DOE database (Energy 2015), which ranged 
from 10.59 to 23.09%.

Arabinan had a relatively large CV (12.14) with a 
range of 2.73 ± 0.45 in Sylva (S. officinarum) to 5.26 ± 
0.45 % of total fiber in Shoaguan. These values were also 
higher than those found in the Energy (2015) database, 
in which arabinan following methods ASTM E-1821-
96 or E-1758-95 ranged from 1.12 to 2.06 % mass, but 
less than the 4.84 ± 0.5% found in sugarcane bagasse in 
Florida (Zeng et al. 2014).

Lignin and its components also had a relatively low 
CV (7.92). The accession with the lowest lignin value 
measuring 13.10 ± 1.66% was hybrid accession Co 0513, 
and the highest value at 23.06 ± 1.66% of total fiber content 
was detected in accession NG 57-143, S. officinarum. Total 
lignin concentrations as measured by methods ASTM 
E-1721-95 and T-250 in the US Department of Energy’s 
Biomass Feedstock Composition and Property Database 
(Energy 2015), displayed a narrower range of values, but at 
23.12 to 27.56% of dry mass, they all exceeded the highest 
value reported in our evaluation. The total Klason lignin 
estimated by Kuchelmeister and Bauer (2015) was lower 
than our results, they had a mean of 6.3 % for sugarcane 
and 15.6 to 15.5 % for energy cane; possibly due to different 

accessions or analytical procedures. The CV of acid soluble 
lignin was low, 4.71.  For acid soluble lignin, individual 
accessions ranged from 4.21 in SES 365, S. spontaneum 
to 5.66 % of total fiber in IJ76-412, S. robustum. The CV 
of acid insoluble lignin was a bit higher at 5.76 and its 
percentage of total fiber content ranged from 14.01± 0.98 
in Co 0513 to 19.58 ± 0.98 in Shoaguan.

The highest CVs were calculated for ash and its 
components. The total ash CV was 20.47, and the greatest 
mean fiber concentration for an individual accession 
was 10.42 ± 1.19 % in Shoaguan and the lowest was 
3.16 ± 0.88 % (in EK02, S. officinarum). These values 
resembled the overall range of values for total ash 
determined with method ASTM E-1755-95 in the US 
Department of Energy (2015) database, which spanned 
from 2.84 to 9.4 % of total mass. Acetyl also had a high 
CV (15.67) with the highest accession being hybrid R 
469, which had a fiber percentage of 3.39 ± 0.28 and the 
lowest accession being Shoaguan, which had a mean fiber 
percentage of 0.80 ± 0.40. 

Variation among accessions for structural and 
nonstructural ash were also high with CVs of 26.68 
and 28.60, respectively. In nonstructural ash, the means 
of individual accessions ranged from 0.69 ± 0.68 in 
Matna Shahj (S. barberi) to 3.63 ± 0.68% of total mass in 
Shoaguan. For structural ash, the mean percentages of 
individual accessions ranged from 1.58 ± 0.64 in EK 02 to 
6.79 ± 0.89 in Shoaguan.

The species S. officinarum had high CVs (Table 1) for 
most traits of interest, including holocellulose, glucan, 
lignin, and ash, indicating that there are possibilities for 
positive and negative selection within that population. 
The hybrid group had high CV values (Table 1) for the 
hemicellulose components, arabinan and xylan, which 
may be of interest when the effects of hemicellulose on 
energy recovery are better understood. 

Fiber trait analyses of individual accessions

When using the unprotected LSD for holocellulose 
content, there were 18 accessions significantly different 
(p = 0.05) than the mean of the sugarcane checks (x), 
including nine accessions with significantly higher 
mean values (Figure 1a).  This might be expected, since 
the primary yield product of the checks is sucrose not 
fiber biomass. 
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For lignin, 25 accessions were significantly different, 
including eight accessions with significantly less lignin 
than the checks.  Four of the accessions with less lignin 
than the checks were classified as S. officinarum, whereas 
those with more lignin than the checks were typically in 
the S. spontaneum group (8 accessions) (Figure 1a). For 
acid soluble lignin, there were 17 accessions significantly 
different than the checks (i.e., 8 < x < 9) (Figure 1b). 
Interestingly, the majority of accessions with less ASL than 
the checks were classified as S. spontaneum (6), and not 
one S. spontaneum had greater ASL than did the checks. 

Ten accessions were significantly greater than the 
mean check value for xylan, with the LSD groupings 
including five S. spontaneum, three S. officinarum, one S. 
sinense and one hybrid accession. The 16 accessions with 
significant differences for glucan split equally around the 
check values [i.e., x < 8 (including 4 S. spontaenum) and 
x > 8 (including 3 S. officinarum)] (Figure 1a). 

Of the 35 accessions with significantly different acetyl 
content from the check, 34 were significantly lower than 
the checks (Figure 1b); and the majority (i.e., 19 of the 34) 
belonged to the S. spontaneum group. Significant deviations 
from the check means were also observed for the arabinan 
(3 < x < 9 accessions), AIL (3 < x < 23 accessions), structural 
ash (3 < x < 9 accessions), and nonstructural ash (x < 33 
accessions) components. (Figures 1a,c). 

In general, there was a mix of accession types clustered 
around the individual component means; but for AIL, 
structural ash, and nonstructural ash, there were slight 
species associations seen in the mix of accessions exceeding 
the check means [i.e., AIL (12/23 S. spontaneum); structural 
ash (4/9 S. spontaneum); and nonstructural ash (9/33 
S. spontaneum (Figures 1a-c). 

For each measured fiber trait of interest, there was 
a group of accessions with significantly different values 
than the checks. Within those groups, significant values 
tended to disproportionately involve one species more than 
the others, though not exclusively for any given trait. The 
majority of accessions within the diversity panel were not 
significantly different than the mean of the checks for fiber 
components, and there was only a small pool of accessions 
with significantly higher deleterious traits, such as lignin 
and ash. Extrapolation of the data presented herein for 
this diversity panel should provide the means with which 
to categorize a wide range of germplasm for breeding 
targets with similar fiber compositions to the checks used 

for this study. Additionally, the number of accessions 
superior to the checks in different fiber components that 
are beneficial for bioenergy (Figures 1a-c) was small, yet 
could still be utilized to improve fiber components in 
breeding programs if they are further evaluated to see if 
these traits are stable and heritable.  

The accession Shoaguan was significantly higher than 
the checks in insoluble lignin, nonstructural ash, total ash, 
xylan, and arabinan. It was also significantly lower than 
the checks in holocellulose and glucan. This accession 
should probably be avoided as a parent in breeding for 
energy conversion processes that involve combustion, 
unless it has other exceptional traits, such as useful disease 
resistance, because of its high ash content which inhibits 
energy conversion (Khan et al. 2009; McKendry 2002. This 
accession was also significantly lower than the checks for 
acetyl groups, Brix, and fresh mass (Todd et al. 2017). Two 
potentially useful accessions had positive yield traits as well 
as above average fiber traits. The accession Timor Wild 
(S. spontaneum) was significantly higher than the checks 
in total ash and nonstructural ash, but was significantly 
lower in total lignin, Brix, fresh mass, and water (Todd et al. 
2017). The accession Pundia had significantly higher glucan, 
yet significantly less total lignin and Brix than the checks. 

Correlations of fiber component traits 
across the diversity panel

Correlations were made between fiber components and 
phenotypic traits measured by (Todd et al. 2017) on the 
same set of accessions used in the present study. There were 
several significant Pearson correlations between fiber traits 
and phenotypic traits across the entire diversity panel, but 
they were weak. The strongest correlations were between 
acetyl and leaf length (r = 0.25), and holocellulose with 
stalk number (0.22) and Brix (0.22). 

Acetyl content was negatively correlated with AIL, 
arabinan, NSA, SA, and xylan indicating that there were 
inverse relationships between both acetyl and ash and 
acetyl and hemicellulose (Chart 1). Only holocellulose 
was positively correlated with acetyl. Glucan positively 
correlated with holocellulose and negatively with AIL and 
total lignin. As glucan is a component of holocellulose, it 
was not surprising to observe this correlation. Glucan also 
displayed positive correlations with ASL and nonstructural 
ash (Chart 1).
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Arabinan strongly correlated with structural ash and 
xylan. Lignin significantly correlated with all the other fiber 
traits, except for acetyl and xylan (Chart 1). Lignin correlated 
positively with AIL but negatively with ASL, arabinan, glucan, 
holocellulose, and nonstructural and structural ash. Only 
a small amount of fiber is ASL ~5% whereas most lignin in 
the fiber is AIL ~17%. The correlations indicate that there 
is a larger drop in AIL than the increase of ASL so that 
the total lignin decreases as ASL increases.  The negative 
correlations between lignin and holocellulose are probably 
due to carbon partitioning. Lignin is a strong carbon sink for 
reduced carbon in the plant, and lower lignin concentrations 
allow for more carbon to be captured by the other cellular 
components (Novaes et al. 2010). Lignin also requires more 
energy than other cell components to synthesize (Novaes 

et al. 2010), which would indicate that lower lignin levels 
might lead to increases in total biomass. However, we 
found no significant negative correlations of lignin with 
dry mass or Brix. 

In hybrids lignin had similar significant correlations 
with other fiber traits as the whole collection but generally 
higher (Chart 2). The correlations within the officinarum 
groups of lignin, glucan, and holocellulose for the most 
part resembled correlations within the hybrids (Chart 3), 
with the exception of a non-significant correlation 
between holocellulose and nonstructural ash. Lignin 
positively correlated with AIL and negatively with ASL, 
arabinan, glucan, nonstructural ash, and structural ash. In 
officinarum, there was no significant correlation of lignin 
or holocellulose with acetyl or xylan. The spontaneum 

Acetyl 
groups *** NS *** NS NS NS *** *** ***

-0.23 Acid Insoluble 
Lignin *** NS *** *** *** *** NS ***

0.10 -0.60 Acid Soluble 
Lignin *** NS NS *** *** *** NS

-0.65 -0.09 0.40 Arabinan NS NS *** ** *** ***

0.07 -0.33 -0.02 -0.06 Glucan *** *** ** * ***

0.11 -0.33 -0.05 -0.07 0.65 Holocellulose *** *** *** ***

0.10 0.76 -0.65 -0.51 -0.30 -0.20 Lignin *** *** NS

-0.22 -0.22 0.21 0.17 0.19 0.30 -0.32 Nonstructural 
Ash NS NS

-0.73 -0.02 0.25 0.88 -0.12 -0.26 -0.42 0.06 Structural 
Ash ***

-0.35 0.20 0.06 0.62 -0.24 -0.28 0.00 -0.09 0.55 Xylan

Chart 1. Correlations of fiber traits for the total accessions within the diversity panel of the World Collection of Sugarcane and Related 
Grasses. 

*, **, and *** = significant correlations at 0.05, 0.01 and 0.001, respectively; NS = non-significant. 

Abbreviations: Acetyla = Acetyl groups; AILb = Acid Insoluble Lignin; ASLc = Acid Soluble Lignin; Holocelld = Holocellulose; NSAe = Nonstructural Ash; 
SAf = Structural Ash; and *, **, and *** = significant correlations at 0.05, 0.01 and 0.001, respectively; NS = non-significant. 

Chart 2. Correlations of fiber traits for Saccharum hybrids including checks within the diversity panel of the World Collection of Sugarcane 
and Related Grasses. 

Acetyla ** NS *** NS ** NS NS *** ***

-0.44 AILb *** NS ** *** *** ** NS NS

0.23 -0.73 ASLc ** * NS *** * NS NS

-0.59 -0.17 0.39 Arabinan NS NS *** NS *** ***

0.20 -0.41 0.31 0.09 Glucan *** ** ** NS *

0.41 -0.56 0.22 -0.13 0.79 Hollocelld ** * * ***

-0.03 0.80 -0.74 -0.55 -0.45 -0.46 lignin *** * NS

-0.19 -0.43 0.37 0.18 0.40 0.37 -0.55 NSAe NS NS

-0.69 0.01 0.15 0.86 -0.14 -0.34 -0.34 0.05 SAf ***

-0.48 0.18 -0.04 0.64 -0.33 -0.53 -0.03 -0.03 0.67 Xylan
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population had similar correlations between lignin and 
other fiber components as the whole diversity panel and 
other species tested (Chart 4). The spontaneum group also 
had positive correlations between glucan and holocellulose 
and displayed similar trait correlation patterns as observed 
in the other species. But, unlike glucan and holocellulose 
of the other species, and like the whole collection, there 
was a significant negative correlation between xylan 
and acetyl (Chart 4). We found no correlation between 
holocellulose or glucan with nonstructural ash in the 
spontaneum group. The aforementioned results indicate that 
breeding for higher dry mass and less water content might 
contribute to decreasing acetyl groups while increasing 
ash. In all the species we evaluated, lignin had negative 
correlations with ash (structural or non-structural); 
whereas, holocellulose correlated positively with ash and 
its components. This suggests that selection for higher 
holocellulose and lower lignin could increase ash content. 
In populations of Sorghum, Stefaniak et al. (2012) found 
significant negative correlations between lignin and ash 
and positive but not significant correlations between ash 
and glucan, a major component of holocellulose. Acetyl 
had negative correlations with ash in all species tested in 
this study, indicating that breeding for lower ash could 
increase acetyl. However, this strategy might also reduce 
arabinan and xylan, which were positively correlated 
with ash. 

Reduced lignin concentrations should increase 
saccharification through fermentation (Chang and 
Holtzapple 2000). However, this could also increase ash, 
which negatively affects combustion (McKendry 2002). 

Genotypes and cultivars could be developed for specific 
purposes, one type with high lignin and low ash for 
combustion and another with high ash and low lignin 
 for saccharification. Any cultivars developed for 
saccharification will also need to account for the effects 
of hemicellulose, including arabinan, xylan, and other 
components.  The effects of hemicellulose components 
on saccharification are complex (De Souza et al. 2013), 
which make predictions difficult.   

Zhao et al. (2014) reported small negative correlations 
between lignin and glucan and lignin and hemicellulose 
in among Miscanthus accessions; these correlations, 
however, were not significant. Since total lignin and ASL 
are negatively correlated in this paper, decreasing total 
lignin could increase the concentration of ASL which 
would reduce the efficiency of the energy conversion 
process. In wheat straw, Wu et al. (2014) demonstrated that 
total lignin, AIL, and glucan were negatively correlated 
with ASL. Acid soluble lignin significantly and positively 
correlated with glucan in our hybrid group, but not 
significantly across the entire diversity panel nor in the 
other groups we tested, differing from Wu et al. (2014) 
findings in wheat straw, which showed a significant 
negative correlation between ASL and glucan.

Correlations of fiber traits with phenotypic 
traits in hybrids

Fiber components displayed stronger correlations 
with phenotypic traits in our hybrid group than they 
did within the complete diversity panel. For example, 

Chart 3. Correlations of fiber traits for Saccharum officinarum within the diversity panel of the World Collection of Sugarcane and Related 
Grasses.

Acetyla NS NS *** NS NS NS * *** NS

-0.02 AILb *** * * ** *** *** NS NS

0.05 -0.54 ASLc *** NS NS *** * *** *

-0.50 -0.27 0.64 Arabinan NS NS *** * *** ***

-0.19 -0.25 -0.11 0.11 Glucan *** ** ** NS NS

-0.18 -0.30 -0.03 0.15 0.65 Hollocelld * ** NS NS

0.21 0.77 -0.61 -0.58 -0.37 -0.27 lignin *** *** NS

-0.26 -0.40 0.29 0.24 0.35 0.34 -0.48 NSAe NS *

-0.63 -0.15 0.39 0.87 0.14 -0.03 -0.50 0.15 SAf ***

0.02 0.18 0.24 0.47 -0.06 -0.13 0.11 -0.27 0.40 Xylan

Abbreviations: Acetyla = Acetyl groups; AILb = Acid Insoluble Lignin; ASLc = Acid Soluble Lignin; Holocelld = Holocellulose; NSAe = Nonstructural Ash; 
SAf = Structural Ash; and *, **, and *** = significant correlations at 0.05, 0.01 and 0.001, respectively; NS = non-significant 
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Acetyla *** NS *** *** *** NS NS *** ***

-0.41 AILb *** NS *** *** *** NS * **

0.10 -0.56 ASLc ** NS NS *** NS NS NS

-0.79 0.17 0.32 Arabinan ** *** *** NS *** ***

0.33 -0.43 0.01 -0.32 Glucan *** ** NS *** ***

0.38 -0.45 -0.04 -0.35 0.66 Hollocelld NS NS *** ***

0.03 0.70 -0.66 -0.38 -0.27 -0.10 lignin NS *** NS

-0.06 -0.11 0.16 0.06 0.01 0.12 -0.17 NSAe NS NS

-0.85 0.21 0.19 0.89 -0.36 -0.51 -0.33 0.00 SAf ***

-0.63 0.27 0.16 0.81 -0.43 -0.43 -0.13 0.02 0.72 Xylan

Chart 4. Correlations of fiber traits for Saccharum spontaneum within the diversity panel of the World Collection of Sugarcane and Related 
Grasses. 

Abbreviations: Acetyla = Acetyl groups; AILb = Acid Insoluble Lignin; ASLc = Acid Soluble Lignin; Holocelld = Holocellulose; NSAe = Nonstructural Ash; 
SAf = Structural Ash; and *, **, and *** = significant correlations at 0.05, 0.01 and 0.001, respectively; NS = non-significant. 

in hybrids, internode length correlated positively with 
ASL (0.32) and nonstructural ash (0.38) and negatively 
with lignin (– 0.36). These differed from the correlations 
in the whole collection, where most internode length 
correlations were not significant or, in the case of lignin, 
positive.

Correlations of fiber traits with phenotypic 
traits in Saccharum officinarum

In the S. officinarum group, stalk number positively 
correlated with arabinan (0.32). Selection for increased 
stalk number is a common strategy for increasing 
yield, but this correlation indicates that it could also 
increase arabinan content in S. officinarum. Water content 
negatively correlated with holocellulose (– 0.25). 

Correlations of fiber traits with phenotypic 
traits in Saccharum spontaneum

In the S. spontaneum group, acetyl content correlated 
with stalk height (0.23), stalk diameter (0.31), fresh 
weight (0.20), and water weight (0.23), showing similar 
but higher correlations than we reported for the whole 
diversity panel. Leaf length correlated negatively with AIL 
(–0.27) and positively with holocellulose (0.32). Water 
content negatively correlated with structural ash (–0.23). 

The correlation results indicate that breeders might 
have to contend with unwanted associations or maybe 
linkages between desirable traits such as fresh weight and 
unwanted traits like acetyl. Genotypes of S. spontaneum 

are strategically crossed with commercial hybrids or 
S. officinarum by breeders seeking resistance or tolerance 
to biotic and abiotic stresses (Tew and Cobill 2008). The 
results of this study indicate that the back crossing process 
potentially produces progeny with increased ash, lignin and 
holocellulose, with putative decreases in acetyl and acid 
soluble lignin. Phenotypic traits that distinguish among 
S. spontaneum, S. officinarum, and sugarcane hybrids 
(Todd et al. 2017) include stalk diameter, fresh weight, 
and water weight. Our findings of correlations between 
acetyl and these phenotypic traits indicate that breeders 
could expect that the more phenotypically sugarcane-
like S. spontaneum accessions may have higher acetyl 
content.  

Principal Component Analysis

The principal component analysis (PCA) of the 
whole diversity panel based on fiber composition did 
not show any species clustering (Figure 2). This could 
reflect similar levels of variation within the different 
groups in the diversity panel for fiber composition, and 
suggests that breeders could select for positive traits from 
within any of these groups. Bi-plot diagrams visually 
appraise the structure of the data (Gabriel 1971). Our 
PCA biplot indicates that accessions with less lignin 
increase in nonstructural ash, while those with low 
acetyl have high xylan, structural ash, and arabinan. 
These findings concur with the correlations described 
above, which indicate that accessions selected for low 
lignin may have high structural ash.
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