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In the present investigation, explants from Kalanchoë blossfeldiana were used for gene transformation. 
The young leaves were inoculated with Agrobacterium tumefaciens LBA4404 strain with a binary vector 
plasmid pArtblue containing F3'5'H gene under control of CaMV35S promoter and nptII selectable 
marker gene. After inoculation, the explants were transferred to the co-cultivation medium. They were 
then transferred to the selection medium containing kanamycin and were sub-cultured every two weeks. 
Leaves of the putative transgenic shoots that survived in the selection medium were used in reverse 
transcription polymerase chain reaction (RT-PCR) analysis to detect gene expression. The RT-PCR 
analysis showed the presence of 550 bp F3'5'H amplification products and had an expression of F3'5'H 
gene. Plants with the introduced F3'5'H gene produced totally pale red flowers. 
 
Key words: Kalanchoë blossfeldiana, Agrobacterium-mediated transformation, young leaf, F3'5'H gene, reverse 
transcription-polymerase chain reaction (RT-PCR). 

 
 
INTRODUCTION 
 
Kalanchoë blossfeldiana is one of the most attractive 
representatives of the succulent family. The plant is very 
common to consumers because of its long lasting flowers 
and attractive foliage. It blooms during the short days of 
winters and becomes a popular plant from late falls to 
late winter. The original colors of the Kalachoë are white, 
orange and red. However, a range of flower color is still 
insufficient in the present commercial cultivars. The 
transformation protocol for K. blossfeldiana has been 
already established and described by several indepen-
dent groups. Breeding new varieties with novel or 

improved traits will increase economic value of K. 
blossfeldiana. Most of the plant pigments varied in 
pigmentation of floral parts ranging from white to red and 
purple colors, and belong to the anthocyanin group of 
flavonoids (Aizza and Dornelas, 2011). Dihydroflavonol 4-
reductase (DFR) is one of the enzymes in anthocyanin 
synthesis pathway, which catalyzes the production of 
leucoanthocyanidins from dihydroflavonols. It can be 
hydroxylated on the 3' or 5' position of the B-ring by 
flavonoid 3'-hydroxylase (F3'H) to produce 

dihydroquercetin or by flavonoid 3',5' hydroxylase
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Figure 1. Schematic liner map of the T-DNA region of the pArtblue plasmid. The F3'5'H gene is driven by 
cauliflower mosaic virus promoter (CaMV) 35S, and is terminated by nopaline synthase (NOS). npt II: 
neomycine phosphotransferase II, RB: right border, LB: left border. 

 
 
 

(F3'5'H) to form dihydromyricetin. The last two 
compounds are involved in the production of flavonoid 
precursors and in the formation of particular decorated 
anthocyanin molecules (Holton et al., 1993; Hussein et 
al., 2013). It is clear that the genes, DFR and F3'5'H, play 
important roles in the flavonoid biosynthetic pathway and 
in floral anthocyanin pathway as well (Zabala and Vodkin, 
2007; Hussein et al., 2013).  

Plant breeders develop a variety of colors by using 
traditional time-consuming methods. Recently, genetic 
modification of plants using Agrobacterium tumefaciens 
has become a very popular gene-transfer technique. 
Agrobacterium-mediated gene transfer has advantages 
of allowing stable integration of defined DNA into the 
plant genome, fewer rearrangements and more stable 
expression over generations than free direct DNA 
delivery methods (Dai et al., 2001; Hu et al., 2003; 
Mahadtanapuk et al., 2006). Stable expression of a 
transgene is necessary for plant breeding by genetic 
engineering. However, the expression level of transgene 
may vary among transformants and silencing of a 
transgene may frequently occur. In this study, the authors 
introduced a Agrobacterium-mediated transformation of 
F3'5'H gene into K. blossfeldiana. Moreover, the F3'5'H 
gene isolated from butterfly pea (Clitoria ternatea Linn.) 
was introduced by this method, in an attempt to change 
the color of K. blossfeldiana. 
 
 
MATERIALS AND METHODS 
 
Plant materials for transformation 
 
The young leaves of K. blossfeldiana were sterilized in 15% sodium 
hypochloride (Clorox) for 15 min, and rinsed four times with sterile 
distilled water. The young leaves were cultured on MS medium 
(Murashige and Skoog, 1962) nutrients supplemented with 1.0 
mg/L Thidiazuron (TDZ), 0.1 mg/L naphthalene acetic acid (NAA), 
3% (w/v) sucrose, 0.8% (w/v) agar, pH 5.8 and adjusted with 1 M 
NaOH before autoclaving at 121°C for 15 min. The cultures were 
incubated at 25±2°C, under 16 h/day photoperiod (Buddharak et al., 
2012). After 2 weeks of culture, the young leaves produced small 
shoots. 
 
 
Bacterial strain and plasmid 
 

A. tumefaciens LBA4404 strain which harbored the pArtblue 
plasmid, carrying cDNAs encoding butterfly pea F3'5'H gene 

(Thamaragsa et al., 2015) was driven by the cauliflower mosaic 
virus (CaMV) 35S promoter and terminated by nopaline synthase 
(NOS). Neomycin phosphotransferase (nptII) gene acting as a plant 
selectable marker was used (Figure 1). 
 
 

Transformation and selection of transgenic plants 
 
The leaf explants were incubated in the A. tumefaciens suspension 
for 30 min, and then dried on sterilized filter paper and placed on 
MS medium solidified with 0.8% agar containing 1.0 mg/L 
thidiazuron (TDZ), 0.1 mg/L naphthalene acetic acid (NAA) and 100 
µM acetosyringon for two days in the dark. After co-cultivation, the 
explants were transferred to MS solid medium containing 1.0 mg/L 
TDZ, 0.1 mg/L NAA, 250 mg/L cefortaxime and 50 mg/L kanamycin 
for regeneration (selection medium). The selection medium was 
changed every two weeks. Six weeks after infection, explants that 
formed shoots were transferred to MS solid medium free of 
hormones containing 250 mg/L cefortaxime and 50 mg/L 
kanamycin for shoot elongation. After four-weeks culture on 
elongation medium, only one regenerated shoot was excised from 
each explant to take an independent plant and planted on MS solid 
medium containing 0.1 mg/L NAA, 250 mg/L cefortaxime and 50 
mg/L kanamycin for roots induction. 
 
 

RNA isolation and gene expression using RT-PCR analysis 
 
Total RNA from surviving shoots in the selective medium and the 
control shoots were isolated with the use of easy-REDTM RNA 
extraction (iNtRON Biotechnology, Korea) and the reverse 
transcription polymerase chain reaction (RT-PCR) was used to 
qualitatively detect gene expression through creation of 
complementary DNA (cDNA) transcripts from RNA. For the RT-
PCR, the MyTaqTM One-Step RT-PCR kit (Bioline, USA) was used. 
The forward primer 5'- AAG TAT CAT AGA GTG GGC AC -3' and 
reverse primer 5'- TAA CAT TGT AAG CAG TTG GG -3' were used 
for amplification of the F3'5'H gene. All RT-PCR reactions were 
performed using MyGeneTM Series Peltier Thermal cycler 
(LongGene, Hangzhou, PRC). The RT-PCR were carried out for 35 
cycles: 20 min at 45°C for reverse transcription, 1 min at 95°C for 
denaturation, 10 s at 55°C for annealing, and 30 s at 72°C for 
extension, followed by a final 10 min at 72°C. PCR products were 
visualized on the in 1% agarose gel by electrophoresis using gel 
red staining. After, the F3'5'H gene expression in transgenic plants 
was confirmed by RT-PCR, rooted plantlets were transferred to soil 
and acclimatized in the green house. 
 
 

RESULTS AND DISCUSSION 
 

Selection of kanamycin-resistant regenerated plants 
 

In the primary phase of screening, some of the explants 
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Figure 2. Agrobacterium-mediated transformation of K. blossfeldiana. A: non-transformation on selection 
medium, B: transformation on selection medium, C: shoot elongation and root induction on selection 
medium, D: transgenic K. blossfeldiana plants growing in the greenhouse. 

 
 
 

initially became dark or bleached after regeneration, 
while the others regenerated and remained green. 
Shoots grown from kanamycin resistant explants, were 
regenerated and survived on selection medium 
containing 50 mg/L kanamycin suggesting they have 
received the F3'5'H gene. However, approximately 60% 
of the explants survived and grew normally in the 
selection medium for a period of 6 weeks (Figure 2) and 
the survival rates were high. Therefore, it is suggested 
that 50 mg/L of kanamycin may be used as the optimum 
concentration for the selection of K. blossfeldiana shoot 
meristem explants transformed with vectors harbouring 
the nptII gene. The amino glycoside kanamycin, acting as 
a selective agent, has been commonly used in plant 
genetic engineering (Bao-Hong et al., 2001). The main 
mode of action or effect of this particular antibiotic was by 
inhibiting the growth of plant cells by binding to the 30s 
ribosomal subunit, thereby inhibiting initiation of plastid 
translation (Moazed and Noller, 1987) and inhibiting 
ribosomal protein synthesis (Kohanski et al., 2010). 
 

 

Gene expression using RT-PCR of putative 
transgenic plants  
 

RT-PCR analysis was carried  out on RNA extracted from 

all the surviving plantlets in the selection medium. During 
the second round of screening, the samples from the 
leaves of the putative transformed plantlets showed 
positive amplification in RT-PCR reaction while using 
primers specific to F3'5'H genes sequence. Five 
kanamycin resistant plantlets showed the presence of 
550 bp F3'5'H amplification products (Figure 3). The 
rooted plantlets were acclimatized, and transferred to the 
greenhouse successfully (Figure 4). The authors 
attempted to test expression of the flavonoid 3', 5'-
hydroxylase (F3'5'H) in pigmented K. blossfeldiana 
petals. Unexpectedly, the introduced gene created a 
block in anthocyanin biosynthesis. Plants with the 
introduced F3'5'H gene produced totally pale red flowers 
(Figure 4). Takashi et al. (2010) regulated flower color in 
blue gentian using RNA interference technology. When 
the anthocyanin 5, 3'-aromatic acyltransferase gene (5/3' 
AT) was inhibited, the petals became lilac. However, 
when 5/3' AT and F3'5'H were co-suppressed, the petals 
were pale blue. Meanwhile, the anthocyanin of the petals 
contents were changed in all transgenic plants. The 
mechanism responsible for the reversible co-suppression 
of homologous genes in transgenic plants is unclear, but 
the erratic and reversible nature of this phenomenon 
suggests the possible involvement of methylation (Napoli  
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Figure 3. Gene expression using RT-PCR amplification products from RNA of transgenic K. blossfeldiana plantlets containing the 
F3'5'H gene. Lane M: marker lambda pstI, Lanes 1-5: RT-PCR amplification products from putative transgenic putative plants, Lane 
C: control plant (non- transgenic plant), Lane P: positive control obtained by amplification of the plasmid DNA. 

 
 
 

 
 

Figure 4. Flower phenotypes in control and transgenic K. blossfeldiana plants. A: Untransformed K. blossfeldiana 
was indicated as “wild-type”, which had red-colored flowers. B: Fainter color was observed in a transgenic K. 
blossfeldiana. 

 
 
 
et al., 1990). Biologists have made great efforts to study 
the mechanism of co-suppression in recent years. The 
results showed that the copy number, DNA methylation 
and structure of the integrated T-DNA of the transgene 
may play a role in the process of co-suppression (Stam et 
al., 1997; Vaucheret et al., 1998). The results also 
showed that RNA-dependent RNA polymerase may be 
involved in the RNA degradation (Schiebel et al., 1998; 
Dalmay et al., 2000). In the study of signal transduction, 
small signal molecules such as small RNA molecules 
were detected (Hamilton et al., 1999). 

Conclusions 
 
In this investigation, the authors successfully transformed 
K. blossfeldiana, a F3'5'H gene via the Agrobacterium-
mediated transformation system. Transgenic plants 
obtained in this study were confirmed by RT-PCR 
analysis. The optimized protocol is simple and 
reproducible, and may be adapted for other Kalanchoë 
cultivars. Plants with the introduced F3'5'H gene 
produced totally pale red flowers. These results clearly 
indicate  the  usefulness  of metabolic  engineering  of the  
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flavonoid biosynthetic pathway to modify flower color. 
Only a few of the transgenic K. blossfeldiana exhibited 
phenotypic stability. For commercialization, it was 
necessary to generate many independent transgenic 
lines, select elite lines with stable phenotypes and 
maintain them in tissue culture. 
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The aim of our work was to assess the effect of inoculation with three arbuscular mycorrhizal fungi 
(AMF) (Rhizoglomus aggregatum (N.C. Schenck and G.S. Sm.) Sieverd., G.A. Silva and Oeh., 
Funneliformis mosseae (T.H. Nicolson and Gerd.) C. Walker and A. Schüssler. and Rhizoglomus 
intraradices (N.C. Schenck and G.S. Sm.) Sieverd., G.A. Silva and Oehl.), and a mixed inoculum of these 
AMF on root colonization, biomass production, mycorrhizal dependency (MD) and shoot mineral 
contents of two salt tolerant grasses Leptochloa fusca L. Stapf and Sporobolus robusts Kunth. After 
four months of growth in a sterilized soil and greenhouse conditions, grasses inoculated with AMF 
showed significantly higher total biomass production than non-inoculated seedlings. MD and shoot 
mineral contents (especially P) varied with AMF host plants. Maximum values of MD (13%) were 
observed in L. fusca and S. robustus seedlings when inoculated with R. intraradices and F. mosseae, 
respectively. Only P contents were higher in the S. robustus/mixed-AMF combinations than the other 
treatments. These results demonstrate the potential benefits in our experimental conditions of AM 
inoculation for improving growth and P acquisition particularly in the L. fusca/ F. mosseae and S. 
robustus/mixed-AMF combinations.  
 
Key words: Grass species, symbiosis, mycorrhizal dependency, mineral nutrition. 

 
 
INTRODUCTION 
 
Arbuscular mycorrhizal fungi (AMF) are beneficial and 
ubiquitous fungi in natural and agricultural ecosystems 
(Smith and Read, 2008). These fungi establish symbiosis 

with the majority of terrestrial plants, supplying mineral 
nutrients to the plants in exchange for photosynthetically 
fixed  carbon  (Smith  and  Read,  2008).The  extraradical 
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phase of the fungi acts as an extension of the root 
system for the uptake of mineral nutrients, especially 
immobile nutrients such as P, Cu and Zn. There is 
considerable evidence that AMF can improve plant 
growth and nutrition in soils subject to a range of saline 
soils (Tian et al., 2004; Ruíz-Lozano et al., 2011; Dodd 
and Ruíz-Lozano, 2012; Mbadi et al., 2015). Their 
importance was recognized in a broad range of basic and 
practical studies (White et al., 2008). Several previous 
studies highlighted potential of AMF for grasses growth 
improvement. Johnson (1998) found that AMF inoculum 
increased the growth of a native grass (Panicum 
virgatum) at low phosphorus levels in taconite mine 
tailings. Smith et al. (1998) found that AMF inoculation 
effectively increased AMF colonization in a roadside 
prairie restoration site and that plots so inoculated had 
greater cover by native prairie species than uninoculated 
plots. Cavender and Knee (2006) found that prairie 
inoculum increased colonization of potted Andropogon 
gerardii relative to controls. However, plant growth 
responses to AMF vary widely along a continuum from 
positive to negative despite the ubiquity of the AM 
symbiosis (Maherali, 2014) and there was a great 
variation in degree of mycorrhizal dependency (MD) in 
different grass species (Wilson and Hartnett, 1998). The 
structure and function of the root system of grasses are 
expected to influence their response to inoculation with 
AMF (Anjum et al., 2006). Grasses with a coarse root 
architecture and low root hair density (warm season C4 
grasses), derive the greater growth benefits from AMF 
than grasses with highly fibrous root system and root hair 
density (eg. cool season C3 grasses). This is because 
fine root architecture is considered as an alternative to 
mycorrhizae in P-limited soils. Nevertheless, in some 
cases, the absence of a significant correlation between 
density and length of root hairs and MD does not support 
this hypothesis (Guissou et al., 1998). The effects of AM 
inoculation on grass species may also vary with AMF 
composition indicating that not all AMF are functionally 
equivalent (Rengel, 2002).  

Two halophytic forage grasses, Leptochloa fusca (L.) 
Stapf and Sporobolus robustus Kunth are widely 
distributed in the Sine Saloum Delta, Senegal. They are 
perennial, rhizomatous and C4 chloridoid grasses. They 
can be easily propagated and established from seed, 
stem cutting, root stumps or rhizomes, especially in salt-
affected and waterlogged areas where other forage 
species may not grow successfully (Abdullah et al., 1990; 
Ahmad, 2010). These grasses provide a good quality 
forage and highly palatable for sheeps and goats. 
However, little is known about  the domestication of these  
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halophytic forage grasses with AMF and the 
management practices for their cultivation and adaptation 
must be developed and tested. The determination of 
plant growth responses under controlled conditions is a 
valuable first step in evaluating the importance of the 
symbiosis for grasses in nature and understanding 
ecosystem function. 

To our knowledge, although some Sporobolus and 
Leptochlora species have already been studied, our work 
is the first to investigate the effect of AMF (Rhizoglomus 
aggregatum, Funneliformis mosseae and Rhizoglomus 
intraradices) on the growth and mineral nutrition of L. 
fusca and S. robustus seedlings in greenhouse 
conditions. 
 
 
MATERIALS AND METHODS 
 
Soil preparation 
 
The substrate used in the experiment was a non saline sandy soil 
from Sangalkam, Senegal (Duponnois et al., 2002). The soil is 
characterized by a low content available P (4.8 mg P kg-1 soil). The 
soil was crushed, passed through a 2 mm sieve and autoclaved for 
1 h at 120°C to eliminate native microorganisms. Some chemical 
and physical characteristics of the soil were pH (H2O) 5.3; electrical 
conductivity, 0.1 mS/cm at 25°C; clay, 3.6%; fine, silt 0.0%; coarse 
silt ,0.8%; fine sand, 55.5%; coarse sand, 39.4%; total carbon, 
0.17%; total nitrogen, 0.02%; C/N 8.5; total P, 39 mg P kg-1 soil. 

 
 
Fungal inocula and inoculation 

 
Arbuscular mycorrhizal fungi used were F. mosseae (T.H. Nicolson 
and Gerd.) C. Walker and A. Schüssler (Redecker et al., 2013), R. 
aggregatum (N.C. Schenck and G.S. Sm.) Sieverd., G.A. Silva and 
Oeh., and R. intraradices (N.C. Schenck and G.S. Sm.) Sieverd., 
G.A. Silva and Oehl (Sieverding et al., 2014). The AM fungi used in 
the present study are salt tolerant. Previous results obtained by 
Diatta et al. (2014) showed a positive effect of inoculation with the 
same strain (R. intraradices) on growth of date palm seedlings 
under conditions of salt stress. Soumaré et al. (2008) found that the 
NaCl level of 200 mM in the rooting medium stimulated shoot and 
root dry weight in Acacia nilotica plants inoculated with R. 
intraradices, F. mosseae, R. aggregatum and Rhizoglomus 
fasciculatum. Similar results have been previously reported for A. 
auriculiformis plants inoculated with R. intraradices (Diouf et al., 
2005). These AM fungi were obtained from pot cultures maintained 
in the collection at the Laboratoire Commun de Microbiologie, 
Senegal. The AMF were propagated on maize (Zea mays L.) for 12 
weeks on sandy soil in greenhouse conditions. The maize plants 
were then uprooted. The roots were gently washed and cut into 1 
cm pieces. The crude inoculum (20 g) of AMF consisted of sand, 
spores, fragments of hyphae and root fragments. It contained an 
average of 40 spores per gram of soil and roots fragments with at 
least 80% of colonized roots length. Furthermore, these AM fungi 
have  approximately  the  same  infective  propagules  according  to
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Table 1. Effect of inoculation with arbuscular mycorrhizal fungi (AMF) and mixed-AMF on stem numbers, growth variables and AM 
colonization of L. fusca and S. robustus seedlings. 
   

Grasses AMF 
Stem 

numbers 
Height (cm) 

RDW 
(g/plant) 

SDW 
(g/plant) 

TDW 
(g/plant) 

Root/shoo
t ratios 

Mycorhization 
(%) 

L. fusca 

Control 15.60±3.65b 74.90±7.24a 04.81±0.84ab 09.60±0.85b 14.42±1.38b 0.50±0.08a - 

F. mosseae 20.50±4.16a 70.60±9.29a 04.19±0.55b 10.17±0.66b 14.36±1.29b 0.41±0.08a 23.06±7.74a 

R. aggregatum 18.80±3.01ab 75.90±5.06a 04.58±0.89b 09.71±1.01b 14.30±1.47b 0.47±0.09a 11.61±6.30b 

R. intraradices 20.80±5.13a 72.80±5.86a 05.59±0.71a 11.29±0.67a 16.88±1.89a 0.50±0.15a 19.73±5.89a 

Mixed-AMF 18.10±3.28ab 77.20±8.63a 04.20±0.69b 10.27±0.78b 14.48±1.58b 0.41±0.06a 10.97±4.42b 

         

S. robustus 

Control 16.00±2.90a 105.30±6.23a 04.80±0.87b 14.23±1.61b 19.04±2.74b 0.33±0.04b - 

F. mosseae 16.80±2.61a 109.00±6.35a 06.17±0.64a 15.83±1.20ab 22.01±1.15a 0.39±0.05a 18.51±6.10ab 

R. aggregatum 16.80±1.87a 104.90±6.06a 04.97±1.01b 14.94±1.47ab 19.92±2.22ab 0.33±0.05b 17.60±5.06b 

R. intraradices 16.10±3.10a 109.80±7.17a 04.89±0.71b 15.93±0.93a 20.82±1.43ab 0.30±0.03b 23.73±4.88a 

Mixed-AMF 16.80±2.20a 109.10±9.75a 05.89±1.07a 14.28±1.03b 20.17±1.89ab 0.41±0.05a 16.92±5.92b 
 

RDW, root dry weight; TDW, total dry weight; SDW, shoot dry weight. For each plant species, values within a column followed by different letters 
are significantly different according to Student-Newman-Keuls test (P ˂ 0.05). 

 
 
 
Guissou et al. (1998). The inoculum was placed in a hole during 
transplanting. The mixed-AMF contained approximately the same 
infective propagules of each fungal species. Non inoculated 
controls also received 20 g of autoclaved sand-root mixture. 

L. fusca and S. robustus seeds were collected from Fatick 
(16°46’ W and 14°17’ N) in March 2010. The seeds of grasses were 
surface sterilized with 5% (p/v) sodium hypochlorite (NaClO) 
solution for 2 min. They were subsequently rinsed three times with 
sterilized distilled water and germinated on a sterilized sandy soil. 
Two weeks after germination the seedlings were individually 
transplanted in plastic bags (24 cm high and 12 cm in diameter) 
filled to 4/5 of the volume of soil. The experiment was randomized 
in complete block with two factors and ten treatment combinations. 
It was set-up as a 2 × 5 factorial design consisting of two plant 
species and five AMF treatment including nonmycorrhizal control, 
which were arranged in a completely randomized design with 10 
replicates per treatment combination. 

 
 
Quantitative evaluation and mycorrhizal colonization 

 
The experiment was conducted over four months in greenhouse 
conditions at Dakar, Bel-Air (14°44’N, 17°30’W) under natural 
sunlight (35°C day, 27°C night and 14 h photoperiod). The relative 
humidity was about 75%. Plants were watered every day with tap 
water until soil saturation. No additional nutrients were supplied 
during the experiment. After four months of growth, plant 
parameters such as height of the culm and stems number were 
determined. After harvesting, the shoots and roots were separated 
and dried at 65°C for 10 days. The shoots and roots dry weight and 
total plant dry weight, for each of the ten plants replicates per 
treatment, were determined. The mycorrhizal dependency (MD) of 
each plant species was calculated using the formula: MD (%) = 100 
x (TDWM – TDWNM)/TDWM, where TDWM and TDWNM are total dry 
weight of mycorrhizal and non mycorrhizal plants, respectively 
(Plenchette et al., 1983). Dried shoots were chemically analyzed. 
Total P content was determined by automatic calorimetry according 
to the method of Dabin (1965). The total C and N contents were 
quantified using the combustion system CHN Thermo Finnigan EA 
1112 Series Flash Elemental Analyzer. Total K and Mg contents 
were determined by the atomic absorption spectrometry. Physical 
and chemical analysis of soils was performed in the Laboratoire des 

Moyens Analytiques (LAMA), certified ISO 9001-2000, Dakar, US 
Imago, IRD, www.lama.ird.sn., Senegal. Subsamples of the total 
root mass were cleared at 90°C for 30 min in 10% KOH, rinsed with 
tap water and stained with 0.05% Trypan blue (Phillips and 
Hayman, 1970). Mycorrhizal root colonization was evaluated by 
using the method of Trouvelot et al. (1986).  
 
 
Data analysis 
 
Data were subject to one-way analysis of variance (ANOVA), and 
mean values were compared using Newman–Keul’s test. Data of 
AM colonization were arcsine-transformed before analysis when 
needed to fulfill the assumptions of the ANOVA. We carried out this 
analysis separately for each species. All ANOVAs mentioned above 
were done with XLSTAT (v2010.5.04) software. Pearson 
correlations between dependent variables were performed by the 
same software. 
 
 
RESULTS 
 

Effect of AMF on root colonization and growth of 
grasses  
 

All inoculated grass seedlings were colonized by AMF. 
The extent of AM colonization by the three AMF and 
mixed-AMF varied depending on grass species (Table 1). 
AM colonization of L. fusca by R. intraradices and F. 
mosseae was more marked than those inoculated by R. 
aggregatum and mixed-AMF. For S. robustus seedlings, 
AM colonization was significantly higher with R. 
intraradices than the other AM treatment. No 
contamination by AMF was observed on the non-
inoculated grass seedlings (Table 1). Mycorrhizal root 
colonization of L. fusca and S. robustus was not 
correlated with any growth parameters (unpresented 
Tables). ANOVA of plants growth parameters with all the 
AMF treatments showed that the response to AMF
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Table 2. Mycorrhizal dependency (MD) of L. fusca 
and S. robustus seedlings inoculated with 
arbuscular mycorrhizal fungi (AMF) and mixed-
AMF. 
 

AMF L. fusca S. robustus 

F. mosseae 0.00±8.50
b
 13.12±6.43

a
 

R. aggregatum 0.00±11.49
b
 03.27±11.46

a
 

R. intraradices 13.69±8.92
a
 07.12±13.12

a
 

Mixed-AMF 0.72±9.89
b
 04.40±12.33

a
 

 

Values in a column followed by different letters are 
significantly different according to Student-Newman-
Keuls test (P ˂ 0.05). 

 
 
 

Table 3. Shoot P (‰), K and Mg (ppm), C and N (%) concentrations of L. fusca and S. robustus seedlings 
inoculated with arbuscular mycorrhizal fungi (AMF) and mixed-AMF.  
 

Grasses AMF  N P K Mg C 

L. fusca 

 

Control 0.77±0.02
a
 0.96±0.05

ab
 7.52±0.26

a
 5.81±0.16

a
 43.05±0.32

a
 

F. mosseae 0.83±0.06
a
 1.17±0.11

a
 7.50±0.13

a
 5.88±0.65

a
 42.46±0.52

a
 

R. aggregatum 0.64±0.02
a
 0.99±0.12

ab
 6.40±0.55

ab
 4.97±0.34

a
 42.99±0.23

a
 

R. intraradices 0.82±0.09
a
 0.86±0.04

b
 5.50±0.89

b
 5.60±1.03

a
 43.11±0.04

a
 

Mixed-AMF 0.64±0.04
a
 1.00±0.10

ab
 6.63±0.60

ab
 4.37±0.35

a
 43.25±0.35

a
 

       

S. robustus 

 

Control 0.39±0.29
a
 0.88±0.19

b
 4.96±0.56

a
 2.77±0.41

a
 43.74±0.14

a
 

F. mosseae 0.61±0.02
a
 1.04±0.02

ab
 5.78±0.69

a
 2.43±0.21

a
 43.90±0.37

a
 

R. aggregatum 0.61±0.05
a
 1.03±0.00

ab
 5.29±0.46

a
 2.49±0.20

a
 43.38±0.18

a
 

R. intraradices 0.61±0.06
a
 0.90±0.04

b
 5.16±0.72

a
 2.48±0.21

a
 43.56±0.21

a
 

Mixed-AMF 0.51±0.39
a
 1.23±0.04

a
 5.57±0.26

a
 3.03±0.50

a
 43.46±0.27

a
 

 

For each plant species, values within a column followed by different letters are significantly different according to 
Student-Newman-Keuls test (P ˂ 0.05). 

 
 
 
inoculation is different among the plant species (Table 1). 
No significant effect of inoculation was observed on 
height of L. fusca and S. robustus. Inoculation with F. 
mosseae and R. intraradices increased significantly stem 
number of L. fusca seedlings compared to control but had 
no significant effect in S. robustus. The root dry weight of 
S. robustus seedling was significantly increased by 
inoculation with F. mosseae and mixed-AMF, compared 
to non-inoculated seedlings. In contrast, the root dry 
weight of L. fusca seedlings inoculated with AMF did not 
differ from the control treatment. The shoot dry weight of 
the two grasses was significantly increased by inoculation 
with R. intraradices. The total dry weight of L. fusca and 
S. robustus colonized by R. intraradices and F. mosseae, 
respectively, were higher compared to control. 
Inoculation with F. mosseae and mixed-AMF increased 
significantly the root/shoot ratios of S. robustus seedlings 
compared to control but had no significant effect in L. 
fusca.  

Results show that the two grass species differed in 
their MD following the inoculated AMF (Table 2). L. fusca 

and S. robustus had similar MD values when inoculated 
with R. intraradices and F. mosseae, respectively (Table 
2). L. fusca in symbiosis with F. mosseae, R. aggregatum 
and mixed-AMF showed the lowest MD. S. robustus in 
symbiosis with R. intraradices, R. aggregatum and 
mixed-AMF also showed the lowest MD. 
 
  
Shoot mineral content of grass species 
 
N, K, Mg and C concentrations did not differ significantly 
in shoots of the two grasses colonized by the different 
AMF and mixed-AMF compared to those of the non-
inoculated grasses (Table 3). P concentration did not 
differ significantly in shoots of L. fusca grasses. However, 
P concentrations in shoots were significantly improved in 
the S. robustus/mixed-AMF combinations when compared 
to non-inoculated grasses and other plant-AMF 
combinations. P concentrations probably contributed to 
total biomass production of S. robustus more than the 
other nutrients. There was a  positive correlation between 
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mycorrhizal root colonization and shoot N concentration 
of L. fusca (r = 0.981, p < 0.05). For S. robustus, there 
was a significant positive correlation (r = 0.994, p < 0.01) 
between shoot C concentration and total dry weight. 
Shoot K concentration had a significant positive 
correlation with root dry weight (r = 0.980, p < 0.05).  
 
 
DISCUSSION 
 
The present study shows the importance of AMF for the 
growth of L. fusca and S. robustus. Our findings agree 
with some studies which showed that AMF increased 
growth of different plant species (Ramakrishnan and 
Bhuvaneswari, 2014; Jan et al., 2014; Khakpour and 
Khara, 2012; Graham and Abbott, 2000). The root/shoot 
ratios of S. robustus changed significantly in response to 
F. mosseae and Mixed-AMF inoculation. This could 
probably be explained by the fact that these AMF strains 
positively influence RDW, whereas they gave large 
decreases in SDW production of S. robustus.  

However, root colonization was mainly influenced by 
host plant factor (Klironomos, 2003) which was 
responsible for the differences between the averages. 
The root colonization percentages observed in L. fusca 
and S. robustus could be due to compatibility between 
the AMF present in the inoculum and the plants. The lack 
of significant increase on growth and mycorrhizal root 
colonization by mixed-AMF might be due to a competition 
between AMF strains as reported by Declerck et al. 
(2002).  

In our study, the reduction in AM root colonization in 
response to inoculation with multiple AM fungi was 
observed. Previous works have demonstrated significant 
genetic variability within plants and/or fungal species for 
symbiotic capacity in mycorrhizal interactions. Tagu et al. 
(2005) showed that the ability of poplar to form ECMS is 
under its genetic control.  

Other studies with contrasting results have found that 
the plant genotype can play a dominant role in controlling 
the associated soil microbial communities (Mari et al., 
2003; Korkama et al., 2007). Short-term experiment have 
either shown variations in mycorrhizal colonization, in 
microbial and in mycorrhizal communities (Barbour et al., 
2009; Lojewski et al., 2009), or few differences in 
arbuscular fungal and bacterial communities (Madritch 
and Hunter, 2002).  

MD refers to the degree of plant responsiveness to 
mycorrhizal root colonization by producing maximum 
growth or yield at a given level of soil fertility (Plenchette 
et al., 1983). Measurements of MD could be highly 
variable but could also be very similar, depending on the 
plant species response to the non-inoculated treatment. 
Cruz et al. (1999) categorized the MD in three groups: 
high dependency (MD ˃ 40%), moderate dependency (10 
˂ MD ˂ 40%) and not dependent (MD ≤ 10%). 
Considering this classification of MD made by Cruz et al.  

 
 
 
 
(1999), L. fusca and S. robustus were classified as 
moderately dependent plants to R. intraradices and F. 
mosseae, respectively. However, grasses were not 
dependent on all other AMF tested because the non-
inoculated plants were also able to grow. Our findings 
indicate that L. fusca and S. robustus plants response to 
AMF inoculation which depends on fungi-plant 
combination. Several previous studies have 
demonstrated that MD varies also with plant species 
(Zangaro et al., 2007) as well as with the mycorrhizal 
species (Nogueira and Cardoso, 2007; Othira et al., 
2012). 

AMF have been shown to positively influence the 
composition mineral nutrients especially P in plant tissues 
(Smith and Read, 2008). In this study, inoculated grasses 
with the mixed-AMF had significantly higher total P 
accumulation than non-mycorrhizal S. robustus grasses. 
Similar results were obtained by Liu et al. (2001) who 
reported that high shoot P content and growth of wheat 
plants inoculated with G. mosseae than the non-
mycorrhizal. It is known that AM symbiosis plays a vital 
role in improving the P nutrition of the host plants 
(Rohyadi et al., 2004; Smith and Read, 2008). It has 
been estimated that external hyphae of AM fungi deliver 
up to 80% of plants P requirements (Marschner and Dell, 
1994). This is probably due to the extended network of 
AM fungi hyphae that allow them to explore more soil 
volume than non-mycorrhizal plants (Ruiz-Lozano and 
Azcon, 2000). Indeed, mycorrhizal hyphae extend 
beyond the depletion zones around roots and acquire 
nutrients that are several centimeters away from the root 
surface (Ezawa et al., 2002). Surprisingly, P concen-
tration did not differ significantly in shoots of L. fusca 
grasses. It is important to note that the nutritional benefits 
of mycorrhizas are not confined to P alone, but to 
increased uptake of other nutrients, such as Mg, K and N 
have been demonstrated in a variety of plants (Clark et 
al., 1999). This was not the case in this study because all 
AMF tested did not significantly increase Mg, K and N 
concentrations in shoot of L. fusca grasses and S. 
robustus. The lack of positive response of shoot nutrient 
concentration to AMF treatment is more closely related to 
that grasses species have an extensive enough root 
system such that, nutrient demand was accomplished 
without the mycorrhizal symbiosis. 

We demonstrated that plant species vary in the degree 
they respond differently to AM inoculation. We found 
significant positive correlation between shoot N 
concentration and the mycorrhizal root colonization in L. 
fusca grasses, while this relationship did not exist in S. 
robustus grasses. This indicates that the amount of N 
taken up should be related to the extent of root 
colonization by AMF. There was no significant correlation 
between root dry weight and mycorrhizal root coloniza-
tion. This means that mycorrhizal root colonization levels 
were not directly associated with better plant growth. Our 
findings corroborate  those of  Hetrick  et  al. (1992)  who 



 
 
 
 
suggested that mycorrhizal root colonization is not 
necessarily related to plant growth. Diagne and Ingleby 
(2003) reported that in semi arid areas, a high 
mycorrhizal root colonization rate does not necessary 
result in better plant growth. A significant positive 
correlation was showed between shoot K and P 
concentration (r = 0.991, p < 0.01) in L. fusca grasses, 
meaning that increased K concentrations can be a 
consequence of increased P availability on plant growth. 
A significant positive correlation showed between the 
shoot K concentration and root dry weight occurred in S. 
robustus grasses, while this relationship did not exist in L. 
fusca grasses. This means that AMF increase plant 
biomass through an increased uptake of K for the plant. 
Shoot C concentration had positively correlated with total 
dry weight and MD in S. robustus grasses. Based on the 
premise that plants optimize carbon expenditure to avoid 
limiting any one resource (N, C or P) more than another, 
it is logical that species of low MD would limit carbon 
expenditure for mycorrhizal colonization more than 
species highly dependent on the symbiosis. Historically, 
the benefit of the symbiosis for the plant has been 
considered to improve nutrient supply, in particular 
uptake of P by mycorrhizal roots as compared to 
nonmycorrhizal roots, especially in nutrient-poor soils 
(Smith and Read, 1997). 

In conclusion, our results indicate that L. fusca and S. 
robustus are responsive to mycorrhizal inoculation. 
Hence, root colonization by AMF improved plant growth. 
The current investigation confirms that mycorrhizal 
symbioses can play a vital role in the improvement of the 
growth and P nutrition of the host plants. Thus, growth of 
L. fusca and S. robustus inoculated with mycorrhizal fungi 
was higher compared with non-mycorrhizal grasses 
under greenhouse conditions. From a practical point of 
view, the domestication of L. fusca and S. robustus with 
selected AMF and the management practices for their 
cultivation and adaptation must be developed and tested 
in the saline area. 
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The cooking and the drying of the Pentadesma butyracea kernels are the main steps in the traditional 
method of extracting P. butyracea butter. In this work, the Response Surface Method with Central 
composite design was used to optimize the cooking and drying of Pentadesma kernels during P. 
butyracea butter production. The cooking and drying times, as well as the drying temperature of 
Pentadesma kernels are considered as independent factors. The moisture content of the Pentadesma 
kernels, the quantity, the acidity and the peroxyde values of extracted butter were the responses to be 
expected. The responses have been described using a second degree polynomial models which have 
been first tested and then used to explain 97.5, 80.7, 96.1 and 97%, of the variation of moisture content, 
quantity of  butter, and acid and peroxide values, respectively. Increasing cooking time and drying 
temperature greatly reduced the free fatty acid values of the butter (<1%) and peroxide value (<1 
meq/kg). The optimum cooking time (110 min), drying temperature (55°C) and drying time (72 h) could 
be used to get 52.92% of Pentadesma butter equivalent to the category 1 (with 0.62 meq/kg of peroxide 
and 0.28% of FFA content). Cooking and drying of Pendadesma kernels are important stages in the 
butter production. This work determined the optimum conditions of cooking and drying processes. 
These results could be used by P. butyracea butter processors to get good quality of Pentadesma butter 
and to improve extraction yield.  
 
Key words: Forest galeries, Pentadesma butyraceae, cosmetic industry, temperature, shea butter, Pentadesma 
butter, Benin. 

 
 
INTRODUTION 
 
Pentadesma butyracea has been identified as species 
generally located in the dense forest with a large 
distribution area reaching from Sierra Leone to the 
Congo (Badoussi et al., 2014). P. butyracea, tallow tree 
(Clusiaceae) is a dense forest species with a height of 

about 20 m which is found in the center and the north of 
Benin in forest galleries and along water ways (Natta, 
2003). The main product harvested from P. butyracea is 
its kernels which are processed into butter (Natta et al., 
2010).  This  butter  is   traditionally   used   as  frying  oil, 
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moisturizing cream, soap, fire lightner and in herbal 
medicine (Sinsin and Sinadouwirou, 2003; Avocèvou-
Ayisso et al., 2011; Natta et al., 2010; Badoussi et al., 
2014). Pentadesma butter is a potential raw material in 
food and cosmetic industries (European Commission 
Directive, 2000; Tchobo et al., 2009; Badoussi et al., 
2014; Ayégnon et al., 2015) which prefer a butter 
produced using traditional methods (biobutter) (Badoussi 
et al., 2014). In Benin, traditional processing of 
Pentadesma butter varies from one locality to another 
(Badoussi et al., 2014). In general, such process involves 
fruit harvesting, depulping, cooking, drying and butter 
extraction. In these systems, the butter extraction yields 
(25 to 26%) as well as quality (FFA > 3%) are relatively 
low, when referenced to similar shea butter standards 
(Badoussi et al., 2014). The most important quality 
criteria of shea butter are the free fatty acid (FFA) content 
and peroxide value (PV) (Nsogning Dongmo et al., 2014). 
The first quality grade butter (FFA < 1%, PV < 10 
meq/KgO2) is used by cosmetic industry, whereas the 
second quality grade butter (FFA < 3%; PV < 15 meq/Kg) 
is appropriate for the food industry (Lovett et al., 2012). 
Cooking and drying have been identified as the main 
pretreatment steps in the traditional processing of P. 
butyracea butter as they affect yield and the quality of the 
final product (Badoussi et al., 2015). Thus, it is important 
in optimizing cooking and drying processes during the P. 
butyracea butter production through temperature and 
time settings.  

The typical optimization method involves one-factor-at-
a time approach and keeping the other factors constant 
(Bas and Boyaci, 2007a). Such practices don’t take into 
account interactive effects among the variables and, 
eventually, the complete effects of the parameters on the 
process (Bas and Boyaci, 2007b). Furthermore, One-
factor optimization increases the number of required 
experiments for the research as well as the time and 
expenses reagents and materials (Bezerra et al., 2008). 
In the last three decades, Response Surface 
Methodology (RSM) has been used to correct these 
discrepancies (Liyana-Pathirana and Shahidi, 2005; Eren 
and Kaymak-Ertekin, 2007; Corzo et al., 2008; Wani et 
al., 2008; Changrue et al., 2008; Mestdagh et al., 2008; 
Shi et al., 2008; Altan et al., 2008; Erbay and Icier, 2009; 
Betiku et al., 2015). RSM analyses all the possible effects 
(Ebrahimpour et al., 2008), and generates a 
mathematical model which describes the chemical or 
biochemical processes (Bas and Boyaci, 2007a). 
Optimization studies on pretreatment process parameters 
for shea butter production using RSM have been reported 
(Womeni   et   al.,  2006;   Nde  et   al.,  2012;   Nsogning  

 
 
 
 
Dongmo et al., 2014). 

This study aims therefore to point out the optimum 
conditions for cooking and drying Pentadesma kernels 
through the assessement of the combined effect of 
cooking time, drying temperature and drying time on the 
amount and the quality of the butter extracted RSM using 
the Central Composite Design (CCD). 
 
 

MATERIALS AND METHODS 
 
The P. butyracea fruits samples were collected from Bassila and 
Toucountounan parklands (Northern Benin) in the harvesting period 
(May 2014). The fruits were de-pulped to get the kernels which 
were used for the experimental design. 
 

 
Experimental design 

 
Pentadesma kernels pretreatment consisted of cooking and drying 
at different temperature and time. Samples of 1.2 kg each of 
Pentadesma kernels were put in 5 L of water and subjected to five 
cooking times (0, 30, 60, 90 and 120 min at 100°C). Each of the 
cooked kernels samples were dried at 40, 50, 60, 70 and 80°C in 
an oven with forced ventilation for 48, 60, 72, 84 and 96 h. The 
cooking and drying times as well as drying temperature were 
determined using the Central Composite Design (CCD) (Bas and 
Boyaci, 2007a). The CCD consisted of three independent variables: 
Cooking time (X1: 0, 30, 60, 90 and 120 min),  drying temperature 
(X2: 40, 50, 60, 70 and 80°C) and drying time (X3: 48, 60, 72, 84 
and 96 h). These variables were used at five levels as described in 
Table 1. The levels of the different variables have been indicated by 
the results of a previous study (Badoussi et al., 2014). The moiture 
content (Y1), the butter yield (Y2) and the butter quality [acid content 
(Y3) and peroxide value (Y4)] were considered as responses. 
Second-order polynomial model equation (Equation 1) was defined 
and fitted to each response obained from the experimental data. 

 

   (1) 

 
Y indicates the estimated response, b0, b1, b2, b3, b11, b22, b33, b12, 

b13 and b23 are constant coefficients where b0 is a constant, b1, b2 

and b3 are coefficients for linear terms, b11, b22 and b33 are 
coefficients for quadratic terms, and b12, b13 and b23 are the 

interaction coefficients. 1, 2 and 3 are the coded values of the 
independent variables of cooking time, drying temperature, and 
drying time, respectively. The coded values are obtained by 
transforming the reals values using the following relation: 
 

                                                                      (2)  
 

Where, Xi is the natural variable (or real value), X0i is the central 
value of natural variable i, ∆X is the increment.  
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Table 1. Responses values in relation with their regression coefficients and relative standard errors. 
  

Experimental matrix 
Responses 

Coded values Real values 

N° x1 x2 x3 X1 (min) X2 (°C) X3 (h) Y1 (%) Y2 (%) Y3 (%) Y4 (meq/kg) 

01 1 -1 1 120 40 96 8.54 54.80 1.28 1.06 

02 1 1 -1 120 80 48 4.44 45.85 0.56 2.91 

03 1 -1 -1 120 40 48 12.70 57.39 2.12 2.17 

04 -1 1 -1 0 80 48 7.78 47.26 0.66 4.42 

05 0 0 0 60 60 72 7.45 44.55 0.33 1.25 

06 -1 -1 1 0 40 96 16.10 49.20 2.74 7.93 

07 1 1 1 120 80 96 2.77 43.02 0.46 2.18 

08 -1 1 1 0 80 96 3.26 44.43 0.37 2.50 

09 -1 -1 -1 0 40 48 28.32 15.62 3.86 12.80 

10 0 0 0 60 60 72 6.90 47.63 0.35 1.34 

11 0 0 0 60 60 72 7.64 45.31 0.32 1.28 

12 0 0,5 0 60 70 72 6.28 46.23 0.61 0.99 

13 0 0 0.5 60 60 84 6.90 45.27 0.62 0.78 

14 0 -0.5 0 60 50 72 9.64 50.59 0.74 2.98 

15 0 0 -0.5 60 60 60 6.27 44.20 0.30 0.98 

16 -0.5 0 0 30 60 72 8.13 50.44 0.40 1.45 

17 0.5 0 0 90 60 72 6.63 45.42 0.44 1.67 
 

x1, Coded value of cooking time; x2, coded value of drying temperature; x3, coded value of drying time; X1, X2 and X3, real values of cooking 
time, drying temperature and drying temperature respectively;  Y1, moisture content; Y2,extraction yield; Y3 acid content; Y4, Peroxide value. 

 
 
 
Kernels moisture content 

 
Kernel were crushed or powded using smaller chips. About 10 g of 
the ground kernels (m1) was weighed into a previously weighed 
crucible, (m0) and dried in an oven at 105 °C for 24 h to constant 
mass according to AFNOR (1993) and Nde et al. (2012). Each 
experiment was carried out in triplicate. % Moisture content (wb) 

 

                                              (3)                                                                                 

 
 
Extraction and quantitative evaluation of Pentadesma butter 

 
For this analysis, about 10 g of the pre-treated Pentadesma kernels 
samples were weighed into a thimble and inserted into the column 
of the sohxlet extractor according to AFNOR (1993). To get 
Pentadesma butter, oil was first extracted for 7 h using hexane in a 
soxhlet apparatus into a previously cleaned, dried and weighed 
extraction flask. The solvent was evaporated on a rotary evaporator 
and the flask containing the recovered oil was dried at 65°C, to 
drive away the residual solvent. Then, the dried oil was cooled at 
room temperature (25 to 30°C) to get Pentadesma butter. The 
butter extraction yield (Y2) was obtained by difference and 
expressed as a percent of the mass of the sample taken for 
analysis on dry basis according to the relation. 

 

Y2    (4) 

Pentadesma butter quality assessment  

 
Free fatty acid content  

 
One gram of the Pentadesma butter sample was weighed into a 
conical flask and first dissolved in 150 ml of 1/1 (v/v) of 95% (v/v) 
ethanol and dietyhlether mixture. The mixture was then titrated with 
shaking against the ethanolic potassium hydroxide solution 
(AFNOR, 1993). The percentage of free fatty acids (FFA), is Y3, 
expressed as % of oleic acid, as followed:   

 

                                           (5) (AFNOR, 1993)  

 
Where, V, is the volume (ml) of the standard potassium hydroxide 
solution used; N, is the exact normality of standard potassium 
hydroxide and m, sample weight. 

 
 
Peroxide value 

 
Ten (10) ml of chloroform was added to about 2 g of butter and 
homogenized to rapidly dissolve the sample. Fifteen (15) millilitres 
of acetic acid and 1 ml of potassium iodide were successively 
added. The flask was corked and agitated for about a minute and 
kept in the dark for about 5 min. At this stage, about 75 ml of 
distilled water was added. The solution was titrated against sodium 
thiosulphate solution using starch indicator. The volume (V) was 
then  noted.  A  blank   test  (without  the  sample)  was  carried  out  
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through the same procedure (AFNOR, 1993; Bup Nde et al., 2012). 
The volume (V0) was then noted. The peroxide value (Y4) in 
milliequivalents per kilogram was given by: 
 

                                                          (6)                                                                                                   
 
 
Statistical analysis 

 
Models validation  
 
Coefficient of determination (r2) and absolute average deviation 
percentage (AAD) between experimental and calculated results 
were the two criteria used to evaluate the validity of the models 
(Bas and Boyacı, 2007a; Betiku et al., 2015). A model was 
considered valid if R2 > 0.7 and/or AAD < 10% (Bup Nde et al., 
2012). The coefficients of determination were obtained using 
multiple linear regression analysis carried out on the results using 
MINITAB (Version 14) software, while AAD was calculated from as 
followed: 

 

                                (7)                                                                                 

 
Where, Yi, exp and Yi, cal are the experimental and calculated 
responses, respectively, and n is the number of experimental run. 
 
 
Optimisation of kernel cooking and drying processes during 
butter production 
 
The optimisation response variables were performed using 
response optimizer option of MINITAB (Version 14) with the 
desirability function technique. Experimental data for the responses 
are considered as an independent set of experiment following the 
optimum conditions. The experimental value was compared with the 
predicted from the optimised model by calculating the percentage 
error (Equation 8) to determine the efficiency of the cooking and 
drying processes and response surface models. The percentage 
error (PE) which is lower than 10% indicates a good fit (Kek et al., 
2014). 

 

                                       (8) 

 
Where, mexp is experimental value and mpre is predicted 
value 
 
 
RESULTS AND DISCUSSION 
 
Predicted models for the cooking and drying 
processes of Pentadesma kernels  
 
Application of RSM to cooking and drying conditions for 
Pentadesma butter production released responses which 
r
2
 value is greater than 70% and/or ADD less than 10%, 

satisfying valitidy conditions suggested by Bup Nde et al. 
(2015). The models for the responses were therefore 
judged valid to be used in the description of the cooking  

 
 
 
 
and drying process for butter extraction. Plots of 
interaction effects of factors were generated from the 
validated equations and used together with p-values and 
model coefficients to evaluate the effect of the 
independent factors on the magnitude of the responses 
studied. 
 
 

Effect of cooking time, drying temperature and drying 
time on Pentadesma kernels moisture content 
 
P. butyracea kernels moisture content (MC) obtained 
ranged from 2.77 to 28.32% (Table 1). It was significantly 
and negatively related to the linear effects of cooking time 
(P < 0.01), drying temperature (P < 0.01) and drying time 
(P < 0.01) but was significantly and positively related to 
the interaction effect of cooking time and drying 
temperature (P < 0.001) and cooking time and drying 
time (P < 0.001). The model has high coefficient of 
determination r

2 
(97.5%) (Table 2). Figure 1 shows the 

surface plots for the effect of the independent variables 
on the moisture content. From Figure 1A, it is observed 
that when the drying time (Dt) was kept constant at the 
central point, the moisture content decreased steadily to 
a minimum point with increasing cooking time (CT) and 
drying temperature (DT). The similar observation was 
noted when the drying temperature was kept constant at 
the central point (Figure 1B). When the cooking time (CT) 
increases, the moisture content decreased at constant 
drying temperature and time. For example, at 40°C and 
48 h of drying, the moisture content was 28.32% in 
uncooked kernels but decreased to 12.27% after 120 min 
of cooking. Also, when the drying temperature (DT) was 
kept constant at the central point for 48 h (Dt) (Figure 1a), 
the moisture content of the kernel was nearly 15% in 
uncooked kernels but less than 5% in kernels cooking for 
120 min. This could be due to the desorganisation of the 
structure of Pentadesma kernels which is favorable to the 
evaporation of water under the effect of heat. It has been 
reported that cooked kernels of P. butyracea have a 
longitudinal slit (Aissi et al., 2011). The drying time and 
temperature necessary to bring the moisture content of 
kernels to 7% could be reduced by increasing the 
cooking time. Such process would reduce the drying 
time; the moisture content of the kernels is below 7% 
after the cooking process. Nsogning Dongmo et al. 
(2014) studying the infuence of cooking and drying 
parameters on shea nut, reported that the cooking time 
did not influence the moisture content of shea nuts. This 
could be due to the presence of shell, which reduces the 
effect of the cooking. However, Aculey et al. (2012) 
reported that the ease of cracking and separation of the 
shea kernels from the shells depended upon the duration 
of cooking. Studies on the structure of shea kernels 
under scanning electron microscopy showed a 
pronounced effect of cooking on the sorption of water 
onto shea nut kernels which have been attributed to the 
loss of components containing water-binding hydrophilic
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Table 2. Model constants, p-values, r2 and ADD values for the responses studied. 
 

Parameter  
Y1 (%w.b.) Y2 (% d.b) Y3 (%) Y4 (meq/kg) 

Coefficient Pvalue Coefficient P value Coefficient P value Coefficient Pvalue 

b0 7.2948 0.000 45.6810 0.000 0.36210 0.092 1.24741 0.043 

b1 -3.2654 0.001 4.9458 0.060 -0.37478 0.015 -2.26118 0.000 

b2 -5.7739 0.000 0.1614 0.942 -0.94276 0.000 -1.52294 0.002 

b3 -2.6171 0.003 3.0432 0.204 -0.25875 0.059 -1.02706 0.014 

b11 1.2883 0.732 3.6908 0.808 0.00164 0.998 1.41719 0.514 

b22 3.6162 0.352 5.6184 0.712 1.01563 0.229 3.11719 0.178 

b33 -1.8975 0.615 -9.0913 0.555 0.16833 0.832 -1.30281 0.547 

b1b2 2.4179 0.004 -6.2703 0.029 0.39789 0.013 1.95875 0.001 

b1b3 1.3636 0.046 -4.5212 0.086 0.05702 0.637 0.61875 0.092 

b2b3 1.2740 0.057 -4.5814 0.082 0.19821 0.135 1.346 0.227 

r
2 

(%) 97.5  80.7  96.1  97.0  

ADD (%) 1.85  0.65  23.96  46.16  
 

w.b. , wet basis ;d.b.,dry basis ; ADD, absolute average deviation percentage; Y1, moisture content; Y2,extraction yield; Y3, free 
fatty acid  content; Y4, Peroxide value. 

 
 
 

 
 

Figure 1. Effect of cooking time and drying temperature time (drying time = 72 h) (A) and 
cooking time and drying time (drying temperature = 60°C) (B) on the moisture content of 
Pentadesma kernels. MC, Moisture content; CT, cooking time; DT, drying temperature; Dt, 
drying time. 
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Figure 2. Effect of cooking time and drying temperature time of Pentadesma butter 
extraction yield (drying time = 72 h). EY, Extraction yield; CT, cooking time; DT, 
drying temperature.  

 
 
 

groups like proteins, carbohydrates, and catechins during 
cooking (Bup Nde et al., 2013). 
 
 

Effect of cooking time, drying temperature and drying 
time of kernels on butter extraction yield 
 

The influence of cooking time, drying temperature and 
drying time on butter yield of Pentadesma kernels is 
presented in Figure 2. The linear terms (b0, b1, b2, b3) 
and the quadratic terms of cooking time and drying 
temperature showed a positive effect while the quadratic 
term of drying time showed a negative effect on the butter 
extraction yield extracted from Pentadesma kernels 
(Table 2). The effects of the interaction of cooking time 
with drying temperature, cooking time with drying time 
and drying time and drying temperature on the butter 
extraction yield were negative (P < 0.05). When the 
drying time and drying temperature were each held 
constant at the central point, the butter extraction yield 
increased with time until it reached a maximum after 120 
min (Figure 2). Olaniyan (2002), Aviara et al. (2005), 
Womeni et al. (2006) and Honfo et al. (2013) stated that 
the boiling of shea nuts is necessary to allow efficient fat 
extraction. Indeed, cooking coagulates proteins thereby 
allow free space for butter diffusion and increasing butter 
extraction yield as cooking time increases (Bup Nde et 
al., 2012). Similar effect was observed at high drying 
temperature. Heating has the ability to break open cell 
wall membranes, decrease oil viscosity and increase 
solvency power thereby facilitating the oil extraction 
process (Nde et al., 2014). However, at low drying 
temperature and long cooking time, the extraction yield 
increased as well. 
 
 

Effect of cooking time, drying temperature and drying 
time of kernels on acid content of the extracted 
Pentadesma butter 
 

The  free  fatty  acid  (FFA)  content   of  extracted  butter 

ranged from 0.3 to 3.9%. Surface plots and the model 
constants for FFA content are shown in Figure 3 and 
Table 2, respectively. FFA content was significantly and 
negatively related to the linear effects of cooking time (P 
< 0.05) and drying temperature (P < 0.01) but was 
significantly and positively related to the interaction effect 
of cooking time and drying temperature (P < 0.05). The 
quadratic terms were not significant. Less than 50 min 
cooking time and below 50°C drying temperature are 
conditions that leads to the most acids butters (Figure 3). 
Less than 50 min of cooking appear to be insufficient to 
completely inactivate lipases naturally present in the 
Pentadesma kernel. Moreover, a lower drying 
temperature near 50°C is insufficient to denature lipases 
and inhibit fungal flora colonisatrice (Woméni et al., 
2006). The decrease in FFA content with increasing 
cooking time and increasing drying temperature is 
probably linked to the denaturing of lipases (Nsogning 
Dongmo et al., 2014). Norris (1982) stated that the 
lipases which are naturally present in shea kernels 
catalyse the hydrolysis of its fats to liberate free fatty 
acids.  

Fruit lipases are thermolabile and can be denatured at 
100°C after 10 min (Ladurelle, 1984). Hence, the 
denaturing of these enzymes at higher cooking time and 
drying temperature probably slowed down hydrolysis. 
Overall, the FFA content of Pentadesma butter remains 
below 4% maximum acidity recommended by Codex 
(1992) and close to 0.3% for the shea butter required  in 
cosmetic (Defez, 1992). 
 
 

Effect of cooking time, drying temperature and drying 
time of kernels on peroxide value of the extracted 
Pentadesma butter 
 

The peroxide value was significantly but negatively 
related to the linear effect of cooking time (P < 0.001), 
drying temperature (P < 0.001) and drying time (P < 0.05) 
and positively to the interaction effect of cooking time and  
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Figure 3. Effect of cooking time and drying temperature on free fatty acid content 
of Pentadesma butter (drying time = 72 h). FFA, Free fatty acid; CT, cooking time; 
DT, drying temperature.  

 
 
 

 
 

Figure 4. Effect of cooking time and drying temperature on peroxide value (meqO2/Kg) of 
Pentadesma butter (drying time = 72 h). PV, Peroxide value; CT, Cooking time; DT, Drying 
temperature.  

 
 
 

drying temperature (P < 0.05). The peroxide values 
obtained ranged from 0.78 to 12.80 meq/Kg. Some 
values were lower than those reported by other 
researchers on shea butter (Megnagnou et al. 2007; 
Olaniyan and Oje, 2007; Bup Nde et al., 2012). At 
constant drying time (Figure 4), the peroxide value 
decreased to a value less than 1 meq/kg at 40 to 60°C 
and then rose again to values higher than 6 meq/kg. Lipid 
oxidation is rapid at high moistures and water activity, as 
are all reactions, but unlike other degradation reactions, 
lipid oxidation is just as rapid in very dry systems 
(Schaich et al., 2013). With the drying temperature held 
constant, the peroxide value decreased steadily as the 
cooking time increased. However, Nsogning Dongmo et 
al. (2014) reported that the peroxide value increased 
steadily as cooking and drying temperature, and cooking 

time of shea kernel increased. The rise in the peroxide 
value may be due to the dissolution of water soluble anti-
oxidants such as the monomers and polymers of 
catechins during prolonged cooking time (130 to 180 min) 
(Nde et al., 2012). Overall, the peroxide values of 
Pentadesma butter remains below 10 meq/kg and 
respect the quality criterion unrefined shea butter of first 
choice (Lovett et al., 2012).  
 
 
Optimal cooking time, drying temperature and drying 
time of kernels for quantitavily and qualitatively 
production of Pendatesma butter 
 
Optimum to cooking and drying processes conditions of 
P. butyracea kernels were determined by specifying the
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Table 3. Process variables, responses optimisation, desirability, and experimental value for the 
responses at optimum conditions. 
 

Variables Goal Lower Target Upper Predicted Desirability Experimental 

Factors 1  

X1 (min) In range 0 In range 120 112.58 1 110 

X2 (°C) In range 40°C In range 80 53.91 1 55 

X3 (h) In range 48 In range 96 72.70 1 72 

        

Responses 

Y1 (%w.b.) minimize 7 7 8 6.82 1 6.90±0.59 

Y2 (%d.b.) maximize 50 55 55 55 1 52.95±1.35 

Y3 (%) minimize 0.3 0.3 1 0.3 1 0.28±0.02 

Y4 (meq/kg) minimize 1 1 10 0.56 1 0.62±0.06 
 

X1, X2 and X3 are optimum values of cooking time, drying temperature and drying temperature respectively; 
Y1, Y2, Y3 and Y4 moisture content, extraction yield, acid content and peroxide value obtained at optimum 
condition. 

 
 
 

goal for each response. It was targeted to obtain 
minimum water content, acid value, peroxide value and 
maximum butter extraction yield (Table 3). The quality 
attributes of first quality shea butter reported in Lovett et 
al. (2012) and Defez (1992) were used as reference. The 
composite desirability value of the optimum solution was 
1.0 for the optimised cooking time 112.58 min, drying 
temperature of 53.91°C and drying time of 72.70 h (Table 
3). The adequacy of the statistical model equations for 
predicting optimal response attributes were tested by 
Cooking time 110 min, drying température 55°C and 
drying time 72 h. Table 3 shows the model verification 
results. The percentage errors from Equation 8 for water 
content, butter extraction yield, acid value and peroxyde 
value are 1.15, 3.87, 7.14 and 9.68%. The predicted 
values were found in the range of experimental value. 
Acid value and peroxide value obtained were low 
compared to values of 13.34% and 0.74 meqO2/kg given 
by Ayégnon et al. (2015) for P. butyracea butter produced 
by cottage enterprises in Benin and consistent with the 
standards of the shea butter of first quality (Defez, 1992; 
Lovett et al., 2012). These values are also lower than 
those of shea butter extracted in optimal conditions 
(Womeni et al., 2006; Bup Nde et al., 2012; Nsogning 
Dongmo et al., 2014). This could be explained by the fact 
that P butyracea kernels do not have shells. P. butyracea 
butter obtained in optimal conditions could be used not 
only in food and cosmetics industries but also for 
biodiesel production for the low free fatty acid content 
(Betiku et al., 2015). 
 
 

Conclusion  
 
This study has shown the applicability of RSM selecting 
extraction conditions for P. butyracea butter from its 
kernels. This approach has not only indicated 
combination of maximum butter yield through solvent 

extraction, but has also suggested control points that 
guaranteed the fulfillment of the properties requirements 
of the butter. The optimum values for yield, acid value 
and peroxide value from the surface plot was 
establilished. The validation experiments and their 
accompany quality characteristics were not significantly 
different from the simulated values. These results 
indicate that controlled cooking and drying of P. 
butyracea kernels can lead to the production of butter of 
desired quality at semi or industrial scale. 
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The objective of this study was to evaluate the storage potential of mangaba fruits coated with pectin 
biofilm stored in biochemical oxygen demand (BOD) (22 ± 1°C) under modified atmosphere. Scanning 
electron microscopy (SEM) was used to analyze the physical and chemical changes, vitamin C content, 
soluble solid, titratable acidity and turgor pressure, and colour and physical structure of the fruits 
during storage. The physico-chemical and colour analyses of the fruit were done with four treatment 
groups: control and pectin solutions of 4, 6 and 8% (w / v) at three day intervals for two weeks. The 
pectin solution and BOD were effective for the conservation of soluble solids of mangaba. However, the 
levels of acidity, vitamin C and turgor pressure showed that the fruits got ripe during the study and were 
kept until the sixth day of the test compared to control fruits. The best results were determined for the 
mangaba coated with 6 to 8% pectin. 
 
Key words: Conservation, film solution, post-harvest, firmness. 

 
 
INTRODUCTION 
 
Mangaba (Hancornia speciosa Gomes) is a fruit 
appreciated for being consumed "in natura", is used in 
the manufacturing of food products such as drinks, ice 
cream, jams, compotes and in preparing wine and 
vinegar (Machado et al., 2004). In addition to the use of 
the fruit, the tree can also be exploited for the production 
of rubber; it is used as waterproof fabrics in Brazilian 

Cerrado, for fabricating balls and treating dislocations 
and hypertension (Machado et al., 2004). It has 
considerable potential for industries, in the processing of 
juices, liquor and ice creams (Sampaio and Nogueira, 
2006). 

Mangaba fruit has ellipsoid and fleshy form, with 
greenish yellow colour and diameter of 3.4 cm (Ganga et 
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al., 2010). It has white, acidic, fragrant and tasty pulp,with 
flat seeds and light brown colour (Vieira Neto, 2009). In 
Brazil, the species is distributed from North to the 
Midwest; it is grown in sandy soils with acid and low  
nutrients found in rocky slopes (Machado et al., 2004).  

The fruit has interesting features such as good 
digestibility and high nutritional value due to its 
considerable contents of protein and vitamin C 
(Carnelossi et al., 2009). The agricultural exploitation of 
mangaba is limited due to its high perishability index and 
short harvest period, in addition to its mechanical, 
physical and microbiological damages (Soares et al., 
2012). 

Post-harvest fruit quality is related to the maintenance 
of color, firmness and appearance (Santos et al., 2009), 
which contributes to increased shelf life and greater 
consumer acceptance. The use of low storage temperature 
contributes to reductions in oxidative reactions, respira-
tion and ethylene production, thus increasing the product 
durability (Campos et al., 2011). 

The durability of fruits can be increased with the use of 
films for coating of fruits; this increases their protection 
(Corrêa, 2011). Pectin gel is an alternative for coating 
fruits and has the function of providing firmness, retaining 
aroma and flavour and playing the role of hydrocolloid in 
dispersions (Paiva et al., 2009). 

From this assumption, the aim of this work is to study 
the storage potential of mangaba fruits coated with pectin 
biofilm stored in biochemical oxygen demand (BOD) (22 
C ± 1°C) under modified atmosphere. It also aims to 
evaluate the physicochemical changes, colour and 
physical structure of the fruit. 
 
 

MATERIALS AND METHODS 
 

Mangaba fruits homogeneously cultivated in the region of Caçu-GO 
(18° 33'S and 51° 08'W) were manually harvested in October 2013 
and brought to the Laboratory of Fruits and Vegetables, Federal 
Institute of Goiás, Rio VerdeCampus - GO, Brazil. The fruits were 
selected by size, colour and absence of mechanical injuries. They 
were sanitized in chlorinated water for three minutes (100mg/L). 
The fruits from the different treatments were kept in BOD with 
average temperature of 22 ± 1°C. 

Mangaba fruits were immersed in pectin filmogenic, of mark 
Unipectine solutions (of 0, 4, 6 and 8% (w / w) concentrations) for 
one minute. The pectin solution (0, 40, 60 and 80 g) was solubilized 
in 1 L of distilled water at room temperature and homogenized in a 
blender for 30 s for gelation of pectin solution (0, 4, 6 and 8%). 
Subsequently, they were placed in a suitable container to drainand 
dry the excess solution. 

The treatments were stored in 150x150x18 mm Styrofoam trays 
in BOD and were evaluated every three days for fifteen days. The 
treatments were done in three replicates with five fruits each. The 
following parameters were evaluated by scanning electron 
microscopy (SEM): soluble solids (SS) and titratable acidity, 
ascorbic acid, turgor pressure, and color.  

In determining the content of soluble solids expressed in °Brix, 
the filtered juice was read in refractometer Atago N-2E according to 
AOAC method No. 983.17 (1992). Titratable acidity was determined 
by volumetric redox by titrating mangaba samples with 2,6-
dichlorophenol-indophenol sodium solution (DCFI) according to 
AOAC  method   No.  967.21  (2000).  The   turgor  pressure  was  
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determined by applanation technique using a horizontal applanator 
(Calbo and Nery, 1995) and results were expressed as kgf.cm-2.  

The colour parameters (L*, a*, b*) of mangaba fruits were 
analyzed in Hunter Lab colorimeter model Colour Quest II at the 
Laboratory of Physicochemical Analysis, School of Food 
Engineering, Federal University of Goiás, Goiânia – GO, Brazil. The 
L* values (lightness or brightness) ranged from black (0) to white 
(100), the a* values ranged from green (-60) to red (60), and the b* 
values, from blue to yellow on the same scale as the a* values. 

The epicarp of mangaba fruits was removed and dried at 60°C 
for 12 h and stored in desiccator for further analysis by SEM. For 
this analysis,samples were placed on stabs, coated with a thin layer 
of gold and micrographed. Evaluation was performed at the 
Laboratory of Multiuser High-Resolution Microscopy, Institute of 
Physics - Federal University of Goiás, Brazil. Scanning electron 
microscope, Jeol, JSM -. 6610, equipped with EDS, Thermo 
scientific NSS Spectral Imaging was used. 

The experimental design was completely randomized and the 
analysis of results was performed using 4x6x3 factorial design 
consisting of four treatments (control and pectin solutions of 4, 6 
and 8%), six days of storage (0, 3, 6, 9, 12 and 15 days) and three 
replicates for each fruit tray. This results in nine replicates of each 
treatment and day of the study. The models were selected 
according to the coefficient of determination and their significance 
was determined through the F test. The averages obtained for 
analyses of total soluble solids, titratable acidity, ascorbic acid, 
turgor pressure and colour were compared by the Tukey test at 5% 
probability, using the SISVAR software. 
 
 
RESULTS  
 
Soluble solids content 
 
The soluble solid content of mangaba fruits was not 
significantly affected during storage with different percen-
tages of pectin coating under controlled temperature. 
Table 1 shows that the fruits had an increase in soluble 
solids content up to the sixth day of storage, then a 
decrease on the ninth day and an increase again at the 
end of the analyses. 

Figure 1 shows the differences in the SS content for 
control and treated fruits. In the present study, fruits 
coated with 4% pectin showed greater variation in the 
amount of soluble solids during storage and the lowest 
variation was observed for fruits with 6% pectin. 

Regardless of the pectin concentration used in the 
coating of mangaba, it showed decreases and increases 
in soluble solids content during storage. The fruits with 4 
and 0% pectin showed the highest variation in these 
levels. However, at the end of 0 days, the fruits remained 
with high soluble solids contents, except for fruits with 0% 
pectin, which showed decreased levels compared to the 
first and 15

th 
days of the analysis. 

 
 
Titratable acidity levels  
 
Mangaba fruits showed titratable acidity levels ranging 
from 0.028 to 0.172% citric acid (Table 2). Mangaba fruits 
coated with 8% pectin solution showed greater differences 
in the acidity index (Figure 2) compared to the control
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Table 1. Soluble solids content (°Brix) of mangaba fruits stored in biochemical oxygen 
demand (BOD) at temperature of 22 ± 1°C and coated with pectin solution. 
 

Days of storage 
Pectin solution concentration 

0% 4% 6% 8% 

0 9.93 aA 17.14 aA 10.89 aA 10.63 aA 

3 9.93 aA 17.14 aA 10.89 aA 10.63 aA 

6 12.32 aA 12.32 aA 10.34 aA 11.86 aA 

9 8.72 aA 8.97 aA 10.11 aA 10.11 aA 

12 13.57 aA 13.39 aA 14.77 aA 17.03 aA 

15 13.57 aA 13.38 aA 14.76 aA 17.03 aA 
 

Different lowercase letters in line significantly different between themselves and capital letters 
indicate significant differences between the columns using the Tukey test at 5% probability. 
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Figure 1. Soluble solids content for control and treatments during storage of mangaba 
fruits. 

 
 
 

Table 2. Titratable acidity values for mangaba fruits stored in BOD at 
temperature of 22 ± 1°C and coated with pectin solution. 
 

Days of storage 
Pectin solution concentration 

0% 4% 6% 8% 

0 0.087 bAB 0.047 cBC 0.059 cB 0.172 aA 

3 0.087 bAB 0.047 cBC 0.059 cB 0.172 aA 

6 0.060 aC 0.060 aBC 0.068 aB 0.060 aC 

9 0.067 aBC 0.061 aB 0.054 aBC 0.058 aC 

12 0.092 bA 0.112 abA 0.110 bA 0.133 aB 

15 0.033 aD 0.037 aC 0.036 aC 0.028 aD 
 

Different lowercase letters in line significantly different between themselves 
and capital letters indicate significant differences between the columns using 
the Tukey test at 5% probability. 
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Figure 2. Titratable acidity levels for control and treatment during storage of mangaba 
fruits. 

 
 
 

Table 3. Vitamin C contents of mangaba fruits stored in BOD at temperature of 
22 ± 1°C and coated with pectin solution. 
 

Days of storage 
Pectin solution concentration 

0% 4% 6% 8% 

0 154.59 aBC 149.90 aBC 154.59 aB 166.73 aA 

3 154.59 aBC 149.90 aBC 154.59 aB 166.73 aA 

6 203.52 aAB 232.48 aA 228.56 aA 203.52 aA 

9 143.24 aC 170.64 aBC 149.51 aB 168.29 aA 

12 215.26 aA 204.30 aAB 203.52 aAB 207.43 aA 

15 135.42 aC 133.07 aC 177.68 aAB 163.59 aA 
 

Different lowercase letters in line significantly different between themselves and 
capital letters indicate significant differences between the columns using the Tukey 
test at 5% probability. 

 
 
 
fruits and 4 and 6% pectin treatments. However, for all 
concentrations, reduction in acidity levels was observed 
in the sixth and ninth day of storage, increase in the 
twelfth day and reduction again on the last day of the 
analyses. 
 
 
Vitamin C levels  
 
Table 3 shows that vitamin C content during the storage 
of mangaba fruits ranged from 133.07 to 232.48 mg of 
ascorbic acid per 100 g of fruit. There were no significant 
differences among treatments in vitamin C contents. 
However, during the days that mangaba fruits remained 

stored, differences in the ascorbic acid quantification 
among fruits coated with the same pectin concentration 
were observed. 

Mangaba fruits stored in BOD and coated with pectin 
showed an increase and subsequent decrease in vitamin 
C content, as shown in Figure 3. In studies with "citrus" 
during storage, a decrease in the amount of vitamin C 
(Malgarin et al., 2008) due to ripening was observed. This 
indicates the onset of fruit quality loss. 
 
 
Turgor pressure levels  
 
There were variations in the turgor pressure levels of
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Figure 3. Ascorbic acid (vitamin C) levels for control and treatment during storage of 
mangaba fruits. 

 
 
 

Table 4. Turgor pressure levels of mangaba fruits stored in BOD at temperature of 22 ± 1°C 
and coated with pectin solution. 
 

Days of storage 
Pectin solution concentration 

0% 4% 6% 8% 

0 0.120 aB 0.140 aA 0.124 aA 0.177 aA 

3 0.119 aB 0.139 aA 0.110 aA 0.177 aA 

6 0.246 aA 0.072 bAB 0.069 bA 0.068 bB 

9 0.047 aB 0.047 aB 0.046 aA 0.063 aB 

12 0.039 aB 0.038 aB 0.039 aA 0.034 aB 

15 0.039 aB 0.038 aB 0.039 aA 0.034 aB 
 

Different lowercase letters in line significantly different between themselves and capital letters 
indicate significant differences between the columns using the Tukey test at 5% probability. 

 
 
 
stored mangaba fruits. Table 4 illustrates that at the end 
of the storage period, there was no improvement in the 
firmness of mangaba fruits treated compared to control 
fruits. 

Cell turgor is the compressive force which can be 
represented by measuring fruit peel firmness (Luengo et 
al., 2003). Figure 4 shows that fruits coated with pectin 
present results similar to those of untreated mangaba 
fruits. 
 
 
Fruit color 
 
Table 5 shows the change in L* parameter, indicating that 

the luminosity of the sample ranges from 0 (completely 
dark) to 100 (completely clear) for the storage of 
mangaba fruits. 

The differences in L* parameter analyzed for mangaba 
fruitscoated with pectin are seen in Figure 5. As 
expected, fruits showing darker coloration and greater 
deterioration were uncoated fruits (control).Table 6 shows 
the changes in a* parameter; its lower and even negative 
values indicate green coloration but the higher  values of 
a* parameter indicate red-purple coloration. 

Not fully ripe mangaba fruits showed slightly reddish 
coloration at the beginning of analyses, except for fruits 
with 8% pectin. During storage, uncoated fruits and those 
with 4 and 6% coating tended to show reddish coloration,
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Figure 4. Turgor pressure values for control and treatments during 
storage of mangaba fruits. 

 
 
 

Table 5. L* parameter during storage of coated mangaba fruits. 
 

Days of storage 
Pectin solution concentration 

0% 4% 6% 8% 

0 39.81 bB 40.04 bB 33.12 bB 51.06 aA 

3 42.40 aAB 39.61 aB 39.28 aAB 47.68 aA 

6 48.42 aAB 50.04 aA 48.54 aA 50.62 aA 

9 45.41 aAB 48.11 aAB 40.75 aAB 47.17 aA 

12 44.26 aAB 47.88 aAB 47.71 aA 46.41 aA 

15 50.82 aA 49.60 aA 42.28 aAB 48.28 aA 
 

Different lowercase letters in line significantly different between themselves and capital letters 
indicate significant differences between the columns using the Tukey test at 5% probability. 
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Figure 5. L* parameter for control and treatment during storage of 
mangaba fruits. 
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Table 6. a* parameter during storage of coated mangaba fruits. 
 

Days of storage 
Pectin solution concentration 

0% 4% 6% 8% 

0 -21.48 bA -19.15 abA -13.98 aA -25.30 bBC 

3 -20.48 aA -21.76 aA -20.01 aA -16.58 aA 

6 -21.10 aA -20.06 aA -18.29 aA -20.08 aABC 

9 -21.12 abA -24.55 abA -17.49 aA -26.32 bC 

12 -21.85 aA -18.52 aA -19.40 aA -21.39 aABC 

15 -20.02 aA -25.26 aA -20.42 aA -18.01 aAB 
 

Different lowercase letters in line significantly different between themselves and capital letters 
indicate significant differences between the columns using the Tukey test at 5% probability. 

 
 
 

Time (days)

0 2 4 6 8 10 12 14 16

a
*

-28

-26

-24

-22

-20

-18

-16

-14

-12

0,0%

4,0%

6,0%

8,0%

 
 

Figure 6. a* parameter for control and treatment during storage of mangaba fruits. 

 
 
 
which confirms that fruits have undergone ripening 
process. However, fruits with 8% coating showed only 
slight red coloration at the end of the experiment. 

It was found that the a* parameter showed great 
variations during storage of mangaba fruits (Figure 6). 
Fruits coated with 4% pectin resulted in large variations 
while fruits coated with 0% pectin showed lower colour 
variation in the pattern analysis and during the study 
period. 

Table 7 shows the changes in b* parameter; its lower 
and negative values indicate blue coloration but the 
higher values of this parameter indicate yellowish 
coloration. 

There was an increase in yellowish coloration of fruits 
up to the sixth day of storage. Fruits with 8% pectin 

coating had a decrease in yellow colour on the third day 
and an increase on the sixth day of storage. Fruits with 
6% pectin increased yellowish coloration after 12 days of 
storage; however, a decrease was observed after this 
period, as well as for the other pectin concentrations. 
Lower yellowish coloration values indicate that the fruit 
maintained quality during storage. 

Figure 7 shows that coated and uncoated mangaba 
fruits showed no traits of blue colour during ripening. 
However, yellow colour showed considerable variation in 
fruits with 6% pectin coating. At the end of the analysis, 
mangaba fruits coated with 0 and 4% pectin showed 
higher values for the b* parameter, a fact that indicates 
greater maturity of these fruits when compared to 
mangaba fruits with 6 and 8% pectin coating. 
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Table 7. b* parameter during storage of coated mangaba fruits. 
 

Days of storage 
Pectin solution concentration 

0% 4% 6% 8% 

0 40.60 bA 40.27 bA 31.64 cB 49.52 aA 

3 42.83 aA 40.60 aA 39.31 aAB 41.85 aA 

6 44.96 aA 46.25 aA 43.99 aA 47.11 aA 

9 42.63 aA 43.66 aA 37.40 aAB 44.96 aA 

12 40.22 aA 39.58 aA 41.20 aA 44.41 aA 

15 47.18 aA 48.69 aA 38.63 bAB 41.02 abA 
 

Different lowercase letters in line significantly different between themselves 
and capital letters indicate significant differences between the columns 
using the Tukey test at 5% probability. 
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Figure 7. b* parameter for control and treatment during storage of mangaba fruits. 

 
 
 
Scanning electron microscopy 
 
The physical structure of control mangaba fruits coated 
with 4, 6 and 8% pectin and scanned under SEM is 
shown in Figures 8, 9, 10 and 11. 
 
 
DISCUSSION 
 
Soluble solids content 
 
The soluble solids content ranged from 8.72 to 17.14 
°Brix for mangaba fruits in this study. These values are 

lower than those found by Cohen and Sano (2010), from 
17.7 to 20.3 °Brix, who studied the physicochemical 
parameters of mangaba fruits. The values of the 
mangaba fruits kept at room temperature having yellow 
and red pigments on the shell without the use of biofilms 
ranged from 11 to 15 °Brix (Santos et al., 2009). 

Mangaba fruits analyzed by Santos et al. (2009) 
showed an increase in SS contents during storage in 
modified atmosphere and ambient atmosphere. Mangaba 
is a climacteric fruit; therefore, the soluble solids content 
increases with maturation. This fact is related to the 
biosynthesis of soluble sugars or polysaccharides 
degradation (Kays, 1997). Bashir and Abu-Goukh (2003)
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Figure 8. Physical structure (SEM) of control mangaba fruits (Hancornia speciosa Gomes). Cross-section at the left and fruit surface at 
the right. 

 
 
 
reported that the increased sugar content is a climacteric 
peak phenomenon and after this, there is a reduction in 
soluble solids content. Fruits coated with 4% pectin were 
at climacteric peak at the beginning of analyses; 
however, the other treatments have gone through this 
phenomenon only at the 12

th
 day, confirming 

maintenance of fruit quality. 
However, Jerônimo and Kanesiro (2000) indicate that 

such peaks may be the result of the transformation of 
reserves accumulated during formation and development 
of solid into soluble sugars. 
 
 
Titratable acidity levels  
 
Mangaba fruits stored at room and refrigeration 
temperature (11°C) with ethylene incorporation (Campos 
et al. (2011) showed values between 0.554 and 0.840 g 
citric acid/100 g of pulp. Santos et al. (2009) reported no 

significant variations in the titratable acidity levels of 
mangaba fruits during storage and determined values 
greater than 1.5%. Soares Junior et al. (2008) found 
mean values of 0.38 and 0.78% for mangabas fruits 
stored at room and refrigeration temperature with the use 
of PVC and PE film. 

The increased titratable acidity levels on the twelfth day 
of storage of mangaba fruits can be related to the onset 
of anaerobic respiration that causes physiological 
disorders in fruits. Anaerobic respiration is the result of 
the low permeability of the biofilm to gases, causing fruits 
to obtain energy; through this process it produces 
acetaldehyde and ethanol, affecting the quality of the 
product (Steffens et al., 2007; Petracek et al., 2002). 
However, according to Scalon et al. (2012), the 
unexpected increase in the acidity levels may also be 
related to release of galacturonic acids from the cell wall 
by the action of pectin methyl esterase and poly-
galacturonase enzymes. 



Plácido et al.         2795 
 
 
 

 
 

Figure 9. Physical structure (SEM) of mangaba fruits (Hancornia  speciosa Gomes) with 4% pectin. Cross-section at the left and fruit 
surface at the right. 

 
 

The increase in acidity levels is a result of the 
production of substrates during respiration of mangaba 
fruits and pectin hydrolysis rates present in the cell wall of 
fruits (Borges et al., 2000). However, the last day of 
storage at low temperature may have contributed to a 
decrease in respiratory rates, which contributed to the 
drop in titratable acidity levels. Souza et al. (2007) 
reported that this behavior occurred in mangaba clones 
when their physicochemical characteristics were 
analyzed. 
 
 
Vitamin C levels   
 
For mangaba fruits kept at room temperature and under 
refrigeration using ethylene, Campos et al. (2011) 
determined values between 132.60 and 166.49 mg 
ascorbic acid / 100 g. It was reported that mangaba 
clones had average of 164.77-188.75 mg ascorbic acid / 
100 g pulp (Souza et al., 2007). 

Carnelossi et al. (2004) reported that some fruits can 
retain and increase the ascorbic acid content during 
storage. Carnelossi et al. (2009) reported behavior similar 
to this work with mangaba fruits stored at different 
temperatures. There are decreases in vitamin C contents 
in tropical fruits during storage, according to some 
authors (Klein, 1987; Favell, 1998; Melo et al., 2000). 
Vitamin C acts as an antioxidant and increases in its 
content during storage could be related to the progress of 
oxidative reactions in the process of fruit ripening 
(Carnelossi et al., 2009). 
 
 
Turgor pressure levels  
 
On the sixth day of analysis, control fruits showed a peak 
in turgor pressure values; however, on the ninth day of 
analysis, fruits showed a considerable decrease in this 
parameter. This decrease can be related to the ripening 
of fruits that leads to a series of enzymatic reactions
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Figure 10. Physical structure (SEM) of mangaba fruits (Hancornia speciosa Gomes) with 6% pectin. Cross-section at the left and 
fruit surface at the right. 

 
 
 
resulting from climacteric respiration and ethylene 
production (Castricini, 2009). During ripening, the 
conversion of insoluble pectin into soluble pectin causes 
a decrease in fruit resistance, which could have 
contributed to the fact that coated fruit did not maintain 
turgor pressure during storage (Chitarra and Chitarra, 
2005). 

However, mangaba fruits stored under modified 
atmosphere showed lower loss of firmness due to 
reduced losses of fresh weight (Santos et al., 2009). 
According to Carnelossi et al. (2009), mangaba fruits kept 
under constant refrigeration showed better results in 
relation to cell wall firmness. 

The use of coating contributes to greater structural 
integrity and physical strength of fruits, increased resis-
tance when used in mixing and physical impacts during 
transport, helps to lower microbiological contamination 
rates and also contributes to maintaining the appearance 
of the product (Matuška et al., 2006). However, pectin 

substances that compose the cell wall of fruits are 
responsible for degrading pectin macro-molecules, a 
factor that may have contributed to the degradation of 
mangaba fruit coated with pectin (Chitarra and Chitarra, 
2005). 
 
 
Fruit colour 
 
At the beginning of analyses, mangaba fruits showed 
median brightness values. Throughout the storage 
period, fruits were getting darker, except for fruits with 8% 
pectin, which were clearer at the end of the analysis.  

The darker the fruit, the greater its deterioration. In 
general, mangaba fruits became clearer throughout the 
storage period, and browning occurred only at the ninth 
and twelfth days of storage. Except for mangaba fruits 
coated with 6% pectin, which became dark only after the 
end of the experiment, fruits were clear, showing that
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Figure 11. Physical structure (SEM) of mangaba fruits (Hancornia speciosa Gomes) with 8% pectin. Cross-section at the left and 
fruit surface at the right. 

 
 
 
coating helped their conservation. 

Lima (2011) found that mangaba fruits stored at 
temperatures of 6 and 0°C showed injuries caused by 
cold and there were no significant differences in 
brightness from mangaba fruits stored at 12°C. Toledo et 
al. (2003) reported that fallen mangaba fruits presented 
good appearance up to seven days of storage. However, 
not fully ripe fruits maintained their quality up to nine days 
of storage at temperature of 6°C. 

The quality of a food is related to taste, odor, colour 
and texture. Cardoso et al. (1997) reported that colour is 
visual perception in the interaction of light with the object 
and is one of the most important attributes for product 
acceptance. Frequently, it is more important than flavour 
and odor. Lima (2011) confirmed that stored mangaba 
fruits and those harvested when not fully ripe showed 
more intense reddish coloration due to ripening, which 
does not determine that the fruits suffered losses in their 
sensory quality. 

Scanning electron microscopy  
 
Analysis of mangaba fruits using scanning electron 
microscopy showed that the surface of uncoated fruits 
presents roughness and circular structures with the 
incidence of open spots, which makes fruits perishable 
and easily invaded by microorganisms. 

With the use of coating, the cell wall of mangaba fruits 
became more uniform, but fruits coated with 6 and 8% 
pectin presented circular structures on the surface, which 
may be possible air microbubbles. This may contribute to 
increased permeability of the surface to water vapor and 
gases, causing loss of moisture and darkening (Fontes, 
2005). Furthermore, at high concentration (8% pectin), 
coating has considerable thickness, which makes the film 
brittle, causing losses in product quality. 

Scanning electron microscopy is important to evaluate 
the morphology of films through detailed images of their 
surface (Freire et al., 2009).  When biofilm is used for fruit 
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coating, microscope can provide information on the 
product miscibility (Wang and Composto, 2003). 

Biofilm preparation is essential because the film drying 
process and the nature of the hydrocolloid make 
components such as polysaccharides, plasticizers and 
water to arrange in different ways (Meneguim, 2012). 
 
 
Conclusion 
 
The storage of mangaba fruits with pectin biofilm and 
controlled temperature increased their shelf life up to the 
sixth day of storage. Later, the decrease in vitamin C 
content, titratable acidity and turgor pressure confirms 
that the fruits have undergone ripening process. 
However, SS contents increased during the study for 
control fruits and those treated with 6 and 8% film 
solution, confirming the conservation of this parameter. 
The colour of fruits with 6 and 8% coating did not change 
significantly and indicated that at these concentrations, 
fruits maintained their visual qualities. Scanning electron 
microscopy indicates that coating with 2% pectin 
contributed to smoother and more consistent surface. 
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Microbial inhibitors including weak acids, furan derivatives and phenolic compounds are key problems 
of cellulosic bio-fuels production by fermentation. Most of these inhibitors are sugars and lignin 
degradation compounds, which are almost unavoidable during pretreatment processes. While, most of 
the one stage pretreatment has been conducted at high severity factors of 3.5 or more to get high sugar 
yield, with increase in severity factor, high concentration of microbial inhibitors were formed and 
significantly affected downstream biofuel yield. Thus, a two-stage pretreatment of corn stalk, 
hydrothermal followed by oxalic acid, under low severity factor and its enzymatic degradability was 
investigated in this study to identify fermentable sugar production and corresponding microbial 
inhibitors formation. Additionally, effect of equivalent severity factors of 2 to 3.5 and particle sizes of 1 
to 35 mm were also studied systematically. Particle size of 15 mm was found as an optimum size at an 
equivalent severity factor of 2.5. Sugars 61.99 ± 0.03 g and inhibitors 5.12 ± 0.01 g from 100 g of corn 
stalk were obtained at the optimum particle size and pretreatment condition. The highest glucan 
conversion and recovery at the optimum conditions were 92.95± 0.08 and 78.42± 0.07%, respectively. 
Overall, the two-stage pretreatment process with the larger particle size and low equivalent severity 
factor could be an alternative to reduce microbial inhibitors formation and excessive biomass 
processing cost. 
 
Key words: Bio-fuel, corn stalk, pretreatment, particle size, microbial inhibitors, fermentable sugars. 

 
 
INTRODUCTION 
 
Worldwide concern of biofuels including ethanol, butanol 
and biodiesel from cheap and abundant lignocellulosic 
biomass is increased rapidly because of price volatility, 
rising demand, environmental issues, energy security and 

sustainability of limited fossil fuel (Vancov et al., 2012; Liu 
et al., 2013; Saha et al., 2013). Lignocellulosic biomass, 
such as corn stalk, has shown a great potential to 
contribute alternative vehicular fuels demand due to its 
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immediate availability and almost useless for other 
purposes (Qureshi et al., 2007; Chundawat et al., 2011; 
Cheng et al., 2012; Bondesson et al., 2013; Zhang et al., 
2014). Corn stalk is mainly composed of cellulose, hemi-
cellulose, and lignin, where cellulose fibers are 
surrounded by hemi-cellulose and lignin matrix. Lignin is 
the main barrier for bio-fuel production from corn stalk 
(Alonso et al., 2013) because the lignin cannot be directly 
consumed by fermenting microorganisms. Thus, 
pretreatment is an essential step for disrupting the 
complex lignin-cellulose-hemicellulose structure, which 
can enhance fermentable sugar production during the 
successive enzymatic hydrolysis process (Kumar et al., 
2009).  

Over the years, several pretreatment processes such 
as the physical (milling and grinding), the chemical 
(hydrothermal, high pressure steam explosion, acid, 
alkali, oxidizing agents, and organic solvents, ammonia 
fiber explosion), the biological (fungi, actinomycetes, and 
bacteria) as well as a combination of those pretreatment 
approaches have been investigated on variety of 
feedstocks (Taherzadeh and Karimi 2007; Zheng et al., 
2009a; Kumar et al., 2009; Zheng et al., 2009b; Yang et 
al., 2013). Among them, chemical pretreatment process 
is popular, while most researchers did not emphasize 
physical pretreatment due to the high cost and low sugar 
yield and biological pretreatment due to time intensive. 
Specifically, dilute acid treatment is a common 
pretreatment process, which produces more sugar by 
disrupting the crystalline structure of cellulose, increasing 
porosity and making enzymatic hydrolysis easier (Vancov 
et al., 2012). In addition to acidic pretreatment, hydro-
thermal pretreatment is also considered as an eco-
friendly treatment process because the pretreatment 
medium contains feedstock and water only that avoids 
corrosion and acid sludge. The energy efficiency of these 
pretreatment processes primarily depends on pretreat-
ment temperature and retention time. In general, one 
stage pretreatment processes require high pretreatment 
temperature and longer time to destroy lignin barrier and 
enhance successive enzymatic hydrolysis. However, a 
severe pretreatment condition, that is, high temperature 
and long duration, leads to formation of sugar and lignin 
degradation compounds. These sugar and lignin 
degradation products including weak acids, furan 
derivatives and phenolic compounds are toxic to most of 
the common bio-fuel producing bacteria, which are used 
during fermentation process (Tadesse and Luque, 2011; 
Guo et al., 2012; Um and van Walsum, 2012). For 
instance, inhibitors such as phenolic compounds, and 
furan derivatives like furfural and hydroxymethylfurfural 
(HMF) have remarkable impact on butanol production 
(Qureshi et al., 2008; Guo et al., 2012; Baral et al., 2014). 
Some inhibitor detoxification processes are available, 
which require additional cost. In fact, up to 13% sugars 
loss has been reported during the overliming process 
(Palmqvist  and  Hahn-Hägerdal,  2000; Guo et al.,  2012; 
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NREL, 2011), which is the most common detoxification 
method. 

Thus, an effective pretreatment process is a necessity 
which should provide high sugar yield and low sugar as 
well as lignin degradation byproducts, that is, microbial 
inhibitors. The pretreatment process should also be 
inexpensive and less energy intensive (Qin et al., 2012; 
Liu et al., 2013). It is obvious that the larger particle size 
reduces extensive biomass preparation energy and 
equipment cost as well as the microbial inhibitors can be 
reduced under mild pretreatment conditions. However, 
single chemical pretreatment may not destroy lignin 
barrier of large particle size under the mild pretreatment 
condition. Thus, a two-stage pretreatment process, 
hydrothermal treatment followed by oxalic acid, was 
investigated in this study. The former, that is, 
hydrothermal pretreatment, was selected because of an 
eco-friendly process. And, oxalic acid is selected 
because it is known as a suitable pretreatment process 
that can effectively reduced the extensive sugar and 
lignin degradation compounds even under mild conditions 
(Lee et al., 2011; Qin et al., 2012). Additionally, xylans, 
which forms a barrier that restricts cellulases access to 
cellulose (Kreuter, 1996), can be effectively removed by 
using the mild oxalic acid pretreatment process (Lee et 
al., 2011; Mtui, 2012). The foremost objective of current 
study was to examine fermentable sugars and inhibitors 
from corn stalk with variation in particle size and 
pretreatment conditions. Additionally, best particle size 
among selected particle sizes was identified based on 
products and byproducts, which opens up future 
extensive research possibilities to optimize particle size 
and their mechanism study for high sugar yield and low 
microbial inhibitors formation.  
 
 
MATERIALS AND METHODS 
 
Corn stalk collection and preparation 
 
Corn stalk with moisture content of 30 to 37% was collected from 
Xinfazhen village, Harbin, China (45.75°N, 126.63°E). The corn 
stalk was reduced into different sizes including 1 mm (Ф 1 mm), 5 
mm (5 × 5 × 3.5 mm), 10 mm (10 × 5 × 3.5 mm), 15 mm (15 × 5 × 
3.5 mm), 25 mm (25 × 5 × 3.5 mm) and 35 mm (35 × 5 × 3.5 mm). 
Each batch size was dried in oven at 45 ± 1°C until the moisture 
content reduced to 5 to 7%. Structural composition of each batch 
size was analyzed after further reduction into required size, around 
1 to 2 mm (Hames et al., 2008). Each batch size was separately 
analyzed to reduce the error associated with sample size 
preparation. And then, these different batches were stored at 4 ± 
1°C in separate sealed packets for further processes.  
 
 
Two-stage pretreatment 
 
Figure 1 illustrates a schematic of the two-stage pretreatment 
process adopted in this research, where liquid hydrolysate was 
extracted after each pretreatment stage to prevent formation of the 
degradation compounds. Solid loading rate of 10% (10 g dry corn 
stalk/100 ml of deionized water and/or oxalic acid) was used for
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Figure 1. Schematic of a two-stage pretreatment of corn stalk. 

 
 
 
both stages of pretreatment, that is hydrothermal and oxalic acid 
treatment for each of the selected particle size. The sample of each 
size was prepared in iodometric flask with 250 ml capacity. The 
pretreatment parameters including temperature, time and chemical 
concentration (if applicable) were finalized after thorough analysis 
of sugars yield and corresponding inhibitors formation reported in 
the previous studies (Liu et al., 2013; Saha et al., 2013; Palmqvist 
and Hahn-Hägerdal, 2000; Lee et al., 2011; Qin et al., 2012). The 
hydrothermal pretreatment was performed in an autoclave at 125 ± 
1°C for 30 min at a pressure of about 0.23 MPa. The heating and 
cooling times of the flasks were not considered as a pretreatment 
time, even though it took about 23 min to reach the final 
temperature of 125 ± 1°C and about 45 min to cool to room 
temperature of 25 ± 1°C. After the hydrothermal pretreatment, liquid 
hydrolysate was separated using cotton fabric filter and sample was 
taken for analysis. The residual solid stalk was washed with tap 
water and squeezed using the same filter. Then, the solid was oven 
dried before oxalic acid pretreatment to maintain same solid loading 
rate of 10% (w/v). Oxalic acid concentration 0.3 mol/l and the same 
temperature and time as hydrothermal pretreatment were used for 
further structural breakdown of the pretreated corn stalk. After 
oxalic acid pretreatment, the liquid hydrolysate was taken for 
analysis. The solid residue was washed with water until neutral pH 
and oven dried at 105 ± 1°C, which was further used for enzymatic 
hydrolysis. Additionally, the structural composition of solid residue 
was analyzed after each pretreatment and enzymatic hydrolysis. All 
the samples and residue were stored at -20 ± 1°C for further uses.  

Furthermore, experiments were conducted to observe effect of 
variation in retention time on particle size. The best particle size at a 
pretreatment condition of 125 ± 1°C and 30 min and two equal 
range particle sizes, one above and one below the best size, were 
considered. For these three selected particle sizes, apart from 
pretreatment time of 30 min, other pretreatment durations of 10, 92 
and 290 min for each pretreatment stage were also investigated. All 
the other pretreatment conditions and methodology were identical 
with the first experiment.  
 
 

Enzymatic hydrolysis 
 

The  enzymatic digestibility  tests of  the  pretreated corn stalk  were 

carried out using the National Renewable Energy Laboratory 
(NREL) standard protocol (LAP-009) (Hames et al., 2008). 
Cellulase used during enzymatic saccharification was purchased 
from Imperial Jade Biotechnology Co., Ltd., China. The average 
activity of the enzyme was 100 filter paper units per ml (FPU/ml). 
The cellulase was loaded at 4.5 FPU/g glucan (Lin et al., 2011) and 
hydrolysis was performed at 45 ± 1°C, 100 rpm (Saha et al., 2013) 
in a rotary shaker (FLY-2102C, Shanghai Shenxian Thermostatic 
Equipment Factory, China). All the tests were run in triplicate. Liquid 
samples were taken periodically for reducing sugar analysis. The 
samples were filtered by eight layers of gauze and centrifuged at 
8000 rpm for 10 min (Lin et al., 2011). 

 
 
Analytical methods 

 
The moisture content, extractive and composition of raw as well as 
pretreated corn stalk was determined according to the laboratory 
analysis protocol (LAP) of the NREL (Hames et al., 2008). Sugars 
and microbial inhibitors such as acetic acid, formic acid, levulinic 
acid, furfural and HMF of after each stage pretreatment and 
enzymatic saccharification were determined using high 
performance liquid chromatography (HPLC), Shimadzu, Japan and 
following NREL protocol. Aminex HPX-87P and Aminex HPX 87H 
with refractive index detector (RID-10A) were used to determine 
sugars and inhibitors concentration, respectively. The operating 
conditions of HPLC were identical with NREL protocol and columns 
guidelines. Oligomeric sugars in the hydrolysate were determined 
according to LAP-014 of NREL (Hames et al., 2008). Additionally, 
UV Spectrophotometer (Shimadzu, Japan) was used to determine 
soluble lignin at a wavelength of 320 nm and following NREL 
protocol (Hames et al., 2008).. 

 
 
Calculation 

 
The combined effect of temperature (T) and residence time (t) for 
any pretreatment process can be expressed as severity factor (SF). 
The standard expression of SF is reported elsewhere (Lloyd and 
Wyman, 2005; Saha et al., 2013): 



 
 
 
 
Table 1. Moisture content and extractives of corn stalk in the 
present research. 
 

Sample size 
(mm) 

Mass (g/100 g of raw corn stalk) 

Moisture content Extractives* 

1 5.21 ± 0.09 15.54 ± 0.07 

5 5.37 ± 0.07 15.17 ± 0.01 

10 5.43 ± 0.01 13.62 ± 0.02 

15 5.37 ± 0.01 12.39 ± 0.03 

25 5.68 ± 0.03 13.02 ± 0.01 

35 5.48 ± 0.01 12.99 ± 0.02 
 

*Water (filtered with 0.2 μm), and ethyl alcohol (95% pure) were used 
to remove extractives. 
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For a constant pretreatment temperature, the combined effect of 
temperature and time of a two-stage pretreatment process can be 
expressed as: 
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In which T is the pretreatment temperature in °C, t1 is the 
pretreatment time for first stage in min; that is, hydrothermal 
pretreatment time, and t2 is the pretreatment time for second stage 
in min; that is, oxalic acid pretreatment time. The effect of variation 
in pretreatment time was compared based on the equivalent SF of 
the two-stage pretreatment process. Moreover, glucan and xylan 
recovery after the two-stage pretreatment process and conversion 
during enzymatic hydrolysis were determined. The equation for the 
recovery and conversion along with correction factors are available 
elsewhere (Qin et al., 2012). Finally, the total sugar was determined 
by addition of glucose, xylose and arabinose yield after each stage. 

 
 
RESULTS AND DISCUSSION 
 
Composition of corn stalk 
 
Main stem of corn stover, corn stalk, was used in this 
study was dried for composition analysis and further 
treatment. The moisture content of each particle size is 
summarized in Table 1 along with the standard deviation. 
The results were within the range of NREL guidelines, 
that is, below 10%, for the composition analysis (Hames 
et al., 2008). The non-structural materials from biomass, 
also known as extractives, were removed prior to 
analysis to prevent interference with later analytical 
steps. Those were mainly water soluble and ethanol 
soluble materials. The extractives of all selected particle 
size batches are also presented in Table 1. The 
emphasis was given to make homogeneous mixture of 
collected corn stalks, even though there was about 13% 
variation within particle size  batches. Such variation may  
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be due to corn variety because they were collected from 
two different fields of Xinfazhen village, Harbin, China 
(45.75°N, 126.63°E) at the same season. Previous 
studies also found the extractives in a range of 11.2 to 
24% based on raw corn stover (Qin et al., 2012; Liu et al., 
2013). Thus, the data summarized in Table 1 are 
consistent with the previous studies. Table 2 illustrates an 
overview of corn stalk composition. The main desirable 
constituent is glucan followed by xylan, arabinan, 
mannan and galactan. Lignin, the third major fraction on 
weight basis after glucan and xylan, is undesirable 
fraction for bio-fuel production. Slight variation mainly in 
glucan, xylan and lignin was found in each size batch. It 
might be due to heterogeneous mixture of corn variety 
during batch size preparation; however, these data are 
almost similar to previous study (Donghai et al., 2006), 
where glucan, xylan, arabinan, mannan and galactan of 
corn stalk were reported to be 36.5, 21.6, 3.2, 2.4 and 
1.7%, respectively. Additionally, lignin, ash and acetate 
content of corn stalk in this study were also consistent 
when compared to the previous studies (Donghai et al., 
2006; Tamaki and Mazza, 2010; Lee et al., 2011). 
Furthermore, the composition of corn stalk is also 
comparable with corn stover (Bura et al., 2009; Aden and 
Foust, 2009). NREL (2011) evaluated the compositions of 
508 commercial corn stover samples collected from 47 
sites. They found 32 g glucan, 19 g xylan, 18 g 
extractives and 13 g lignin based on 100 g raw corn 
stover. Compared to their study, glucan, xylan, and lignin 
concentrations were found higher in this study. These 
variations might be due to corn variety, region, weather, 
soil type, and fertilization practices. 
 
 

Composition of liquid hydrolysate 
 
Hydrothermal treatment 
 
Baral et al. (2014) reviewed pretreatment time and 
temperature severely impacts on inhibitors formation. In 
addition to these pretreatment conditions, particle size 
also significantly impact on biomass processing cost, that 
is, handling cost and milling cost. On the other hand, 
single stage pretreatment at lower temperature and 
shorter time might not be effective to destroy lignin 
barrier. Thus, wide range of particle sizes, 1 to 35 mm, 
and two-stage pretreatment at low SF were investigated 
to reduce processing cost and microbial inhibitor 
formation. Hydrothermal treatment was performed as a 
first phase of the two-stage pretreatment to decompose 
complex lignin barrier of corn stalk. This is generally 
known as a cheaper, noncorrosive and environment 
friendly treatment process. The sugar composition in the 
liquid hydrolysate after hydrothermal pretreatment with 
different particle sizes is summarized in Table 3, along 
with standard deviation of the three observations. The 
fermentable sugars on the hydrolysate components were 
varied with respect to the particle size. The lowest and
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Table 2. Composition of corn stalk expressed as g/100 g of dry raw corn stalk. 
 

Sample 
size (mm) 

Glucan  

(g) 

Xylan  

(g) 

Galactan 
(g) 

Arabinan 
(g) 

Mannan 
(g) 

Lignin*  

(g) 

Ash 

 (g) 

Acetate 

(g) 

1 37.39 ±0.04 22.88 ±0.04 0.95 ±0.01 2.44 ±0.02 1.16 ±0.02 15.69 ±0.06 4.05 ±0.02 2.07 ±0.01 

5 35.87 ±0.02 22.47 ±0.01 0.88 ±0.00 2.34 ±0.01 1.10 ±0.02 15.41 ±0.03 4.33 ±0.02 2.04 ±0.01 

10 34.71 ±0.02 22.32 ±0.07 0.93 ±0.00 2.32 ±0.03 1.14 ±0.02 18.01 ±0.07 4.45 ±0.02 2.06 ±0.02 

15 36.16 ±0.06 22.38 ±0.02 0.91 ±0.01 2.15 ±0.03 1.13 ±0.02 17.05 ±0.09 4.44 ±0.01 2.03 ±0.01 

25 35.32 ±0.03 23.08 ±0.02 0.92 ±0.03 2.33 ±0.01 1.13 ±0.01 17.39 ±0.04 4.49 ±0.02 2.06 ±0.06 

35 35.34 ±0.07 25.08 ±0.09 0.73 ±0.01 3.17 ±0.02 0.98 ±0.02 16.72 ±0.03 4.50 ±0.01 2.08 ±0.02 
 

*It consists of both acid soluble and insoluble lignin. 

 
 
 

Table 3. Sugar composition in liquid fraction after hydrothermal pretreatment (g/100 g of dry raw corn stalk) at 
125°C and 30 min. 
 

Sample size (mm) Glucose (g) GO (g) Xylose (g) XO (g) Arabinose (g) AO (g) 

1 2.28 ± 0.07 0.03 ± 0.09 4.56 ± 0.01 0.66 ± 0.02 0.52 ± 0.02 0.09 ± 0.07 

5 2.72 ± 0.01 0.05 ± 0.01 5.17 ± 0.02 0.74 ± 0.02 0.42 ± 0.05 0.03 ± 0.06 

10 2.44 ± 0.07 0.39 ± 0.07 3.80 ± 0.01 1.00 ± 0.01 0.54 ± 0.01 0.11 ± 0.01 

15 1.77 ± 0.04 0.36 ± 0.01 4.04 ± 0.08 1.49 ± 0.03 0.08 ± 0.01 0.34 ± 0.06 

25 1.54 ± 0.01 0.92 ± 0.01 2.45 ± 0.03 1.64 ± 0.02 0.30 ± 0.05 0.14 ± 0.03 

35 1.67 ± 0.01 0.51 ± 0.01 2.34 ± 0.02 1.27 ± 0.04 0.28 ± 0.01 0.241 ± 0.02 
 

GO = Glucose oligomers; XO = xylose oligomers; AO = arabinose oligomers. 

 
 
 

Table 4. Sugar composition in liquid fraction after oxalic acid pretreatment (g/100 g of dry raw corn stalk) at 125°C and 30 min. 
  

Sample size (mm) Glucose (g) GO (g) Xylose (g) XO (g) Arabinose (g) AO (g) 

1 4.45 ± 0.01 0.92 ± 0.06 11.36 ± 0.05 1.82 ± 0.07 1.29 ± 0.02 0.02 ± 0.06 

5 4.53 ± 0.01 0.01 ± 0.03 12.05 ± 0.07 1.63 ± 0.03 1.96 ± 0.06 0.02 ± 0.06 

10 3.90 ± 0.08 1.11 ± 0.03 12.12 ± 0.03 1.00 ± 0.03 2.96 ± 0.02 0.04 ± 0.03 

15 5.16 ± 0.04 1.20 ± 0.03 13.74 ± 0.01 1.00 ± 0.04 2.65 ± 0.01 0.05 ± 0.01 

25 4.87 ± 0.06 0.16 ± 0.05 12.30 ± 0.08 0.70 ± 0.08 2.02 ± 0.01 0.03 ± 0.03 

35 4.89 ± 0.06 0.18 ± 0.01 12.02 ± 0.02 1.09 ± 0.03 2.54 ± 0.02 0.03 ± 0.03 
 

GO = Glucose oligomers; XO = xylose oligomers; AO = arabinose oligomers. 

 
 
 

highest glucose productions were obtained at the particle 
sizes of 25 and 5 mm, respectively. Xylose was also 
found highest in the particle size of 5 mm, while the 
lowest was the 35 mm. Xylose oligomer was found more 
than glucose and arabinose oligomer and increased with 
the particle size except the particle size of 35 mm. 
Glucose, xylose and arabinose oligomer were also varied 
greatly with the particle size. These results suggest larger 
particle size is reluctant to hydrolysis at lower SF and 
smaller particle size (that is, 1 mm), and sugar might be 
degraded into microbial inhibitors, including HMF and 
furfural. High xylan degradation was observed during 
hydrothermal pretreatment when compared to glucose. It 
was hard to find a previous study on hydrothermal 
pretreatment with variation in particle sizes; however, the 
result was almost similar with steam explosion pretreat-

ment of corn stover at 200 ± 1°C and 5 min (Liu et al., 
2013).  
 
 
Oxalic acid treatment 
 
The hydrothermal pretreatment has been initially applied 
prior to acid hydrolysis of corn stalk. A major barrier of 
hydrothermal treatment is low sugar yield (Donghai et al., 
2006). Therefore, a successive oxalic acid pretreatment 
was performed to enhance the sugar yield from the 
pretreated corn stalk. The results show that oxalic acid 
had a higher hydrolysis efficiency in comparison to 
sulfuric acid when applied under the same severity 
conditions (Lee et al., 2011). Table 4 demonstrates the 
monomeric and ologomeric sugar in liquid hydrolysate
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Table 5. Total inhibitors formation after hydrothermal and oxalic acid treatment (g/100g of dry raw corn stalk) at 125ºC and 30 min. 
 

Sample size  

(mm) 

Weak acids  Furan derivatives 
Soluble lignin 

(g) Acetic acid 
(g) 

Formic acid 

(g) 

Levulinic acid 

(g) 
 

Furfural  

(g) 

HMF  

(g) 

1 2.80 ± 0.01 0.00 ± 0.0 0.12 ± 0.0  0.67 ± 0.01 0.03 ± 0.0 0.72 ± 0.03 

5 2.99 ± 0.05 0.00 ± 0.0 0.10 ± 0.01  0.58 ± 0.07 0.04 ± 0.0 0.51 ± 0.01 

10 3.21 ± 0.04 0.29 ± 0.01 0.08 ± 0.0  0.41 ± 0.04 0.04 ± 0.0 0.43 ± 0.01 

15 3.22 ± 0.09 0.33 ± 0.01 0.12 ± 0.01  0.62 ± 0.03 0.04 ± 0.0 0.79 ± 0.03 

25 3.26 ± 0.09 0.00 ± 0.0 0.16 ± 0.01  0.45 ± 0.04 0.03 ± 0.0 0.62 ± 0.01 

35 3.01 ± 0.03 0.28 ± 0.0 0.07 ± 0.0  0.41 ± 0.0 0.00 ± 0.0 0.51 ± 0.01 

 
 
 
after oxalic acid treatment of the pretreated corn stalk, 
along with standard deviation of three observations. 
Xylose was a foremost constituent of the hydrolysate 
followed by glucose and arabinose. Oxalic acid has been 
reported as a better chemical for xylose yield (Qin et al., 
2012). With small variation, glucose and xylose 
concentrations in the hydrolysate were increased with 
particle size up to 15 mm and then decreased. Data 
obtained in this research were comparable to the 
previous literatures in which different pretreatment 
conditions were used (Lee et al., 2011; Qin et al., 2012). 
Overall, xylan was removed when oxalic acid was added 
and this could enhance digestibility of cellulose during 
enzymatic hydrolysis.  
 
 
Inhibitor formation after biphasic pretreatment 
 
Pretreatment parameters play vital roles in avoiding 
degradation of hexose and pentose sugar as well as 
lignin into undesirable byproducts. Most of the byproducts 
are toxic to bio-fuel producing microbes. Weak acid furan 
derivatives and acid soluble lignin were determined in this 
research. Total of each inhibitor after hydrothermal and 
consecutive oxalic acid treatment are shown in Table 5. 
Unexpectedly, these inhibitors were higher at particle size 
15 mm that also has higher sugar concentration. The 
similar situation was found in previous study (Liu et al., 
2013). Low concentration of formic acid, levulinic acid 
and furfural were found during analysis. Those inhibitors 
were insignificant in some particle sizes (Table 5). Acetic 
acid was formed due to degradation of hemicelluloses 
and acetate, which was increased with particle size 
except particle size of 35 mm. There were no regular 
trends for HMF, furfural and acid soluble lignin. HMF and 
furfural concentrations were below 1 g/l and consistent 
with the previous study (Qin et al., 2012). 
 
 
Enzymatic hydrolysis of pretreated corn stalk 
 
Cellulase was used for enzymatic saccharification of 
pretreated corn stalk. One of the objectives of this study 

was to reduce enzyme loading rate. Low cellulase 
loading rate of 4.5 FPU/g glucan was tested to observe 
enzymatic degradability of pretreated corn stalk. In 
general, low enzyme loading rate requires longer reten-
tion time to hydrolyze the pretreated biomass. Previous 
study (Saha and Cotta, 2008) reported enzymatic 
hydrolysis at 45°C was better than 50°C for longer 
reaction time, thus, enzymatic hydrolysis was carried out 
at 45°C in the current study. The major solid residue after 
two-stage pretreatment was glucan. Figure 2 presents 
glucan conversion with particle sizes and hydrolysis time. 
When the pretreated corn stalk was hydrolyzed for 48 h 
with 4.5 FPU/g glucan, the glucan dissolution was 
approached to about 40% in the particle sizes of 15 and 
35 mm.  

During initial 24 h, glucan conversion was not 
dependent on particle size. Nearly 65% of the glucan 
from 15 mm particle size was converted to fermentable 
glucose in 120 h when compared to about 40% 
conversion from particle size of 1 mm at the same time. 
These results indicated that glucan conversion increased 
gradually with the time. It might be a result of low enzyme 
concentration. The hydrolysis was slowed down after 192 
h that may be due to remaining highly crystalline part of 
corn stalk. The highest glucan conversion of 92.95% was 
found at the particle size of 15 mm. This conversion was 
better than the previous study of steam explosion corn 
stover at SF 3.64 (Liu et al., 2013). However, only 
58.15% glucan conversion was observed at the particle 
size of 1 mm under the similar condition. Glucan 
conversion was remarkably improved in this study even 
at low enzyme loading rate in comparison to single 
pretreatment with any methods and similar SF based on 
review provided by Baral et al. (2014). This may be 
because of better disruption of crystalline structure after 
two-stage pretreatment. Previous study (Rollin et al., 
2011) also reported lignin and lignin-like compounds 
were major obstacles of enzymatic degradability.  

The results of enzymatic hydrolysis of pretreated corn 
stalk make known that higher hydrolysis efficiency can be 
achieved with larger particle sizes, which ultimately 
enhance pretreatment performance. Previous research 
has also reported improved enzymatic performance with
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Figure 2. Glucan conversion of pretreated corn stalk at cellulose loading rate of 
4.5 FPU/g glucan. 

 
 
 

 

 
 

 
 

Figure 3. Total sugar and inhibitor after the two-stage pretreatment (at equivalent SF 2.5) 
and hydrolysis (at 4.5 FPU/g glucan for 216 h). The total sugar includes glucose, xylose 
and arabinose. Additionally, total inhibitor consists of acetic acid, formic acid, levulinic 
acid, furfural, HMF and soluble lignin. The present result is compared with previous study. 
Their results are after steam explosion pretreatment (at SF of 3.64) and enzymatic 
hydrolysis (60 FPU/g glucan for 168 h) of corn stover. They also considered similar sugar 
composition but did not include levulinic acid and soluble lignin in total inhibitor. 

 
 
 

increase of biomass particle size (Liu et al., 2013). It is 
clear that efficiency of enzymatic hydrolysis is strongly 
influenced by surface area of particle. The overall 
performance including pretreatment and enzymatic 

hydrolysis in terms of total sugar and inhibitor is 
presented in Figure 3. The results obtained in this 
research were compared with the previous research of 
steam explosion pretreatment at 200°C and 5 min followed  
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Figure 4. Effect of equivalent SF on sugar and inhibitor. The total sugar includes glucose, 
xylose and arabinose and total inhibitor includes acetic acid, formic acid, levulinic acid, 
furfural, HMF and soluble lignin. 

 
 
 
by enzymatic hydrolysis (60 FPU/g corn stover) (Liu et 
al., 2013). In contrast to the previous study, this study 
showed that total sugar yield was increased whereas 
total inhibitor was decreased significantly; though the 
trends were almost similar (Figure 3). In the present 
study, total sugar yield showed an increasing trend with 
particle size up to 15 mm and then decreased. Total 
inhibitor yield was also followed the same trend. For 15 
mm particle size total sugar and inhibitor yield were 61.99 
and 5.12 from 100 g of corn stalk, respectively. A sugar 
yield as low as 41.06 g/100 g of corn stalk was observed 
at a particle size of 1 mm. 

The total sugar in this research was also greater than 
the previous researches with hydrothermal and acidic 
pretreatment (Avci et al., 2013; Saha et al., 2013). The 
overall analysis of this research and comparison with 
previous studies suggests that two-stage pretreatment 
with larger particle size (about 15 mm) will be one of the 
promising alternatives in terms of pretreatment 
performance and commercial bio-fuel production. Larger 
particle sizes about 10 to 15 mm are energy efficient and 
save time before pretreatment when compared to the 
smaller ones. 
 
 
Effect of severity factor on sugar and inhibitor yield 
 
As discussed earlier, particle size of 15 mm was 
observed as an optimum size at an equivalent SF of 2.5. 

In order to investigate the effects of SF on sugar 
production and microbial inhibitor formation, two other 
equal range particle sizes of 5 and 25 mm were further 
investigated along with 15 mm size. The results are 
presented in the Figure 4. In the case of 5 mm particle 
size, total sugar gradually increased up to equivalent SF 
3.0 and then almost constant with increase in SF. In 
contrast, total sugar for particle sizes 15 and 25 mm 
increased rapidly with increase in equivalent SF up to 2.5 
and then decreased sharply until SF reached to 3.0. 
Finally, it became almost steady after the SF of 3.0. In 
addition to sugar production, total inhibitors increased 
with the increase in equivalent SF. Variation of total 
inhibitors within particle sizes at a particular equivalent 
SF were almost insignificant. These results suggest that 
lower SF is not sufficient to destroy lignin barrier, 
specifically for large particle size. Whereas at the higher 
SF more sugar degradation products were formed. Zhang 
et al. (2012) suggested that a smaller particle size was 
beneficial to enzymatic hydrolysis.  

On the other hand, Liu et al. (2013) found that smaller 
particle sizes can cause high degradation of hemicel-
luloses and with increase in particle sizes the pretreat-
ment process can destroy the lignin barrier of outer 
surface only. Delignification is beneficial for sugar 
production, which can be improved with decreasing 
particle size and increasing SF; however, high degra-
dation of hemicelluloses and lignin cause formation of 
microbial inhibitors. Thus, proper SF and particle size is
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Figure 5. Effect of particle size on glucan and xylane recovery as well as HMF and furfural 
yield 

 
 
 
essential for the effective enzymatic hydrolysis. This 
study also suggests that increase in surface area due to 
large particle size does not necessarily improve 
enzymatic hydrolysis. Two important facts were noted 
from this study. First, the peak of total sugar shifted 
towards the lower SF with increase in particle sizes. 
Secondly, at higher equivalent SF total sugar production 
was nearly equal and it was independent on particle size. 
In the single stage pretreatments, higher SF is essential 
to disrupt lignin barrier, which ultimately increase 
inhibitors formation and energy cost. The heating cost 
and sugar degradation products can be reduced using 
two-stage pretreatment with a low SF. It also helps to 
improve sugar concentration. However, proper economic 
analysis is necessary to justify the overall results. 
 
 
Effect of particle size and severity factor on yield and 
recovery 
 
Glucan and xylan recovery as well as HMF and furfural 
yield with particle size are presented in Figure 5. The 
glucan recovery followed a parabolic path with the 
maximum recovery of 78% for 15 mm particle size that 
was significantly higher when compared to other sizes. 
HMF and furfural yield were also more at 15 mm particle 
size. However, the differences were insignificant. 
Importantly, the xylan recovery of 15 mm particle size 
was lower when compared to other sizes. Loss of more 
xylan might increase porosity on the pretreated biomass 
and improve enzymatic hydrolysis. Thus, higher glucan 
and lower xylan recovery of 15 mm particle size might be 
one of the reasons of high sugar yield.  Generally, 
performance of pretreatment and enzymatic hydrolysis 

was determined by glucose and xylose yield that ensure 
optimum utilization of raw biomass. Figure 6 illustrates 
glucose and xylose yields from the two-stage pretreat-
ment followed by enzymatic hydrolysis processes. 
Glucose yield was increased with equivalent SF and 
became steady after SF 3.0. The trend was consistent 
with the previous study (Liu et al., 2013) and could be 
improved by increasing enzyme loading rate. Particle size 
of 15 mm had the highest glucose yield followed by 25 
and 5 mm.  

Maximum glucose yield of 90% was obtained at SF 2.5. 
It was found that glucose yields were more or less 
invariant with particle sizes at higher SF (>3). Xylose 
yield was also increased with particle size except 25 mm. 
It reached the highest yield at SF2.5 and then decreased 
slowly. This result was also consistent with previous 
study (Qin et al., 2012). However, rapid declination was 
observed after SF 2.5. It may be due to ineffective 
pretreatment and degradation of xylose into inhibitors. 
Optimum xylose yield of 94% was observed at a particle 
size and SF of 15 and 2.5 mm, respectively.  
 
 
Overall mass balance 
 
A schematic description of overall mass balance for 
particle size of 15 mm is shown in Figure 7. This 
description illustrates the pretreatment conditions and the 
amounts of major products and byproducts before and 
after the two-stage pretreatment as well as enzymatic 
hydrolysis. The mass balance was prepared based on 
the composition analysis of initial and recovered solid 
residue as well as liquid hydrolysis after each stage. The 
results showed that, when compared with the xylan, both
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Figure 6. Glucose and xylose yield with variation in particle size and SF. Present study was based 
on equivalent SF of the two-stage pretreatment. Result of previous study were evaluated based on 
SF after oxalic acid pretreatment (130 to 190°C for 30 min with acidic concentration of 50 to 90 
mM). 

 
 
 
pretreatments preserve most of the glucan. Specifically, 
more xylan was lost during oxalic acid pretreatment. 
Approximately 96% glucan and 78% xylan were 
recovered during hydrothermal pretreatment. Additionally, 
recovery of glucan and xylan were decreased to 81.89 
and 23.68%, respectively, during successive oxalic acid 
pretreatment. The higher loss in xylan during oxalic acid 
pretreatment has enhanced the enzymatic hydrolysis. 
Thus, only 4.5 FPU/g glucan can effectively hydrolyze the 
remaining solid residue during enzymatic hydrolysis 
process. About 85% of glucan was converted into 
glucose during enzymatic hydrolysis. About 92% lignin 
recovery was found during pretreatment process. It might 
be due to low SF of 2.21 during each pretreatment stage. 
Overall, the two-stage pretreatment and enzymatic 
hydrolysis produced 34.85 g of glucose, 23.98 g of xylose 
and 3.12 g of arabinose from 100 g oven dry (about 5% 
moisture content) corn stover. In addition to sugar, 
inhibitors including 3.22 g acetic acid, 0.33 g formic acid, 
0.12 g levulinic acid, 0.44 g soluble lignin, 0.57 g furfural 
and 0.04 g HMF were also formed during the two-stage 
pretreatment process.  

The total sugar (~62 wt%) found in this study was 
higher than average total sugar of the previous studies 
with hydrothermal pretreatment (~50 wt%) (Feng et al., 
2014; Lloyd and Wyman, 2005; Mosier et al., 2005); and 
with oxalic acid pretreatment (~52 wt%) (Feng et al., 
2014; Mtui, 2012; Qin et al., 2012). Additionally, total 
microbial inhibitors of ~5 g/l found in this study was lower 
than average total inhibitors of ~8 g/l reported in the 
previous single stage pretreatments (Feng et al., 2014; 

Qin et al., 2012). Thus, the two-stage pretreatment, 
hydrothermal followed by oxalic acid, collectively could 
destroy lignin barrier at low SF and with less degradation 
of sugars and lignin itself into microbial inhibitors. As a 
result, this pretreatment process could produce more 
fermentable sugars with low microbial inhibitors concen-
tration. While, low SF used in this study could also save 
some cost of heating and cooling agents additional equip-
ment and water requirement might be few challenges 
when compared to single stage pretreatment. Never-
theless, the two-stage pretreatment used in this study 
was advantageous in terms of sugar yield and microbial 
inhibitors formation when compared to similar single 
stage pretreatments.  
 
 
Conclusion 
 
Overall sugar production with two-stage pretreatment 
was dependent on both particle size and severity factor, 
whereas microbial inhibitors formation was specifically 
dependent on severity factor only. The total sugar of 
41.07 to 61.99 g and inhibitor of 4.23 to 5.12 g were 
observed from 100 g raw corn stalk when particle sizes 
varied from 1 to 35 mm and at an equivalent severity 
factor of 2.5, while this pretreatment resulted more than 
two times xylose fraction in liquid hydrolysate when 
compared to glucose. Results show that choice of particle 
size and corresponding equivalent severity factor could 
be very crucial to obtain optimum sugar. The optimum 
performance of the two-stage pretreatment process was 
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Figure 7. Mass balance during the two-stage pretreatment and enzymatic hydrolysis of corn stalk at particle size of 15 
mm. The measured parameters are given in this mass balance. Mannose and galactose were not considered in the 
mass balance due to low concentration. Extractives were considered as a waste. 

 
 
 

obtained at a particle size of 15 mm and an equivalent 
severity factor of 2.5. These results definitely assist to 
reduce excessive milling, detoxification cost and toxic 
effects of sugar and lignin degradation products on bio-
fuels producing microbes. Thus, two-stage pretreatment 
with low severity factor and large particle size could be 
one of the possible options to optimize sugar production 
and reduce microbial inhibitor formation. 
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