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The pinewood nematode (Bursaphelenchus xylophilus) infects pine trees and causes pine wilt disease. 
To clarify the functions and subcellular localization of B. xylophilus genes/proteins transcribed and 
predicted from mixed stages (egg, J1, J2, J3 J4 and adult), we prepared a normalized full-length B. 
xylophilus cDNA library and analyzed expressed sequence tags (ESTs) using the Pendant-Pro sequence 
analysis suite. Most cDNAs inserted into the library ranged from 0.9 to 1.8 kb (average 1.5 kb). The 1,902 
ESTs from B. xylophilus consisted of 286 clusters and 1,273 singletons. EST sizes ranged from 9 to 743 
bp with a mean of 336 bp. The predicted protein length from B. xylophilus ESTs revealed that most 
proteins ranged from 50 to 149 amino acids. Enzyme nomenclature (EC) numbers were classified into 
133 (8.5%) of 1,559 contigs using UniProt database hits by the EC numbers method. Transmembrane 
regions of 1559 clusters were predicted using the TMpred algorithm. The 1,559 contigs with 
transmembrane regions were annotated; 481 (30.8%) contigs were assigned ‘above one’ domain and 
1,078 (69.1%) were assigned ‘none.’ Additionally, taxonomy was classified for 672 (43.1%) of 1,559 
contigs. Of the 1,559 contigs, 685 (43.9%) were assigned gene ontology terms using the gomerger 
method of contigs, including singletons. Thirty-one (31) contigs of predicted proteins grouped by 
BLASTP identity values had significant homology to genes expressed in subcellular structures (for 
example, mitochondrion, plasma membrane, endoplasmic reticulum, nucleus and golgi). B. xylophilus 
ESTs provide the foundation for research information on related plant parasite nematodes and 
contribute to finding an important novel parasite control strategy. 
 
Key words: Pinewood nematode, Bursaphelenchus xylophilus, pine wilt disease, expressed sequence tag, 
Pendant-Pro Sequence Analysis Suite 

 
 

INTRODUCTION 
 
The pine wood nematode (PWN), Bursaphelenchus 
xylophilus (Steiner and Buhrer, 1934) Nickle, a plant 

parasitic nematode, was first described in 1934 in 
Louisiana, and thus originated in North America. From there
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it was introduced into Japan, then spread to neighboring 
East Asian countries, such as China and Korea in 1982 
and 1988, respectively, and it was found in Portugal in 
1999 (Mota et al., 1999; Mota and Vieira, 2008) and in 
Spain in 2008 (Abelleira et al., 2011). PWN is the causal 
agent of pine wilt disease (PWD) in pine trees (Linit, 
1988; Yan et al., 2012). PWD typically occurs in mature 
pine trees 20 or more years old. Nematodes feed on the 
cells surrounding resin ducts, which causes resin to leak 
into tracheids, resulting in tracheid cavitation or air 
pockets in the water transport system. Next, transpiration 
of the tree cannot be sustained, which eventually leads to 
pine death (Myers, 1988; Donald et al., 2003). The beetle 
Monochamus alternatus (Hope) was immediately 
designed as a principal vector of the causal agent and 
spread nematodes from tree to tree (Shibata, 1987; Sakai 
and Yamasaki, 1990; Fan et al., 2007). Species of 
Monochamus from conifers are the principal vectors of B. 
xylophilus, and of these M. alternatus is the major vector 
in Japan, whereas M. carolinensis and M. scutellatus are 
the major vectors in North America and in Europe it is 
Monochamus galloprovincialis. The dispersal fourth-stage 
dauber larvae of the pinewood nematode cause primary 
transmission to occur during maturation feedings by the 
pine sawyer (Fielding and Evans, 1996). Also, nematode 
activity in pine trees is similar to natural infection by 
dispersal fourth-stage dauber larvae transmitted from 
pine sawyers when a pine tree is infected with 
nematodes isolated from fungal cultures (Linit 1988; 
Sriwati et al., 2007). 

In recent years, the GenBank entries for B. xylophilus 
and B. mucronatus revealed 13,327 and 3,193 ESTs, 
respectively (Kikuchi et al., 2007). Additionally, the 
complete B. xylophilus genome (genome size of 74.5 Mb 
with a GC content of 40.4%) sequence was annotated by 
Kikuchi and colleagues (Kikuchi et al., 2011), as well as 
the complete mitochondrial genome of B. xylophilus 
(14,778 bp) (Sultana et al., 2013). Also, plant parasitic 
nematode ESTs have recently been generated for 
analyzing the function of genes from several plant-
parasitic nematode species (Scholl et al., 2003; Dubreuil 
et al., 2007; Kikuchi et al., 2007; Nagaraj et al., 2008; 
Rosso et al., 2008; Sultana et al., 2013). However, since 
the majority of ESTs were generated from nematode total 
RNA without normalization of a cDNA library, these EST 
libraries may contain multiplicative ESTs of the nematode.  

In this study, we report an analysis of 1,902 ESTs from 
a normalized full-length cDNA library of B. xylophilus 
mixed stages (egg, J1, J2, J3 J4, and adult). Firstly, the 
ESTs from the B. xylophilus library were grouped into 
clusters that were analyzed by the most conserved 
nematode genes between B. xylophilus and other nema-
todes, classification of EC number, transmembrane regions, 
taxonomy, gene ontology (GO), and the identification of 
gene-related subcellular localization were done. These 
results provide the foundation for information studies 
focusing  on understanding  the  gene  function  of B.  
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xylophilus nematode, as well as the development of a 
novel parasite control strategy.  
 
 
MATERIALS AND METHODS 
 
Nematode propagation 
 
B. xylophilus (Bx90) used in this study were isolated from the 
Gangneung area, Korea and was propagated on a lawn of Botrytis 
cinerea cultured on a potato dextrose agar plate at 28°C. Mixed 
stages (egg, J1, J2, J3, J4 and adult) were collected on 25 µm 
sieves. Eggs and nematodes were sterilized with 1% NaOCl and 
suspended in sterile deionized water. The samples were frozen in 
liquid nitrogen and ground with a mortar and pestle.  
 
 
RNA preparation and cDNA library construction 
 
Total RNAs from mixed stages were isolated using TRIzol reagent 
according to the manufacturer’s instructions (Invitrogen, The 
Netherlands). A full-length cDNA library of B. xylophilus was 
prepared from total RNAs of mixed stages as described previously 
(Oh et al., 2003).  

In brief, the pretreated total RNA with bacterial alkaline 
phosphatase (Roche Diagnostics, Switzerland) and tobacco acid 
pyrophosphatase (Wako, Japan) was ligated with a 5'-
oligoribonucleotide using RNA ligase (TaKaRa, Japan).  

First-strand cDNA synthesis and amplification from purified 
mRNA were performed as described by Maruyama and Sugano 
(1994). Amplified PCR products were then digested as described 
by Kang et al. (2010). The ligated cDNA was then transformed into 
Escherichia coli Top10F' (Invitrogen, USA) by electroporation 
(Gene Pulser II; Bio-Rad, USA). The B. xylophilus cDNA library 
consisted of 4.8 × 106 colonies. To construct a normalized B. 
xylophilus cDNA library, a single-stranded DNA library was 
prepared as described previously (Vieira and Messing, 1987). 
Finally, we obtained a normalized library of 2 × 106 colonies.  
 
 
Sequencing of plasmids 
 
Each colony from the B. xylophilus cDNA libraries was picked into 
96-well plates containing 0.5 mL of Luria Bertani (LB) medium 
containing 75 µg/mL ampicillin. Plates were incubated overnight at 
37°C. Plasmids were purified using FB glass-fiber plates (Millipore, 
USA) to remove protein and cellular debris. Plasmid inserts were 
sequenced from the 5' end using the primer in the pCNS vector (5'-
GGT CTA TAT AAG CAG AGC TC-3') and the BigDye terminator ver. 
3.1 kit (Applied Biosystems, USA) on an ABI 3730xl DNA 
sequencer (Applied Biosystems).  
 
 
EST sequence clustering  
 
Vector trimming and trimmed sequence cleaning for automated 
trimming, and validation of ESTs or other DNA sequences by 
screening for various contaminants, low quality and low complexity 
sequences were performed using the cross_match, SeqClean, and 
Lucy programs (Xie et al., 2010; Tae et al., 2012; Yang et al., 2012), 
respectively. The cleanup process included quality assessment, 
confidence reassurance, vector trimming, and vector removal. ESTs 
of at least 200 bp after both vector and low-quality trimming were 
regarded as “high-quality” ESTs. Clustering was performed using 
TGI clustering tools (TGICL), a software pipeline designed to 
automate clustering and assembly of a large EST/mRNA data set 
(Rensing et al., 2003; Menon et al., 2012). Sequence clustering was
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Figure 1. Evaluation of the cDNA library insert size on agarose gel. Colonies were picked at 
random and colony PCR was performed using T7 and SP6 promoter primers (lanes 1-48). 
M, DNA size marker (Invitrogen, USA) 

 
 
 
was performed with a slightly modified version of NCBI’s megablast, 
and the resulting clusters were then assembled using the CAP3 
assembly program. TGICL began with a large multi-FASTA file (an 
optional peer quality values file) and the output assembly files, as 
produced by CAP3. Both clustering and assembly phases could be 
parallelized by distributing the searches and assembly jobs across 
multiple CPUs since TGICL can take advantage of either SMP 
machines or parallel virtual machine (PVM) clusters (Lee et al., 
2005).  
 
 
Contig analysis  
 
Each contig sequence was evaluated for similarity and annotation 
analysis of nucleotide and protein sequences using the Pendant-
Pro Sequence Analysis Suite. The Pendant-Pro genome database 
provides an exhaustive pre-computed analysis using a large variety 
of established bioinformatics tools. To investigate protein function, 
BLAST similarity was searched against the complete nonredundant 
protein sequence database (Altschul et al., 1997). Motifs were 
searched against Pfam (Bateman et al., 2002), BLOCKS (Henikoff 
et al., 1999), PROSITE (Falquet et al., 2002), and InterPro 
(Apweiler et al., 2001) databases. Predictions of cellular roles and 
functions based on high-stringency BLAST were searched against 
protein sequences with manually assigned functional categories 
according to the Functional Catalogue (FunCat), developed by 
MIPS and Biomax Informatics AG. Enzyme nomenclature (EC) 
numbers were predicted based on similarity. Keywords and 
superfamilies were extracted by similarity-based assignments from 
the PIR-International sequence database (Barker et al., 2000). 
Sequences were assigned to known clusters of orthologous groups 

(COGS) (Tatusov et al., 2001). To investigate protein structure, 
transmembrane regions were predicted using the TMpred algorithm 
against TMbase (Hofmann and Stoffel, 1993). Local low similarity 
regions and entire regions were identified using non-globular 
domains based on the SEG algorithm (Wootton and Federhen 
1993). Coiled-coil motifs were also predicted (Lupas et al., 1991). In 
addition, sequence similarities were searched on the NCBI 
GenBank and RefSeq databases using BLASTN. BLAST similarity 
hits were classified based on their taxonomic origin.  
 
 
RESULTS AND DISCUSSION 
 
Evaluation of B. xylophilus cDNA library quality 
 
To confirm and evaluate the insertion and quality of the B. 
xylophilus cDNA library, the range and average plasmid 
insert lengths were determined by PCR amplification. 
Forty-eight (48) cDNA clones were randomly picked from 
the library and colony PCR was performed with T7 and 
Sp6 promoter primers. Most cDNA inserts in the B. 
xylophilus libraries ranged from 0.9 to 1.8 kb with an 
average cDNA insert size of 1.5 kb (Figure 1) (1-48). 
These results are similar to those from our previous study 
in Meloidogyne incognita, as well as results from the 
library constructed from mixed-stage B. xylophilus 
vigorously growing on fungi (Kikuchi et al., 2007; Kang et 
al., 2010). 
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Table 1. Results of Bursaphelenchus xylophilus EST clustering. 
 

Parameter  CAP3 

Total sequences analyzed 1,902 
Number of ESTs in cluster 629 
Number of clusters 286 
Number of singletons 1,273 

 

The CAP3 program was performed with default parameters. Contigs 
and singletons were counted as clusters. 

 
 
 
EST clustering and protein distribution analysis 
 
ESTs from the B. xylophilus cDNA library were 
assembled into clusters to identify a set of genes. The 
1,902 B. xylophilus ESTs could be classified into 286 
clusters and 1,273 singletons (Table 1). Cluster sizes of 
B. xylophilus ESTs varied from a single EST (1,273 
cases) to four ESTs (1 case) (Figure 2). Most clusters 
consisted of two to four ESTs, demonstrating the high 
quality of the normalized cDNA library. Also, these results 
show that abundant transcripts in total RNA during cDNA 
library preparation were removed and that the full-length 
cDNA library was successfully normalized. The quality of 
the cDNA library also showed more efficiency than the 
results from Kikuchi and colleagues (2011) due to gain 
probability of the contigs and singletons from analyzed 
ESTs of each library (our experiment and Kikuchi 
colleagues study were 82 and 50%, respectively; (Kikuchi 
et al., 2007; Kang et al., 2010). The sequence distribution 
of ESTs ranged from 9 to 743 bp with an average size of 
336 bp (Figure 2A). The high frequency contigs ranged 
from 351 to 400 bp and represented 335 (21.5%) of 
1,559 contigs. These results matched the consistent 
quality of the constructed B. xylophilus cDNA library in 
Figure 1.  

In addition, protein length frequency values showed 
high-quality ESTs produced from B. xylophilus. The 
length of predicted proteins from B. xylophilus contigs 
revealed that most proteins ranged from 50 to 149 amino 
acids (88.1%). The longest proteins ranged from 150 to 
299 amino acids and represented 113 (7.2%) of 1,559 
total proteins (Figure 2B). In addition, the protein 
isoelectric point distribution indicated the high quality of 
ESTs produced from B. xylophilus. Putative proteins 
predicted from contig sequences were classified into nine 
groups with distinct isoelectric points: very strong basic 
proteins (>10.5 pI) represented 185 (11.9%) of 1,559 total 
proteins (Figure 2C); neutral proteins (6.5 < pI < 7.5) 
represented 153 (9.8%) of the total proteins; very strong 
acidic proteins (pI < 3.5) represented three (0.2%) of the 
total proteins (Figure 2C). However, these results only 
reflected isoelectric points predicted from part of the 
protein sequences. Furthermore, long-range sequencing 
of ESTs will need to be performed to determine 
isoelectric points of B. xylophilus full-length proteins.  

Identification of highly conserved genes  
 
Highly conserved genes between B. xylophilus and other 
nematodes were annotated by the BLASTP program 
using the UniProt database. Predicted proteins were 
classified by BLASTP identity values. The highly-
conserved proteins (>90% identity) represented 1.2% of 
the total predicted proteins. Proteins without homology 
(0% identity) represented 56.3% of the total predicted 
proteins.  

On the basis of the results of best protein match 
(BLASTP UniProt) with more than 50% identity, highly 
conserved transcripts in the B. xylophilus cDNA library 
represented genes encoding body morphogenesis 
(cuticlin protein), carbohydrate metabolism (pyruvate 
carboxylase 1, trehalose 6-phosphate synthase, and 
pectate lyase precursor), cytoskeletons (beta tubulin 
isotype 1, tubulin alpha chain, and actin-related protein 2), 
DNA-binding protein (ATP-dependent helicase DDX48), 
intracellular signaling (CBR-ARF-6 protein, serine/-
threonine protein phosphatase, and CBR-TAG-210 
protein), ion transporter (NADH-ubiquinone oxidored-
uctase 75-kDa subunit), molecular chaperones (heat 
shock protein 70, heat shock protein 90, and T-complex 
protein 1 subunit alpha), protein biosynthesis (elongation 
factor 1-alpha, 60S ribosomal protein L3, lysyl-tRNA 
synthetase, 40S ribosomal protein S3, 60S acidic 
ribosomal protein P0, 60S ribosomal protein L11 and 
CBR-RPS-18 protein), protein targeting (glycoprotein 
25L2), protein transport (transport protein Sec61 alpha 
subunit), proteasomal and proteolytic degradation 
(proteasome subunit alpha type, 26S proteasome 
regulatory complex subunit p97, and 26S proteasome 
regulatory subunit rpn11), and rRNA processing (protein 
R74.7) (Table 2). These results confirmed that the 
expression of genes in our library is similar to previously 
reported cDNA clone sequences involved in the response 
to the B. xylophilus (Kikuchi et al., 2007). Notably, the 
EST data showed novel EST sequences including 
trehalose 6-phosphate synthase, transport protein Sec61 
alpha subunit, uncharacterized protein gsk-3, SAM-
dependant methyltransferase, lysyl-tRNA synthetase, 
26S proteasome regulatory complex subunit p97, protein 
R74.7, T-complex protein 1 subunit alpha and acyl-CoA 
dehydrogenase. 
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Figure 2. Length and isoelectric point distributions of Bursaphelenchus xylophilus cDNA inserts and proteins. Frequency versus 
sequence length of B. xylophilus cDNA inserts (A). The distributions of protein length (B) and isoelectric point (C) were analyzed from a 
total of 1,559 EST sequences of B. xylophilus. 

 
 
 
Functional classification of proteins based on GO 
assignments  
 
Gene ontology (GO) has been widely used to address the 
need for consistent descriptions of gene products in 
different databases. It has presented three-structured and 
controlled ontologies that describe gene products in 
terms of their associated biological processes, cellular 
components, and molecular functions in a species-
independent manner. Three individual memo methods, 
gobysimilarity, gofromeckw and gofrominterpro, were 

calculated to extract GO categories for a protein. The 
gomerger method integrates the results of the three 
algorithms (Martin et al., 2004). The gomerger method 
takes (as input) the GO term assignments for a given 
genetic element that are the outputs of the three 
predecessor methods: gofromeckw, gobysimilarity and 
gofrominterpro. Each GO assignment consists of the GO 
term number and quality score (BLAST E value or 
Interpro score). The latter is converted to a negative 
decimal logarithm. Each GO term number corresponds to 
a node on the  GO tree. The  gomerger  method  then
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Table 2. Highly conserved nematode genes between Bursaphelenchus xylophilus and other nematodes (Caenorhabditis spp. and parasite 
nematodes). 
 
Parameter  Contig EST Best Hit Code Description E-value 

Body morphogenesis CL155 1 Q6KFY9_DIRIM 

P. Cuticlin protein - 
Dirofilaria immitis  

6.80E-62 

Carbohydrate 
metabolism 

BXE_1535 1 PYC1_CAEEL 

S. Pyruvate carboxylase 1 
(EC 6.4.1.1) (Pyruvic 
carboxylase 1) (PCB 1) - 
Caenorhabditis elegans

2.60E-69 

BXE_421 1 Q5K2C1_APHAV 

P. Putative trehalose 6-
phosphate synthase (EC 
2.4.1.15) - Aphelenchus 
avenae  

3.20E-69 

BXE_86 1 Q33CQ4_BURXY 

P. Pectate lyase precursor 
(EC 4.2.2.2) - 
Bursaphelenchus xylophilus 

2.70E-59 

Cytoskeleton 

BXE_449 1 A2TF56_HAECO 

P. Beta tubulin isotype 1 - 
Haemonchus contortus 

5.90E-63 

BXE_1242 1 A8PYK7_BRUMA 

P. Tubulin alpha chain-
mouse, putative - Brugia 
malayi

4.20E-58 

BXE_880 1 ARP2_CAEEL 

S. Actin-related protein 2 
(Actin-like protein 2) (Actin-
like protein C) - 
Caenorhabditis elegans

1.30E-52 

DNA-binding protein BXE_1728 1 A8P212_BRUMA 

P. ATP-dependent helicase 
DDX48, putative (Fragment) 
- Brugia malayi  

1.00E-57 

Intracellular signaling 

CL207 1 A8WMU9_CAEBR 

P. CBR-ARF-6 protein - 
Caenorhabditis briggsae 

4.60E-70 

BXE_1555 1 A8NZM1_BRUMA 

P. Serine/threonine protein 
phosphatase (EC 3.1.3.16) - 
Brugia malayi  

6.20E-69 

CL191 1 A8XXM7_CAEBR 

P. CBR-TAG-210 protein - 
Caenorhabditis briggsae

1.10E-61 

Ion transporter BXE_1049 1 Q86S77_CAEEL 

P. NADH-ubiquinone 
oxidoreductase 75 kDa 
subunit (EC 1.6.5.3) - 
Caenorhabditis elegans 

1.90E-55 

Molecular chaperone 

BXE_1864 1 A4UU63_BURXY 

P. Heat shock protein 90 
(Fragment) - 
Bursaphelenchus xylophilus 

3.80E-60 

BXE_747 1 Q8MUA7_HETGL 

P. Heat shock protein 70-C - 
Heterodera glycines  

6.40E-60 

BXE_1714 1 TCPA_CAEEL 

S. T-complex protein 1 
subunit alpha (TCP-1-alpha) 
(CCT-alpha) - 
Caenorhabditis elegans 

1.90E-54 

BXE_1301 1 A8XHC9_CAEBR 

P. Putative uncharacterized 
protein - Caenorhabditis 
briggsae 

2.90E-53 

Protein biosynthesis 

CL223 1 A8PJ17_BRUMA 

P. Elongation factor 1-alpha 
(EF-1-alpha), putative - 
Brugia malayi  

1.90E-78 

BXE_1507 1 Q95ZQ3_CAEEL 

P. Lysyl-tRNA synthetase 
(EC 6.1.1.6) - 
Caenorhabditis elegans 

3.70E-60 

CL150 1 A8NXR7_BRUMA 

P. 40S ribosomal protein S3, 
putative - Brugia malayi  

5.30E-60 

BXE_271 1 RLA0_CAEEL 

S. 60S acidic ribosomal 
protein P0 - Caenorhabditis 
elegans 

1.40E-58 
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BXE_960 1 A8NKQ0_BRUMA 

P. 60S ribosomal protein 
L11, putative - Brugia malayi 

5.90E-55 

BXE_1101 1 A8Y099_CAEBR 

P. CBR-RPS-18 protein - 
Caenorhabditis briggsae 

3.50E-54 

Electron transport CL284 2 GCDH_CAEEL 

S. Probable glutaryl-CoA 
dehydrogenase, 
mitochondrial precurso (EC 
1.3.99.7) (GCD) - 
Caenorhabditis elegans 

5.50E-53 

Protein targeting CL255 2 A8PU74_BRUMA 

P. Glycoprotein 25L2, 
putative - Brugia malayi  

1.10E-58 

Protein transport CL110 1 A8Q009_BRUMA 

P. Probable transport 
protein Sec61 alpha subunit, 
putative - Brugia malayi  

4.70E-68 

 

BXE_632 1 A8QCC8_BRUMA 

P. Proteasome subunit 
alpha type (EC 3.4.25.1) - 
Brugia malayi  

4.40E-67 

BXE_1164 1 A8PPJ3_BRUMA 

P. 26S proteasome 
regulatory complex subunit 
p97, putative - Brugia malayi 

1.00E-59 

CL113 1 A8PAL6_BRUMA 

P. 26S proteasome 
regulatory subunit rpn11, 
putative - Brugia malayi  

1.30E-54 

rRNA processing BXE_1063 1 A8Q6F8_BRUMA 

P. Protein R74.7, putative - 
Brugia malayi  

1.10E-55 
 

The sequence similarities of contigs were searched using the UniProt database. 
 
 
 
searches the GO tree (which is kept in memory) upward 
and finds all ancestors of all GO nodes assigned. Scores 
from all preceding nodes are then added together, 
assigning GO categories to a protein sequence 
(Ashburner and Lewis, 2002; Martin et al., 2004). Using 
the gomerger method of contigs, we functionally assigned 
GO terms to 685 (43.9%) of 1,559 contigs (of 1,559 
contigs, 1,105 align to InterPro domains and 58 to the 
keyword method). The 685 contigs with GO annotations 
from the B. xylophilus data set were further annotated, 
with 621 hits assigned a biological process (BP), 620 hits 
assigned molecular functions (MF), and 503 hits 
assigned a cellular component (CC) in GO terms. A 
summary of GO annotations by biological process, 
cellular component and molecular function is provided in 
Figure 3. Among the most common GO categories 
representing biological processes were cellular process 
(GO: 0009987) and metabolic process (GO: 0008152). 
The largest number of GO terms in cellular component 
was 433 contigs in the cell (GO: 0005623), 433 contigs in 
a cell part (GO: 0044464), and 399 intracellular contigs 
(GO: 0005622). The largest number of GO terms in 
molecular function was 467 contigs in binding (GO: 
0005488), 348 contigs in catalytic activity (GO: 0003824), 
and 328 contigs in protein binding (GO: 0005515). The 
largest number of GO terms in biological process was 
465 contigs in cellular process (GO: 0009987), 415 
contigs in metabolic processes (GO: 0008152), and 374 
contigs in cellular metabolic processes (GO: 00044237). 

These results were highly similar to a previous study 
analyzing ESTs in Meloidogyne incognita (Kang et al., 
2010). However, in terms of reproduction, reproductive 
process, and response stimulate in biological processes, 
a higher frequency was found than in a previous study 
(Kang et al., 2009). The total transcriptome analysis of B. 
xylophilus will be needed for the complete GO analysis.  
 
 
Localization of proteins in the cell 
 
Information on subcellular localization of proteins in the 
cell provides important clues about protein function and 
can be used to infer the function of predicted proteins. In 
addition, the subcellular localization of proteins with 
known function unravels where the corresponding 
biological processes take place and how they are 
connected among each other (Shen and Burger 2007). 
Thirty-one (31) contigs were separated into 12 subcellular 
structures according to their predicted functions (Figure 
4). Putative transcripts in the B. xylophilus cDNA library 
represented genes expressed in the plasma membrane 
(P. CBR-ARF-6 protein and A8WMU9), cytoplasm 
(putative uncharacterized protein, A8XHC9; 60S 
ribosomal protein L3, RL3; ATP-dependent helicase 
DDX48, A8P212; heat shock protein 90, A4UU63; 
serine/threonine protein phosphatase, A8PJS7; ps4b-
prov protein, A8QBR0; proteasome subunit alpha type, 
A8QCC8; 60S  ribosomal protein  L11, A8NKQ0;  26S
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Figure 3. Percentage representation of gene ontology (GO) mappings for Bursaphelenchus xylophilus proteins. Biological 
process (A); Molecular function (B); Cellular component (C). Individual GO categories can have multiple mappings. Percentages 
shown represent the total categories annotated (not the total sequences annotated under each component). 

 
 
 
proteasome regulatory subunit rpn11, A8PAL6; 40S 
ribosomal protein S3, A8NXR7; and elongation factor 1-
alpha, A8PJ17), cytoskeleton (tubulin alpha chain, 
A8PYK7; RAS-like GTP-binding protein RhoA, A8PJ63; 
serine/threonine protein phosphatase, A8PJS7; beta 
tubulin isotype 1, A2TF56; and putative actin, A3QP75), 
microtubule cytoskeleton (serine/threonine protein 
phosphatase, A8PJS7), endoplasmic reticulum (heat 
shock protein 70, Q8MUA7 and probable transport 
protein Sec61 alpha subunit, A8Q009), golgi 
(AGAP011363-PA, A0NFB8; CBR-ARF-6 protein, 
A8WMU9; chromosome 2 SCAF14705, Q4S8K4; 
glycoprotein 25L2, A8PU74; and Rab fragment, 
Q6GXB2), intracellular transport vesicles (glycoprotein 
25L2, A8PU74), nucleus (putative uncharacterized 
protein, A8XHC9; putative uncharacterized protein, 
P90904; 60S ribosomal protein L3, RL3; serine/threonine 
protein phosphatase, A8PJS7; proteasome subunit alpha 
type, A8QCC8; nucleolar protein K01G5.5, A8Q703; and 
uncharacterized protein uev-1, O45495), nucleolus (60S 
ribosomal protein L3, RL3 and nucleolar protein K01G5.5, 
A8Q703), other nuclear structures (nucleolar protein 
K01G5.5, A8Q703), mitochondrion (NADH-ubiquinone 
oxidoreductase 75-kDa subunit, Q86S77; CBR-RPS-18 
protein, A8Y099; pyruvate carboxylase 1, PYC1; 
probable calcium-binding mitochondrial carrier F55A11.4, 
CMC2; 60S ribosomal protein L11, A8NKQ0; nucleolar 
protein K01G5.5, A8Q703; and putative uncharacterized 

protein, Q9BL46), and the endosome (Vps4b-prov protein, 
A8QBR0) (Table 2). The appropriate localization of 
proteins in subcellular structures and compartments plays 
an important role in their functional integrity. However, 
determination of subcellular localization by experimental 
means is not practical for all proteins due to time and cost 
constraints (Guda 2006). Our results may assist in 
inferring the function of proteins predicted from the B. 
xylophilus cDNA library. 
 
 
Enzymatic classification based on EC number 
 
EC numbers were extracted by the EC numbers method 
from UniProt database hits using the BLASTPGP 
algorithm. EC numbers were classified for 133 (8.3%) of 
1,599 contigs. For the B. xylophilus data set, 133 contigs 
with EC numbers were further annotated, with 44 
assigned as oxidoreductases, 35 as transferases, 33 as 
hydrolases, 9 as lyases, 4 as isomerases, and 8 as 
ligases (Table 3).  
 
 
Classification of membrane proteins based on the 
number of transmembrane domains  
 
The TMpred algorithm predicts membrane-spanning 
regions  and their orientation. The  prediction is  made
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Figure 4. Putative localization of Bursaphelenchus xylophilus proteins in the cell. B. xylophilus subcellular 
structures and components were depicted by a single animal cell. The respective thicknesses and size of 
subcellular components were not accurate. Putative B. xylophilus proteins were replaced by annotation of the 
corresponding protein in the UniProt database. 

 
 
 

Table 3. Classification of selected EC numbers.  
 

EC number EC description Sorting 

1 Oxidoreductases 44 
1.1 Acting on the CH-OH group of donors 15 
1.1.1 With NAD or NADP as acceptor 15 
1.1.1.1 Alcohol dehydrogenase 3 
1.1.1.2 Alcohol dehydrogenase (NADP) 3 
1.1.1.37 Malate dehydrogenase 3 
1.2 Acting on the aldehyde or oxo group of donors 6 
1.2.1 With NAD or NADP as acceptor 3 
1.2.4 With a disulfide as acceptor 3 
1.2.4.1 Pyruvate dehydrogenase (lipoamide) 3 
1.3 Acting on the CH-CH group of donors 5 
1.3.1 With NAD or NADP as acceptor 3 
1.4 Acting on the CH-NH2 group of donors 3 
1.6 Acting on NADH or NADPH 5 
1.6.5 With a quinone or similar compound as acceptor 3 
1.6.5.3 NADH2 dehydrogenase (ubiquinone) 3 
1.13 Acting on single donors with incorporation of molecular oxygen (oxygenases) 3 
1.13.11 With incorporation of two atoms of oxygen 3 
1.14 Acting on paired donors, with incorporation or reduction of molecular oxygen 4 
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2 Transferases 35 
2.1 Transferring one-carbon groups 5 
2.1.1 Methyltransferases 4 
2.3 Acyltransferases 3 
2.3.1 Transferring groups other than amino-acyl groups 3 
2.4 Glycosyltransferases  4 
2.5 Transferring alkyl or aryl groups, other than methyl groups 8 
2.7 Transferring phosphorus-containing groups 12 
2.7.7 Nucleotidyltransferases 3 
3 Hydrolases 33 
3.1 Acting on ester bonds 10 
3.1.3 Phosphoric monoester hydrolases 7 
3.1.3.16 Phosphoprotein phosphatase 6 
3.4 Acting on peptide bonds (peptidases) 12 
3.4.25 Threonine endopeptidases 4 
3.4.25.1 Proteasome endopeptidase complex 4 
3.5 Acting on carbon-nitrogen bonds, other than peptide bonds 3 
3.5.1 In linear amides 3 
3.6 Acting on acid anhydrides 6 
3.6.1 In phosphorus-containing anhydrides 4 
3.6.1.3 Adenosinetriphosphatase 3 
4 Lyases 9 
4.1 Carbon-carbon lyases 3 
4.2 Carbon-oxygen lyases 5 
4.2.1 Hydro-lyases 4 
5 Isomerases 4 
6 Ligases 8 
6.1 Forming carbon-oxygen bonds 3 
6.1.1 Ligases forming aminoacyl-tRNA and related compounds 3 

 

EC numbers were extracted from UniProt database hits using the EC numbers method. Six representative EC 
classes were classified from B. xylophilus proteins. Each EC class is illustrated by a representative member. The 
number of genes associated with each EC class is indicated in the sorting column. The selected EC numbers 
have at least three hits. 

 
 
 

Table 4. Classification of membrane proteins based on the number of 
transmembrane domains.  
 

Number of domains Number of proteins % Protein 

≥1 domain 481 30.90 
1 domains 390 25.00 
2 domains 62 4.00 
3 domains 26 1.70 
4 domains 3 0.20 
none 1,078 69.10 

 

The TMpred algorithm made a prediction of transmembrane helices in protein sequences. 
 
 
 
using a combination of several weight matrices for 
scoring (Hofmann and Stoffel, 1993). Transmembrane 
regions of 1,599 clusters were grouped. For the B. 
xylophilus data set, 1,599 contigs with transmembrane 
regions could be further annotated, with 481 (30.9%) 

assigned to the ‘above one’ domain and 1,078 (69.1%) 
assigned as ‘none’ (Table 4). In the future, the long-
ranged sequencing of insert cDNA will be performed to 
determine complete transmembrane regions of the full-
length protein.  
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Table 5. Taxonomic classification.  
 

Superkingdom (sorting) Kingdom (sorting) Phylum (sorting) Class (sorting) 

Eukaryota (665) Metazoa (648) Nematoda (564) Chromadorea (563) 
Bacteria (7) Fungi (6) Chordata (46) Insecta (29) 

Viridiplantae (6) Arthropoda (31) Mammalia (20) 
Ascomycota (6) Actinopterygii (14) 
Proteobacteria (5) Amphibia (9) 
Streptophyta (5) Saccharomycetes (5) 
Cnidaria (4) Anthozoa (4) 
Platyhelminthes (3) Aves (3) 
Apicomplexa (2) Liliopsida (3) 
Bacteroidetes (1) Aconoidasida (2) 
Chlorophyta (1) Alphaproteobacteria (2) 
Firmicutes (1) Gammaproteobacteria (2) 

Trematoda (2) 
Bacilli (1) 
Chilopoda (1) 
Chlorophyceae (1) 
Deltaproteobacteria (1) 
Enoplea (1) 
Eurotiomycetes (1) 
Malacostraca (1) 
Sphingobacteria (1) 
Spirotrichea (1) 
Turbellaria (1) 

 

Taxonomy information was extracted by BLASTPGP hits from the UniProt database using the Taxon algorithm. 

 
 
 
Taxonomic classification 
 
The taxon algorithm extracted taxonomy information from 
BLASTPGP similarity hits using the UniProt database. Of 
1,559 contigs, 672 (43.1%) were classified into taxonomy. 
For the B. xylophilus data set, the 672 contigs with 
taxonomy classification were further annotated, with 
seven assigned to bacteria and 665 assigned to 
eukaryota (Table 5). The number of kingdoms 
representing Metazoa was 648 (96.4%) of 672 contigs. 
The number of phylum representing Nematoda was 564 
(83.9%) of 672 contigs. The number of classes 
representing Chromadorea was 563 (83.8%) of 672 
contigs.  

The class Chromadorea contains the B. xylophilus, 
which belongs to the order Tylenchida. Our results 
demonstrate that most genes classified in Chromadorea 
are highly homologous to the genes presented by Lilley 
and Parkinson and colleagues (Parkinson et al., 2004; 
Lilley et al., 2005). 
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Bioinformatics is one of the emerging trends in today’s world. The major part of bioinformatics is 
dealing with DNA. Analysis of DNA requires more memory and high efficient computations to produce 
accurate outputs. Researchers use various bioinformatics algorithms for sequencing and pattern 
detection techniques, but still now it takes enormous amount of time for computations. In our method 
we are going to propose a time, memory and speed optimized algorithms for efficient repetitive finding 
in genomes and proteins. Then, another major aspect is the hardware implementation. It is a platform 
which reduces the complexity of process further. Therefore, we have proposed to implement the 
optimized algorithm in the reconfigurable and user friendly FPGA platform. Thus, our proposal mainly 
focuses on an efficient and optimized computation, analysis and sequencing of DNA pattern. The 
distinct feature is reducing the time consumption from several hours to few seconds. 
 
Key words: DNA, sequencing, bioinformatics, efficient computations, repetitive finding, optimized sequencing. 

 
 
INTRODUCTION 
 
In the world of expanding set of biological species, finding 
repetitive structures in genomes and proteins is important 
to understand their biological functions. DNA 
sequencing is the process of determining the precise 
order of nucleotides within a DNA molecule. It includes 
any method or technology that is used to determine the 
order of the four bases Adenine, Guanine, Cytosine 
and Thymine in a strand of DNA (Surendar et al., 2013). 
The advent of rapid DNA sequencing methods has 
greatly accelerated biological and medical research and 
discovery. If the number of maximal repeat increases, 
then finding those structures becomes tedious. In existing 

method, Burrows Wheeler Transform and Wavelet 
Coding, the major disadvantage is time consumption. 
And it also needs huge computer space for processing 
the structures. One of the most important thing that 
decides our heredity is DNA. One of the well-known 
features of DNA is its repetitive structures. Many existing 
methods proposed different data compression formats to 
reduce the space consumption. Even though the method 
saves memory, time and speed efficiency cannot be 
obtained. To obtain optimization of the bioinformatics 
algorithms used: i) bloom filter; ii) content-addressable 
memory; iii) Aho-Corasick algorithm are used. 
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Figure 1. Flow of bloom filter. 

 
 
 
TOOLS FOR OPTIMIZATION 
 
A field-programmable gate array (FPGA)  
 
A field-programmable gate array (FPGA) is an integrated 
circuit designed to be configured by a customer or a 
designer. The FPGA configuration is generally specified 
using a hardware description language (HDL). FPGAs 
are reprogrammable silicon chips. It provides hardware-
timed speed and reliability. FPGAs are truly parallel in 
nature. Previously, a design may have included 6 to 10  
ASICs, the same design can now be achieved using only 
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one FPGA (Surendar et al., 2013). 
 
 
Altium - 3000 nanoboard-XILINX variant 
 
Altium - 3000 nanoboard-XILINX variant is a perfect 
entry-point to discover and explore the world of soft 
design. It is a programmable hardware platform. Rapid 
and interactive implementation and debugging of digital 
designs can be achieved. It has a fixed user FPGA’s on 
the motherboard and so, speed of processing is 
increased. Circuit can be probed, analyzed and 
debugged interactively using an array of virtual 
instruments and JTAG-based monitoring features. 
 
 
Bloom filter 
 
Bloom filter (Arun and Krishnan, 2011) is a space- 
efficient probabilistic data structure that is used to test 
whether an element is a member of a set (Figure 1). This 
compact representation is the payoff for allowing a small 
rate of false positives in membership queries; that is, 
queries might incorrectly recognize an element as 
member of the set which can be made negligible by the 
intensive design effort. It consists of number of hash 
tables and hash functions that easily store and handle the 
incoming strings. Each hash table entry stores only a 
single bit of data, thus a hash table of size M would be 
made up of M entries, each of size one bit. A bloom filter 
must be trained with a dictionary of malicious strings 
before it can be used in a system. All hash table entries 
are initialized to 0 before training begins. During the 
training phase malicious strings are fed one at a time to 
the bloom filter. Each of the k hash functions then acts on 
every incoming dictionary string  (Table 1) and computes 
an output in the range 0 to M − 1. Entries corresponding 
to these k outputs are set to 1 in the hash table. The 
bloom filter reports the current string in its window as a 
member of the dictionary on which the bloom filter was 
trained. If a non dictionary input string (Table 2) is such 
that it hashes to k hash table entries, each of which was 
set to 1 by one or more dictionary elements during the 
training phase, the bloom filter will erroneously report this 
string to be a member of the dictionary on which the 
bloom filter was trained. The bloom filter thus reports a 
false positive in this case. Though a bloom filter may 
occasionally report false positives, it does not allow for 
false negatives. Even though a bloom filter may 
sometimes report a non member to be a part of the 
dictionary set, it will never happen that a true member 
goes unreported. Thus, the working of bloom filter can be 
explained in following steps: 1) training the bloom filter 
with various strings; 2) defining the hash functions and 
building hash testing the incoming strings for the finding 
of given string with the help of hash functions; 4) 
determination of result using the behavior of the filter. 

The part of code to hash the values to the hash table to
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Table 1. Dictionary. 
 

Path  In dictionary Suffix link Dict. suffix link 

() -   

(a) + ()  

(ab) + (b)  

(b) - ()  

(bc) + (c) (c) 

(bca) + (ca) (a) 

(c) + ()  

(ca) - (a) (a) 

(caa) + (a) (a) 
 

Dictionary {a, ab, bc, bca, c, caa} 
 
 
 

Table 2. Input string analysis. 
 

Node Remaining string Output end position Transition Output 

() abccab  Start at root  

(a) bccab A:1 () to child (a) Current node 

(ab) ccab Ab:2 (a) to child (ab) Current node 

(bc) cab bc:3, c:3 (ab) to suffix (b) to child (bc) Current node, Dict suffix node 

(c) ab c:4 (bc) to suffix (c) to suffix () to child (c) Current node 

(ca) b a:5 (c) to child (ca) Dict suffix node 

(ab)  ab:6 (ca) to suffix (a) to child (ab) Current node 
 

Analysis of Input string analysis. 
 
 
 
the filter is as: 
 
hash1:=hash(present_state(1),d); 
hash2:=hash(present_state(2),d); a<=hash1; b<=hash2; 
y(hash1)<='1'; y(hash2)<='1';  
if(hashd_bitvectr(hash1)='1'and  
hashd_bitvectr(hash2)='1' )then     state<="positive"; 
shft_out :='0'; match<=input(pos-1 to pos+4); --
elsif(hashd_bitvectr(hash1)='1' or 
hashd_bitvectr(hash2)='1' )then --- state<="fals_pos"; -- 
shft_out :='1'; else state<="negative"; shft_out :='1'; end if 
The VHDL simulation of the filter yields the waveform 
shown in Figure 2. 
 
 

Content addressable memory 
 
Manuscript of content-addressable memory (CAM) was 
received on July 17, 1987 and revised October 5, 1987. A 
content-addressable memory (CAM) is a high speed 
matching unit because it has parallel matching capability 
(Yoshiki et al., 2002). It speeds up the data searching 
and pattern matching. CAMs are storage devices that 

allow its contents to be accessible on the basis of a 
match between a specified key and the contents, a 
process called "content addressing". CAM architectures 
fall between two extremes: the bit serial CAM and the 
fully parallel CAM. In the bit serial CAM, the matching 
logic is associated with one bit position, and shared 
among all the bits in a word, in effect matching one bit at-
a-time simultaneously in all the CAM words. In the fully 
parallel CAM, each word has its own bit-parallel matching 
logic, allowing that match of all words to process. Here, 
initially the device is trained with certain 8 bit binary 
database. And then the input binary parameter is given. 
The number of 1’s in the parameter is extracted by 
parameter extraction then it is stored in the parameter 
memory. Then 1’s in the input parameter is compare with 
the trained database and produce a required result else 
next input parameter is given. Thus, the working of CAM 
filter can be expressed in following steps. Castelo et al., 
2002 
 
1. The device is trained with database, 
2. Input is given, 
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Figure 2. Output waveform of bloom filter. 

 
 
 
3. The number of 1’s and 0’s is extracted by parameter 
extraction, 
4. It is stored in memory, 
5. Compare 1’s in the given input with database, 
6. Finally, it produced the required input if it is matched 
(Figure 3). 
 
The code to train CAM is given as process 
(clk,fail,sram_out,ss) 
 
begin; if rising_edge(clk) then; tcam_in.input<=input; 
tcam_in.current_state<=sram_out; 
end if; end process; x2:tcam port 
map(tcam_in,tcam_out); x3:sram port 

map(tcam_out,sram_out,fail); process(sram_out); begin; 
if sram_out=2 then; output<=" pattern he matched "; elsif 
sram_out=9 then; output<="pattern hers matched"; elsif 
sram_out=7 then; output<="pattern his matched "; elsif 
sram_out=5 then; output<="pattern she matched "; end if; 
end process; The VHDL simulation of the filter yields the 
waveforms shown in (Figures 4 and 5). 
 
 
Aho-Corasick 
 
Aho-Corasick algorithm (Komodia, 2012) is a dictionary 
matching algorithm that searches for elements of a finite 
set of strings in the input text, developed by Alfred V. Aho  
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Figure 3. Pre-computation block of CAM. 

 
 
 
and Margaret J. Corasick. Since, it locates all patterns in 
one time, the time complexity of the algorithm (Jung et 
al., 2006) is proportional to sum of the length of the 
patterns, length of the input text and the number of 
matches. In this algorithm, a trie with suffix tree-like set of 
links is established from each node representing a string 
to the node corresponding to the longest proper suffix. 
Since, it also consists of links from each node to the 
longest suffix node that connect to a match string; all of 
the matches can be traversed by going along the 
resulting linked list. The trie is utilized at runtime to keep 
track of the longest match and the suffix links are used to 
make sure the computation is proportional to the length of 
the input. For every link along the dictionary suffix linked 
list and every node in the dictionary located, a match is 
found. Since most of the time, the pattern database is 
known ahead, program can be created to build the trie, 
compile it and save it for later use. In this case, the 
computational complexity in the runtime is proportional to 
the sum of the length of the inputs and the number of 
matched entries. Figure 6 shows an example of data 
structure made up from a couple of strings. Each row 
represents a node in the trie while each column indicates 
the distinct order of characters from root to the node. In 

every step, the current node will try to find its child 
recursively if the suffix child does not exist until it reach 
the root node. Steps taken when scanning “abccab” are 
shown below. 
 
 
Simulation on an input text 
 
Since there may be two or more dictionary entries at a 
character location in the input text, more than one 
dictionary suffix link may need to be followed. The 
working of Aho-Corasick can be explained as follows. 
 
1. The data pattern to be analyzed is built as a dictionary, 
2. The pattern to be find is given as input, 
3. The node built based on suffix matching, 
4. The input for next string is taken from previous node. 
 
Hence, all the pattern is matched at same time. The 
critical part of code to train the filter is given as, 
architecture behave of aho_Corasick is 
 
type state_node is; 
(state_0,state_1,state_2,state_3,state_4,state_5,state_6,
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Figure 4. Output waveform of CAM. 

 
 
 

 
 
Figure 5. Output waveform of SRAM. 



3350          Afr. J. Biotechnol. 
 
 
 

 
 
Figure 6. Output waveform of Aho-Corasick. 

 
 
 

 
 
Figure 7. Flow of Aho-Corasick string 
matching. 
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Figure 8. Performance summary of filters. 

 
 
 
state_7,state_8,state_9); signal g:state_node; begin; 
process(clk,g,a); begin; if rising_edge(clk) then; case g is; 
when state_0 =>; match_vector<="00"; pattern<='0'; if 
a(1)='h' then; g<=state_1; elsif a(1)='t' then; g<=state_3; 
else; --  g<=state_0; end if; The VHDL simulation of the 
filter yields the below waveform (Figure 7). 
 
 
Conclusion 
 
The filter used not only reduces the execution 
performance time but it stands out most in saving the 
memory. The flip flops and the latches used are triggered 
efficiently using perfect clocks. The total I/O ports used 
for this process are very less. The time of CPU 
processing is reduced very much and thus it enhances 
the output processing capability. The below table shows 
the requirements of optimized filters. The optimized 
algorithms are implemented in reconfigurable FPGA 
platform. The FPGA platform is in Altium Nanoboard 
3000- Xilinx Spartan. The above proposed algorithms are 
analyzed to be efficient from their performance. When it 
is implemented in a reconfigurable platform it will work in 
more optimized way that produces accurate outputs. The 
Nano Board 3000 is a programmable design environment 
so it will be efficient for analysis.  
 
 
Conflict of Interests 
 
The author(s) have not declared any conflict of 
interests. 
 
 
 
 

REFERENCES 
 
Arun M, Krishnan A (2011). Functional Verification of Signature 

Detection Architectures for High Speed Network Applications. 
International Journal of Automation and Computing, Springer 
9(4):395-402. 

Arun M, Krishnan A (2011). Low Power Bloom Filter Architectures Using 
Multi Stage Lookup Techniques. Aust.  J.  Elect.  Electronics 
Engineering, 8(3):1-10. 

Castelo AT, Martins W, Gao GR (2002). Troll-Tandem Repeat 
Occurrence Locator. Bioinformatics. 18(4): 634-636.  

Jung HJ, Baker ZK, Prasanna VK (2006). Performance of FPGA 
Implementation of Bit-split Architecture for Intrusion Detection 
Systems. 

Komodia (2012). Aho-Corasick source code. Available:    
http://www.komodia.com/aho-corasick 

Surendar A, Arun M, Periasamy PS (2013). Hardware Based Algorithms 
for Bioinformatics Applications - A Survey. Int. J.  Appl. Eng. Res.  
(6):745-754. 

Surendar A, Arun M, Bagavathi C (2013). Evolution of Reconfigurable 
Based Algorithms for Bioinformatics Applications: An Investigation. 
Int. J. Life Sci. Bt & Pharm. Res. 2(4):17-27. Symposium on 
Biocomputing. 7: 271-282. 

Yoshiki Y, Tsutomu M (2002). High Speed Homology Search with 
FPGAs. Pacific  

 
 



V
D
A
IS
C
A
h

 
 
 
 
 

Fu
 

G

 
 
INT
 
Pea
tem
199
lakh
gen
sub
Geo
Orie
 

*C
 
Au
Int
 
Ab

Vol. 13(33), pp
DOI: 10.5897/A
Article Numbe
SSN 1684-5315
Copyright © 20
Author(s) retain
http://www.ac

ull Length 

Geneti
pyrif

Division of F

Twenty fou
degree of p
parameters
considerab
the above t
potential ch
TSS/acidity
diameter, w
traits positi
fruit length
principal co
the total va
TB-1, THP-1
 
Key words:

TRODUCTION

ar is the th
mperate regio
99) in world. I
h ha and p
nus Pyrus, w
bfamily Pom
ographically, 
ental groups

Corresponding a

uthor(s) agree t
ternational Lice

bbreviations: 

. 3352-3359, 13
AJB2013.13530
r: FEB0DFF466

5  
014 
n the copyrigh
cademicjourn

Research

c varia
folia): A

M. K

Fruits and Ho

ur (24) ‘Kash
polymorphis
s. Eleven (11
le phenotyp

traits. The cl
haracteristics
y and yield 
weight) and t
ively related

h, fruit diame
omponents e
ariation. A la
1, TBP-1 and

  Genetic var

N 

ird most imp
n after grape
n India, it is g
roductivity 8
with commo

moideae, an
pears are d

s. Occidenta

author. E-mail:

that this article
ense 

PCA, Principal

3 August, 2014
0 
16  

ht of this article
als.org/AJB 

h Paper 

ability 
A loca

Hima
K. Verma*, S

orticultural Tec

Rece

hmiri Nakh’ p
m, detect sim
) variables w
ic diversity a
uster analys
s. The first g

related cha
tree characte
 to tree heig
eter and aci
expressed 33
rge proporti

d TB-2 were f

riability, genot

portant fruit 
s and apples

grown in an a
.82 t/ha (FA
n name pe
d the fam

divided in to 
al pears fou

 mahenicar10@

 remain perma

l component an

4  

e 

among
al varie
alayan
S. Lal, J. I.

chnology, Ind

eived 3 Decembe

pear (Pyrus 
milarities am
were scored
among ‘Kash
sis classified
group was fo
aracteristics
eristics attrib
ght, tree spre
idity, howev
3.58% of the
on of variab
found unique

types, cluster

crop grown 
s (Oliveira et a
rea of about 0

AO, 2012). T
ar, belongs 

mily Rosacea
Occidental a
nd in Europ

@gamil.com. T

anently open ac

nalysis; TSS, to

g ‘Kas
ety gro
n regio

 
 Mir, H. A. 

 
dian Agricultur

 
er, 2013; Accept

 
pyrifolia) ge

mong import
and subject

hmiri Nakh’ p
d the genotyp
ound superio
s and secon
butes. Princi
ead (N-S), tr

ver negativel
total variatio

bility observe
e for tree, fru

r analysis, prin

in 
al., 
0.4 

The 
to 

ae. 
and 
pe, 

north
Afgha
from 
in Tia
Japan
Ussu
Xinjia
pear. 

Tel: +91-11-258

ccess under the

otal soluble sol

Africa

hmiri N
own in 
n of In
Bhat and 

ral Research 

ted 20 June, 201

enotypes we
tant tree, pom
ted to multiv
pear genoty
pes into two
or in terms of
nd group in
ipal compon
ree spread (E
ly related to
on and seco
ed in genoty
uit and yield 

ncipal compo

ern Africa, 
anistan; the m
Pyrus comm
an-Shan and
n and furthe
rian pear, Ch

ang pear (Py
 Chinese sa

843214.  

e terms of the 

lids; PC, princi

n Journal

Nakh’ 
North-

ndia 
M. A. Shei

Institute, New

4 

ere studied t
mological, fr
variate analy
pes and diff

o major group
f fruits total 
n fruits mo

nent analysis
E-W), yield p

o TSS and T
ond PC2 acc
ypes ‘TB-3, C
attributing tr

onent analysis

Asia Minor, 
majority of cu

munis. The Or
d Hindu-Kus
er divided i
hinese white 
yrus sinkiang
ndpears are 

Creative Comm

pal component

l of Biotec

pear (P
- West

kh 

w Delhi-1100

to assess th
ruit quality a
ysis. Results
fered signific
ps according
soluble solid

orphological 
s (PCA) reve
per tree, frui
TSS/acidity. 
ounted for 2

CHB-4, TBP-3
raits during 

s (PCA). 

Iran, centr
ultivars origin
riental pears 
h Mountains
nto five gro
pear, Chines

gensis Yu) a
botanically P

mons Attributio

ts. 

chnology 

Pyrus 
ern 

12, India. 

e overall 
and yield 
s show a 
cantly for 
g to their 
ds (TSS), 

(length, 
aled that 
t weight, 
The first 

23.76% of 
3, THP-7, 
PCA. 

al Asia, and
ated primarily
grown mainly
 eastward to

oups, that is
se sand pear
and Japanese
Pyrus pyrifolia

on License 4.0 

 

d 
y 
y 
o 
s, 
r, 
e 
a 



 
 
 
 
and native to China, Japan and Korea. Himalayan region 
in Asia is known for its biological richness and has always 
been a botanist’s paradise. Several native species that 
are commonly grown wild arePyrus pashia Buch. & Ham. 
ex. D. Don (Himalayan Pear, Indian wild pear, Mehal, 
Mole, Kainath, Soh jhur Shegal, Chhota kainth, wild 
pear), P. serotina Rehd., Pyrus kumaonii (Decne.) Stapf., 
Pyrus verruculosa (Indian pear), Pyrus griffithi Decne., 
Pyrus jacquemontiana Decne., Pyrus khasiana Decne., 
Pyrus polycarpa Hook. F., and P. pyrifolia (Burm. F.) 
Nakai var. culta (Makino) Nakai. In India, pear cultivars 
commercially grown belong to both P. pyrifolia and P. 
communis group. Cultivated occidental pears introduced 
in the 19th century from Europe and America, where as 
oriental pears (Chinese sand pears) came from Eastern 
Asian countries. The ‘Chinese Sand Pears’ were widely 
grown in North Western Himalayan region including 
Jammu and Kashmir, Himachal Pradesh and 
Uttarakhand. The maximum area under cultivation of 
‘Chinese Sand Pear’ is existed in Kashmir valley. 
Therefore, it is locally known as ‘Kashmiri Nakh”. It is also 
believed that the ‘Kashmiri Nakh’ is one of the naturalized 
indigenous cultivar grown since ancient time in India.  

Genetic diversity is the key component of any 
agricultural production system. It plays vital roles for 
efficient selection of parents for plant improvement in 
which genetically diverse parents are likely to contribute 
desirable segregants and or to produce high heterotic 
crosses. Parents identification based on divergence are 
more promising for any breeding program (Arunachalam, 
1981). Grouping or classification of genotypes based on 
suitable scale is quite imperative to understand the 
usable variability existing among them. 

The value of genetic diversity, in its various forms has 
been extensively discussed (Smale, 2006; Rausser and 
Small, 2011). Moreover, plant breeders require genetic 
variation (genotypes) for crop/plant improvement. 
Morphological characters and isozyme analysis have 
been the two major tools used to assess the genetic 
variation in Pyrus spp. However, isozyme markers and 
morphological characters are still limited in number 
(Karimi et al., 2008; Yamamoto et al., 2004). These traits 
are in common use for elucidation of wide genetic 
diversity in different field and horticultural crops (Blazek, 
2007). Although, newly developed molecular markers are 
valuable techniques in gene based diversity studies, 
however the procedures used for molecular analysis 
have disadvantage of high cost (Ahmad et al., 2004; 
Bouhadida et al., 2005). The North Western region of 
Himalayas possesses a high level of heterozygosity 
created through natural and artificial reproductions 
(Srivastava et al., 2012). The potential of genetic 
variability is vast and need to be explored for genetic 
enhancement of pear genotypes in North West 
Himalayan region to meet the demand for more food and 
to find particular characters such as variability in fruit 
traits  especially  in  size  and  shape (round,  oblong  and  
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pyriform) and colour of fruits. In contrast, morphological 
traits could feasibly be used for parental selection and 
along with molecular techniques are of highly appreciated 
procedures for description and germplasm classification 
of plants. Statistical method such as: principal component 
analysis and cluster analysis have been employed as 
powerful options for plant cultivar and accession 
screenings. Morphological criteria have been widely used 
as important markers in plant breeding programs 
(Kaufmane et al., 2002; Ogasanovic et al., 2007; Karimi 
et al., 2008). Keeping in view these facts, the present 
studies were carried out to investigate the extent of 
genetic diversity in germplasm based on pomological, 
yield and quality traits using multivariate analysis.   
 
 
MATERIALS AND METHODS 
 
This study was conducted during year 2006 to 2009 on 24 diverse 
genotypes of ‘Kashmiri Nakh’ pear collected from different sites of 
Kashmir valley, India (Table 1). The primary selection criterion was 
based on fruit yield and quality attributes. Individual genotypes were 
marked in the field. The data were recorded at the time of fruit 
maturity during summer (August to September) seasons of each 
year, that is, 2006 to 2009 and data pooled for analysis. Tree height 
was measured by pole method, and tree spread in N-S and E-W 
have been recorded by measuring tape. Morphological features and 
physico-chemical parameters of the fruits were recorded in the 
laboratory. Twenty fruits from each genotype were randomly 
chosen and measured. The data were collected on fruit length 
(mm), fruit weight (g), fruit diameter (mm),  pulp (%) , TSS (o Brix), 
acidity (%), ascorbic acid (mg/100 g) and  fruit yield (kg/plant). 
Weight was measured by Sartorius balance of accuracy of 0.001 g. 
The length and diameter of the fruit was measured with a digital 
vernier caliper. The measurement of fruit length was made on the 
polar axis, that is, between the apex and the end of stem. The 
maximum width of the fruit, as measured in the direction 
perpendicular to the polar axis, is defined as the diameter. Total 
soluble solids (T.S.S), titrable acidity, and sugars were determined 
by method given in AOAC (1994). The experiment was conducted 
under randomized block design replicated three times and pooled 
data of two years were analyzed as per the method suggested by 
Gomez and Gomez (1984).   

To explore the diversity and relationship among 24 genotypes, 
their vital morphological characteristics were studied by the 
multivariate factor analysis. The determination of the states of the 
morphological and chemical characters was carried out on samples 
collected. To find out significance level, analysis of variance 
(ANOVA) performed using PROC GLM, clustering of genotypes into 
similarity groups was performed using the method tree procedure 
PROC CLUSTER based on average distance. In order to identify 
the patterns of morphological variation and contribution of traits, 
principal component analysis (PCA) was conducted as PROC 
PRINCOP in the SAS 9.3 software (SAS Institute, 2012, Cary, NC). 
 
 
RESULTS AND DISCUSSION 
 
Analysis of variance showed significant differences 
among the genotypes for all the characters studied and 
extent of variability is given in Table 2. The tree height 
was ranged from 3.15 to 14.15 m and maximum recorded 
in ‘CHB-4’ followed by ‘TBP-3’ and minimum in ‘TB-3’ m.
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Table 1. List of genotypes used in studied. 
 

S/N Genotype S/N Genotype 

1 THP-1 13 TBP-3 
2 THP-2 14 CB-1 
3 THP-3 15 CB-2 
4 THP-4 16 CB-3 
5 THP-5 17 CHB-4 
6 THP-6 18 CB-5 
7 THP-7 19 CB-6 
8 TB-1 20 CB-7 
9 TB-2 21 CB-8 

10 TB-3 22 CHB-1 
11 TBP-1 23 CHB-2 
12 TBP-2 24 CHB-3 

 
 
 
Table 2. Tree fruit and yield characteristic of ‘Kashmiri Nakh’ pear genotypes grown commercially in North West Himalayan region of India. 
 

Genotype 

Tree 

height 

(m) 

Tree 

spread 

(m) N-S 

Tree 

spread 

(m) E-W 

Fruit 

weight 

(g) 

Fruit 

length 

(mm) 

Fruit 

Diameter 

(mm) 

TSS 

(°Brix) 

TSS/Acidity 

ratio (%) 

Acidity 

(%) 

Vit-C 

(mg/100 
gm pulp) 

Yield/tree 

(kg) 

THP-1 10.25 12.25 10.25 115.07 61.65 58.84 13.1 52.40 0.25 4.94 250 

THP-2 9.45 10.25 8.45 128.58 65.39 60.66 13.2 37.71 0.35 2.86 210 

THP-3 10.45 10.56 9.58 124.41 60.76 58.43 12.9 67.89 0.19 2.34 510 

THP-4 8.78 9.45 8.45 128.61 61.90 61.9 13.3 110.83 0.12 1.17 600 

THP-5 3.45 2.45 3.45 119.91 60.23 60.77 15.7 65.41 0.24 2.21 240 

THP-6 4.45 4.46 5.12 105.92 58.65 58.31 16.5 91.66 0.18 3.25 280 

THP-7 3.58 4.58 5.45 137.18 66.44 62.71 16.5 68.75 0.24 1.95 215 

TB-1 6.25 7.16 6.89 122.37 62.11 61.79 15.9 66.25 0.24 2.73 315 

TB-2 11.15 10.13 9.45 93.95 54.96 57.45 15.7 82.63 0.19 1.69 800 

TB-3 3.15 3.09 4.56 58.82 46.17 51.56 16.5 71.73 0.23 2.73 245 

TBP-1 11.45 11.07 10.58 114.35 58.37 60.17 17.8 136.92 0.13 2.73 1600 

TBP-2 12.25 14.45 11.25 116.80 59.41 59.71 13.8 125.45 0.11 2.34 815 

TBP-3 13.55 15.56 14.20 96.01 56.28 57.65 13.4 33.50 0.4 2.34 1614 

CB-1 8.45 6.78 7.14 115.03 65.32 52.13 14.4 120.00 0.12 2.73 250 

CB-2 10.15 7.89 8.10 126.26 58.13 42.14 17.2 95.55 0.18 2.99 230 

CB-3 6.45 8.46 7.45 125.13 52.14 58.21 16.3 95.88 0.17 2.34 280 

CB-4 9.45 10.25 9.45 111.10 60.34 52.42 13.4 78.82 0.17 1.69 514 

CB-5 6.47 11.45 10.45 119.50 62.12 60.31 14.6 63.47 0.23 1.69 612 

CB-6 4.48 4.45 5.46 96.34 62.31 55.24 15.6 141.81 0.11 3.25 210 

CB-7 11.13 10.25 10.25 98.42 42.35 48.34 17.4 145.00 0.12 3.12 330 

CB-8 7.45 6.58 7.45 112.31 48.14 47.21 16.3 135.83 0.12 2.73 220 

CHB-1 8.75 8.45 8.46 119.12 52.13 55.14 14.2 88.75 0.16 2.08 190 

CHB-2 9.12 8.46 8.41 96.52 58.14 52.33 15.2 89.41 0.17 2.73 230 

CHB-3 14.15 12.25 12.25 116.21 60.24 58.34 14.3 110.00 0.13 2.47 280 

CD at 5% 3.13 3.16 2.87 15.74 4.23 2.89 1.23 30.65 0.09 1.16 60.76 

 
 
 

The tree spread measured as North-South and East-
West extension. The North-South spread ranged from 
2.45 to 15.56 m and maximum in genotype ‘TBP-3’ 
followed by ‘TBP-2’ and minimum in ‘THP-5’; whereas, 
East-West tree spared ranged from 3.45 to 14.20 m and 
maximum in genotype ‘TBP-3’ followed by ‘CHB-3’ and 

minimum in ‘THP-5’. The findings were in agreement with 
(Prakash 2000; Singh et al., 2001).  

The maximum fruit weight was recorded in ‘THP-7’  
(137.18 g) followed by ‘THP-4’ (128.61 g) and minimum 
in ‘TB-3’ (58.82 g); wherein, fruit length was ranged 
between 42.35 to 66.44 and maximum measured in
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Table 3. Descriptive statistics for eleven tree, fruit quality, and yield traits of 24 ‘Kashmiri Nakh’ pear genotypes. 
 

Variable Range Mean Std. Dev CV Skewness Kurtosis Bimodality 

Tree height (m) 3.15-14.15 8.51 3.17 37.25 -0.19 -0.80 0.39 
Tree spread (m) N-S 2.45-15.56 8.78 3.40 38.72 -0.09 -0.39 0.33 
Tree spread (m) E-W 3.45-14.20 8.44 2.55 30.21 0.06 0.02 0.29 
Fruit weight (g) 58.82-137.18 112.41 16.38 14.57 -1.55 3.80 0.47 
Fruit length (mm) 42.35-66.44 58.07 6.08 10.47 -1.12 0.93 0.51 
Fruit Diameter (mm) 42.14-62.71 56.32 5.23 9.29 -1.14 0.91 0.53 
TSS 12.9-17.80 15.13 1.51 9.98 0.05 -1.28 0.47 
TSS/acidity ratio (%) 33.5-145 90.65 32.12 35.43 0.14 -0.81 0.39 
Acidity (%) 0.11-0.40 0.19 0.07 36.84 1.33 1.96 0.51 
Vit-C (mg/100 gm) 1.17-4.94 2.55 0.74 29.02 1.17 4.00 0.32 
Yield/tree (kg) 190-1614 460.00 398.93 86.72 2.20 4.44 0.74 

 
 
 
genotype ‘THP-7’ followed by ‘THP-2’ and lowest in ‘CB-
7’. Fruit diameter also varied considerably from 42.14 to 
62.71 and maximum in genotype ‘THP-7’ followed by ‘TB-
1’ and least in ‘CB-2’. The total soluble solids (TSS) 
ranged from 12.90 to 17.80 °Brix and maximum TSS 
expressed by genotype ‘THB-1’ followed by ‘CB-7’, ‘CB-2’ 
least in ‘THP-3’. However, fruit acidity was varied from 
0.11 to 0.40% and maximum found in ‘TBP-3’ followed by 
‘THP-2’ and least in ‘TBP-2’. The sugar acid ratio ranged 
from 33.50 to 145 and maximum in ‘CB-7’ and lowest in 
‘TBP-3’. Ascorbic acid varied between 1.17 to 4.94 
mg/100 g of pulp and highest was recorded in ‘THP-1’ 
followed by ‘THP-6’ and ‘CB-6’ and lowest in ‘THP-4’. 
These results are in agreement with the values reported 
by (Nergiz and Yildiz, 1997; Robertson et al., 1992) in 
European plum and (Prakash 2000; Singh et al., 2001) in 
pear genotypes. 

Yield is the economic potential of plants considered 
most important while making selection and further 
improvement. A wide range of variability noticed among 
the twenty three genotypes which range from (190 to 
1614 kg/tree). The most productive selections ‘TBP-3’ 
yielded 1614 kg/tree followed by ‘TBP-1’ (1600 kg/tree)’ 
and ‘TB-2 (800 kg/tree)’. Low yielding genotype ‘CHB-1’ 
produces only 190 kg/plant. Previous studies on pear 
also reported a high variability among pear cultivars for 
above, these parameters and findings are in conformity 
with (Mann and Singh, 1985; Prakash, 2000; Singh et al., 
2001).  

Data on extent of diversity for eleven pomological, 
chemical and yield variables are presented in Table 3. 
The variability of each trait was expressed by standard 
deviation and the coefficients of variation. Studied 
genotypes showed highest coefficient of variation for fruit 
yield (86.72) followed by tree spread N-S (38.72), tree 
height (37.25), acidity (36.84), tree spread E-W (30.21) 
and lowest in fruit diameter (9.29). Maximum standard 
deviation was recorded in fruit yield (398.93) followed by 
TSS/Acidity (32.12), fruit weight (16.38); however, lowest 
in acidity (0.07). These results are in line with the findings 

of Brown and Walker (1990) and Chen et al. (2007) who 
reported genotypic variations for fruit quality in apricots 
and pear cultivars, respectively. Skewness describes the 
symmetrical distribution pattern with respect to its 
dispersion from the mean. The  positive skewness was 
recorded for the traits like tree spread (m) E-W, TSS, 
TSS/acidity, acidity, vitamin C and fruit yield per plant and 
negative skewness in traits like tree height , tree spread, 
tree spread (m) N-S, fruit weight, fruit length and fruit 
diameter. Kurtosis tells the weight of the tails of a 
distribution. In the present set of data it was recorded that 
platykurtic distribution pattern for the traits like tree 
spread, tree height, TSS, TSS/acidity, however lepto-
kurtic distribution for the traits like tree spread, fruit 
weight, fruit length, fruit diameter, acidity, vitamin C and 
yield per plant. Bimodality of genetic admixture values 
provides evidence of strong isolation between two 
morphological and genetic clusters, supporting the 
existence of a sympatric genotypes pair within the gene 
pool. It clearly showed that these genotypes existed in 
the same geographic area and thus regularly encounters 
one another. An initially interbreeding population that 
splits into two or more distinct species sharing a common 
range exemplifies sympatric speciation. Such speciation 
may be a product of reproductive isolation which prevents 
hybrid offspring from being viable or able to reproduce, 
thereby reducing gene flow that results in genetic 
divergence. 

From the above result, it can be concluded that all the 
24 pear genotypes are having wide variability for studied 
traits. Genetic variability in ‘Kashmiri Nakh’ is probably 
due to heterogeneity, diversity in environments and 
hybrid progeny (Katayama and Uematsu, 2006). The 
obtained evidences as a result of the present study 
indicated prospects of some accessions to exploit for 
commercialization and use in breeding programmes for 
improvement of existing and evolution of new cultivars. 
The dendrogram generated from the average linkage 
cluster analysis based on average distance, classified 24 
genotypes in to two major groups at 2.23 NRMS distance
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Table 4. Principal component analysis of the “Kashmiri Nakh’ pear  genotypes showing the eigen vectors, eigen values and percentage total variance accounted for by the eleven  
principal component axes. 
 

Parameter 
Eigen vector 

PRIN1 PRIN2 PRIN3 PRIN4 PRIN5 PRIN6 PRIN7 PRIN8 PRIN9 PRIN10 PRIN11 

Tree height (m) 0.406022 0.326143 0.050758 0.181451 -0.033762 0.104402 0.068807 0.347342 0.742690 -0.008537 0.064772 
Tree spread (m) N-S 0.479381 0.200321 0.010391 0.095263 0.006716 0.029149 -0.169550 0.049329 -0.446632 -0.055181 0.697339 
Tree spread (m) E-W 0.457938 0.267753 -0.019804 0.060031 -0.006041 0.072890 -0.073575 0.198018 -0.415908 0.113716 -0.691896 
Yield/tree (kg) 0.336776 0.165463 -0.080281 -0.507138 0.410679 -0.042198 0.325698 -0.511623 0.107660 -0.209418 -0.042997 
Fruit weight (g) 0.130493 -0.259580 0.528155 0.203767 0.092763 0.643076 -0.197203 -0.352975 0.059309 -0.039011 -0.066699 
Fruit length (mm) 0.158184 -0.421594 0.331439 0.180502 0.230292 -0.167720 0.672541 0.310847 -0.144694 0.046448 0.040098 
Fruit Diameter (mm) 0.201869 -0.387988 0.175355 -0.284337 0.362074 -0.379036 -0.590803 0.218787 0.143896 0.054954 -0.041343 
TSS °B -0.341807 0.205363 -0.045366 -0.278608 0.503672 0.490445 0.004516 0.491999 -0.116154 -0.076557 0.075206 
TSS/Acidity ratio (%) -0.188391 0.435174 0.435338 -0.010566 0.175608 -0.199654 0.017933 -0.163422 -0.003026 0.694358 0.075036 
Acidity (%) 0.197839 -0.348471 -0.538057 -0.052657 0.057030 0.302102 0.058178 -0.049448 0.072748 0.659314 0.082543 
Eigen value 3.694005 2.613585 1.569189 1.136287 0.76194 0.575275 0.357612 0.138637 0.08329 0.05411 0.016071 
Difference 1.08042 1.044396 0.432902 0.374347 0.186665 0.217663 0.218975 0.055348 0.029179 0.038039  
Proportion 0.3358 0.2376 0.1427 0.1033 0.0693 0.0523 0.0325 0.0126 0.0076 0.0049 0.0015 
Cumulative 0.3358 0.5734 0.7161 0.8194 0.8886 0.9409 0.9734 0.986 0.9936 0.9985 1 

 
 
 
into two sub-sub clusters. The first sub-sub cluster 
includes only single genotypes TB-3 which is 
characterized by  lowest tree height, tree spread, 
fruit weight, fruit length but high in TSS, vitamin C 
and yield per plant whereas  second sub-sub 
cluster consists 10 genotypes (THP-1, THP-5, 
THP-2, THP-7, CB-1, CB-2, CHB-2, CB-6, CB-8, 
CHB-1) which were characterized by moderate to 
high in tree height, tree spread, fruit weight, 
length, diameter, TSS, TSS/acidity, vitamin C and 
low to moderate in fruit yield per plant.  

The dissimilarity level in terms of genetic 
distance ranged from (0.0.33 to 2.236) based on 
NRMS (Figure 1) indicating a high degree of 
dissimilarity between genotypes and high genetic 
distance between genotypes and if chosen for 
hybridization program, may give high heterotic F1s 
and broad spectrum of variability in segregating 
generations (Mratinić et al., 2007). This grouping 

pattern of genotypes based on pomological and 
yield attributes confirmed the results obtained by 
cluster analysis and that the crosses involving 
parents belonging to the maximum divergent clus-
ters were expected to manifest maximum hetero-
sis and also wide variability in genetic architect-
ture. The results of present study are thus useful 
as it gives information about the groups where 
certain traits are more important allowing breeder 
to conduct specific breeding programme.  

Principal components (PC) analysis is a way of 
identifying patterns in data, which expresses data 
in such a way as to highlight their similarities and 
differences (Milosevic and Milosevic, 2010). 
Therefore, PC was carried out to determine the 
characters more strongly contributed to the prin-
cipal components. Principal components analysis 
reduced the original 11 characters in experiment 
to 4 principal components. The first four principal 

components with Eigen values >1 explained 
81.94% of variation among 24 accessions (Table 
4). Other PCs had Eigen values <1 and have not 
been interpreted. 

The first PC, which is the most important 
component, explained 33.58% of the total 
variation and was positively related to tree height, 
tree spread (N-S), tree spread (E-W), yield per 
tree, fruit weight, fruit length, fruit diameter and 
acidity however PC1 negatively related to TSS 
and TSS/acidity. The PC2 accounted of 23.76% of 
the total variation and the characters with the 
greatest weight on this component was TSS. The 
PC3 accounted for 14.27% and highest positively 
related to TSS/acidity. However, PC4 is account-
ted for only 10.33%. This situation confirms the 
suitability of using morphology as a basis for 
selecting parental sources; nevertheless, studies 
through several years must be conducted
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variety with high yield and fruit quality. 
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Endophytic microorganisms are able to promote plant growth through various mechanisms, such as 
production of plant hormones and antimicrobial substances, as well as to provide the soil with 
nutrients, for instance, inorganic phosphate. This study aimed to evaluate the potential of endophytic 
bacteria isolated from cashew leaves to produce substances involved in the promotion of plant growth, 
such as indole-3-acetic acid, the phosphate solubilization capacity, and the antimicrobial activity. For 
this, 31 isolate samples were used, out of which 17 (54.8%) produce indole-3-acetic acid in 
concentrations ranging from 11.79 to 145.85 µg.mL-1. In turn, four (12.9%) were able to solubilize 
phosphate and the solubilization halos range from 5 to 19 mm. Soluble phosphorus concentrations 
range from 62.5 to 1,605.2 mg.L-1. It was observed that Fusarium oxysporum and Colletotrichum sp. 
were inhibited by 70 and 40% of the strains, respectively. It was found out that five bacteria (25%) were 
Gram-positive, predominantly the species Staphylococcus saprophyticus (100%), while 15 bacteria 
(75%) were Gram-negative. Out of these, 4 (26.6%) and 3 (20%) belong to the species Escherichia coli 
and Shigella flexneri, respectively. Studying the endophytic population is something important due its 
biotechnological applications, because it has a great potential for promoting plant growth. 
 
Key words: Anacardium occidentale, auxin, endophytic microorganisms, secondary metabolites, phosphate 
solubilization.  

 
 
INTRODUCTION 
 
In recent decades, the search for new compounds with applications to health and agriculture has increased and  
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in this context, endophytic microorganisms have shown a 
great potential, since they represent an important genetic 
diversity source and bioactive compounds (Zhao et al., 
2010; Joseph and Priya, 2011). 

Endophytes microorganisms spend at least one period 
of their life cycle beneficially associated to plants’ tissues 
and/or organs, such as roots, branches, and leaves, and 
they can be isolated after disinfecting the surface of these 
plants. Bacteria and fungi, which are commonly found as 
endophytes, do not cause harm to their hosts; instead, 
they play important roles with regard to the plant’s health 
(Azevedo et al., 2000; Azevedo et al., 2006; Nair and 
Padmavathy, 2014). 

During a long co-evolution period, a friendly relation-
ship was formed between endophytes and the host plant. 
Some endophytes can produce the same or similar 
bioactive compounds from the host plant, presenting a 
mutualistic association, as they receive nutrients, 
protection by the plant, and other benefits, such as 
pathogenic microorganism control, insect control, and 
protection against herbivores (Zhao et al., 2011). 

These microorganisms facilitate the plant’s growth and 
development through two mechanisms:  Direct: when it 
involves in the supply of compounds which are 
synthesized and make easier the absorption of nutrients 
from the environment; and Indirect: when the micro-
organism reduces or prevents the harmful effects of 
pathogens by producing inhibitory substances or 
increasing the host’s natural resistance.  
The direct mechanisms are nitrogen fixation (N2), 
phosphate solubilization, insoluble iron chelation through 
the production of siderophores and phytohormones, such 
as auxins, cytokinins, and gibberellins (Oliveira et al., 
2003; Tsavkelova et al., 2007; Jha et al., 2012). 

Auxins are hormones produced by endophytes which 
regulate plant growth and act on the cell division, 
elongation, and differentiation (Shokri and Emtiazi, 2010). 
However, the interaction of bacteria with the host plant for 
promoting growth depends on the concentration of 
hormones available to the plant cells (Oliveira et al., 
2003).  

Indole-3-acetic acid (IAA) is the most important auxin 
for the growth of roots and stems by stretching the cells 
(Tsavkelova et al., 2007). This hormone is usually 
produced by several bacteria genera which promote plant 
growth, such as Actinomyces, Agrobacterium, 
Arthrobacter, Azospirillum, Azotobacter, Bacillus, 
Burkholderia, Caulobacter, Chromobacterium, 
Enterobacter, Gluconacetobacter, Klebsiella, 
Methylobacterium, Pantoea, Pseudomonas, Rhizobium, 
Salmonella, Sthaphylococcus and among others (Hayat 
et al., 2010; Bhattacharyya et al., 2012; Oliveira et al., 
2013; Zheng et al., 2013; Rangjaroen et al., 2014). 

Another important function of endophytic bacteria is 
related to the phosphorus cycle, being responsible for the 
hydrolysis of phosphorus to its soluble form. These 
microorganisms  use   different  mechanisms   to  convert  
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forms insoluble in soluble phosphate through the activity 
of enzymes such as phosphatases or phosphohydrolases 
with processes of acidification, chelation, exchange 
reactions, but usually, the main mechanism of solu-
bilization is the release of metabolites such as organic 
acids (Hameeda et al., 2008; Young et al., 2013). 
The ability of endophytic bacteria with regard to the 
solubilization of inorganic phosphate raised interest in 
agricultural practices and because of this, the endophytic 
microorganisms have been studied. They play an 
important role in the conversion of phosphorus to soluble 
phosphate.  

Studying the endophytic population is important not 
only for acquiring knowledge on its ecological role, but 
also with regards to its biotechnological applications to 
the production of bioactive substances which can be 
used in the field in order to increase the agricultural 
production. This study aimed to evaluate endophytic 
bacteria producing indole acetic acid and solubilized 
phosphorus as well as identify them by biochemical 
characteristics. 
 
 
MATERIALS AND METHODS 
 
Microorganisms 
 
We used 31 endophytic bacteria from cashew leaves (Anacardium 
occidentale L.) that belonged to the Microorganism Collection - 
UFPEDA, Brazil. The strains were inoculated in BHI broth (Dadook 
et al., 2013) for reactivation and incubated for 24 h/30°C. 
Afterwards, the biochemical characteristics were analyzed as 
described above. 
 
 
Classical taxonomy (phenotypic features and microscopic 
analysis) 
 
Bacteria were cultivated on Agar Nutrient (Verma et al., 2001) and 
after 24 h, Gram staining and biochemical tests were performed 
using the systems Bactray I and II (Gram-negative negative 
oxidase) and III (Gram-negative positive oxidase), in accordance 
with the manufacturer’s instructions (LaborClin). Gram positive 
bacteria were identified by specific 
 tests including catalase test, DNase agar, mannitol salt agar and 
sensitivity to novobiocin according to Winn et al. (2006). 
 
 
Production of indole-3-acetic acid 
 
The production of IAA was analyzed according to the method 
developed by Sarwar and Kremer (1995); inoculating 31 endophytic 
bacteria padronized 1.0 ×108 UFC/ml (λ=625nm) in tubes with 10% 
TSA (Kuklinsky-Sobral et al., 2004) supplemented with 5 mmol.L-1 
of L-tryptophan and cultivated for 24h/30°C in the dark under a 110 
× g shake. After growth, the samples were centrifuged at 8 000 × g 
for 15 min and to the supernatant, the reagent Salkowski (0.5 mol.L-

1 FeCl3 + 7.9 mol.L-1 H2SO4) was added in a 1:1 ratio (v/v) and left 
in the dark for 30 min at room temperature. The emergence of pink-
red color indicated the production of auxins. For quantifying IAA, 
spectrophotometer at 530 nm was used. A standard curve was 
obtained with commercial IAA solutions (Vetec) at different 
concentrations. Tests were performed in triplicate and Pantoea 
agglomerans  UFPEDA 774  was used as  the  positive  control and
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Table 1. Concentration of indole-3-acetic acid produced by endophytic bacteria of cashew leaves. 
 

Bacterial strain Concentration of IAA (µg.mL-1) Bacterial Strain Concentration of IAA (µg.mL-1) 

Pantoea agglomerans 76.31 ± 4.15 BC-26 37.29 ± 9.00 
BC-1 23.12 ± 3.24 BC-46 132.79 ± 3.53 
BC-2 36.95 ± 4.64 BC-47 131.73 ± 17.58 
BC-8 144.43 ± 0.50 BC-48 130.7 ± 6.49 
BC-9 38.81 ± 0.23 BC-49 106.63 ± 0.22 
BC-10 145.85 ± 0.44 BC-51 11.79 ± 2.81 
BC-21 135.29 ± 0.00 BC-55 108.91 ± 14.67 
BC-22 132.79 ± 3.53 BC-63 104.29 ± 13.17 
BC-24 16.66 ± 4.68 BC-147 62.07 ± 0.31 

 

± Standard deviation. 
 
 
 
the negative control consisted of the same medium supplemented 
with L-tryptophan, with no bacterial growth. 
 
  
Evaluation of inorganic phosphate solubilization 
 
For the semiquantitative assessment of phosphate solubilization, 
the bacteria (1.0 × 108 UFC/ml, λ 625 nm) were inoculated in spots 
on plates containing three different media: ‘National Botanical 
Research Institute's Phosphate Solubilization’ - NBRIP (Kumar et 
al., 2012); the medium according to Verma et al. (2001) and 
Phosphate medium (Kuklinsky-Sobral et al., 2004). After 120 h of 
incubation, clear zones around the colonies were indicative of 
solubilization of inorganic phosphate and the phosphate 
solubilization index (PSI) was calculated according to Sarkar et al. 
(2012). P. agglomerans UFPEDA 774 was used as the positive 
control. 
 
 
Evaluation of phosphate solubilization in liquid medium 
 
Each strain containing 1.0 × 108 UFC/ml (λ 625 nm), were 
inoculated on NBRIP and VERMA medium (previously described), 
according to Kumar et al. (2012) and Verma et al. (2001). After 144 
h, the supernatants were analysed according molybdate-vanadate 
method (Inui-Kishi et al., 2012). Afterwards, the absorbance was 
estimated the absorbance at 420 nm. A standard curve was 
obtained from potassium phosphate solutions (1.0; 2.0; 4.0; 5.0; 
6.0; 8.0; 10.0 mg.L-1) in accordance with the Standard Methods 
(Clesceri et al., 1999). P. agglomerans UFPEDA 774 was used as 
the positive control. 
 
 
Statistical analyses 
 
Each experiment was performed in triplicate and analysis of 
variance was performed (ANOVA) at p ≤ 0.05 and the Tukey test (p 
≤ 0.05) on the program Excel 2010 and Minitab version 15 to 
analyze the results of IAA’s production, semiquantitative and 
quantitative phosphate solubilizing on VERMA and NBRIP media 
by bacteria of Cashew tree was done (Bluman, 2001).  
 
 
 Antimicrobial activity 
 
The solubilizing phosphate and/or producing IAA strains were 
tested against the activity of A. niger UFPEDA 2003, Colletotrichum 
sp. UFPEDA 2561 and F. oxysporum UFPEDA 2456 (1.0 x106 

spores/mL). The fungi were inoculated on potato dextrose agar 
(Ribeiro and Cardoso, 2012) and the antagonistic activity was 
evaluated after seven days at 28°C. 
 
 
RESULTS AND DISCUSSION 
 
Production of IAA and quantitative assessment  
 
Out of the 31 strains tested with regards to the production 
of auxin, 17 (54.83%) showed reddish pink coloration 
after addition of the reagent Salkowski, indicating that 
they produce IAA through tryptophan, with concentrations 
ranging from 11.79 to 145.85 μg.mL-1 (Table 1). 

The plant hormone production is part of the metabolism 
of several microorganisms associated to plants and they 
may be regarded as important agents in the regulation of 
the plant’s growth and development (Oliveira et al., 
2003). The auxin synthesized by bacteria affects the root 
system by increasing the number and size of adventitious 
roots (Gutierrez et al., 2012). One should take into 
account the fact that the IAA effect may vary according to 
their concentrations. Depending on the plant’s variety, 
higher concentrations of IAA can have an inhibiting effect 
on plant growth inducing callus tissues (Ribeiro and 
Cardoso, 2012). 

The colorimetric method for observing the production of 
auxins by microorganisms uses the reagent Salkowski 
and it is based on the oxidation of indole compounds by 
ferric salts (Mayer, 1958). Variation in the concentration 
of auxin produced by the endophytic bacteria may have 
been caused by differences in the behavior of each 
bacterium, and one needs to better understand the IAA 
synthesis at different times of bacterial growth, thus 
determining the time when the maximum synthesis of the 
product took place. 

ANOVA indicated that the averages obtained in relation 
to production of IAA are not statistically equal (p > 0.05). 
Then, the Tukey shows the strain BC-10 has good 
potential to produce this important metabolite for plants 
growth. 
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Table 2. Phosphate solubilization index (PSI) of solubilized phosphorus in plate assay of endophytic bacteria. 
 

Bacterial strain VERMA NBRIP Phosphate medium 

BC-51 - - 2.85 ± 0.51 
BC-52 - - 1.9 ± 0.09 
BC-53 2.21 ± 0.21 2.29 ± 0.66 2.31 ± 0.09 
BC-56 1.54 ± 0.04 1.83 ± 0.14 3.92 ± 0.09 
P. agglomerans 3.02 ± 0.42 2.00 ± 0.00 2.19 ± 0.26 

 

± Standard deviation. 
 
 
 

Table 3. Concentration (mg.L-1) of phosphorus solubilized by endophytic bacteria of cashew 
leaves. 
 

Bacterial strain (media) Concentration of solubilized phosphate (mg.L-1) 

BC-51 (NBRIP) 36.73 ± 1.00 
BC-51 (VERMA) 126.89 ± 21.00 
BC-52 (NBRIP) 113.53 ± 15.99 
BC-52 (VERMA) 400.70 ± 25.05 
BC-53 (NBRIP) 1569.41 ± 11.00 
BC-53 (VERMA) 1349.02 ± 62.31 
BC-56 (NBRIP) 1389.09 ± 62.31 
BC-56 (VERMA) 1395.77 ± 32.17 
Pantoea agglomerans (NBRIP) 1095.25 ± 84.00 
Pantoea agglomerans (VERMA) 808.08 ± 34.28 

 

± Standard deviation. 
 
 
 
Kuklinsky-Sobral et al. (2004) observed that 34% of the 
endophytic bacteria associated to soybean are auxin 
producers, standing out in the production of important 
substances for promoting plant growth. In this study, the 
BC-10 isolate showed auxin production with a 145.85 
μg.mL-1 concentration, higher than the result obtained by 
Kochar et al. (2011) through the P. fluorescens isolate 
(25.82 μg.mL-1) in a culture medium containing the same 
tryptophan concentration (5 mmol.L-1).  

Therefore, the results found in the literature corroborate 
those obtained through the endophytic bacteria of 
cashew leaves analyzed in this study. 
 
 
Phosphate solubilization assessment  
 
The tested bacteria showed low phosphate solubilization, 
only 4 strains (12.9%) were able to solubilize phosphorus 
in the Phosphate medium (BC-52, BC-53, BC-56, and 
BC-51), highlighting the strain BC-51 which also 
produces IAA. Only two out of the four strains were able 
to solubilize phosphate in the VERMA and NBRIP media. 

The PSI was calculated through the ratio between the 
phosphate solubilization halo (mm) and the colony 
diameter (mm), and it was observed that it ranged from 
1.90 to 3.92 in the Phosphate medium and, among the 

four strains, three (BC-51, BC-53, and BC-56) showed a 
phosphate solubilization higher than the positive control, 
P. agglomerans. In the VERMA medium, PSI ranged 
from 1.53 to 2.21 and in NBRIP it ranged from 1.83 to 
2.29 (Table 2).  

After analyses of variance, it was cleared that the 
averages of PSI are not statistically equal (p > 0.05) in 
relation to phosphate solubilization in solid media with 
phosphate insoluble.  

Regarding the phosphate solubilization, according to 
Chagas-Junior et al. (2010), the PSI is measured through 
the ratio solubilization halo (mm)/colony diameter (mm). 
Thus, the solubilization may be classified as low solubility 
(PSI < 2), middle solubilization (2 ≤ PSI < 4), and high 
solubility (PSI > 4). Then, all of the endophytic bacteria of 
cashew tree have low or medium capability to solubilize 
phosphate. 

The phosphorus concentrations solubilized by the 
isolates ranged from 36.73 to 1,569.41 mg.L-1. The 
strains BC-53 and BC-56 solubilized phosphate at a 
higher concentration than the positive control in the 
NBRIP and VERMA media (Table 3). In liquid media, the 
p-value of ANOVA was less than 0.05 showing that there 
was difference between the averages of phosphate 
solubilization in liquid media. The Turkey test indicated 
that  BC-53, BC-56 and the control  P. agglomerans have
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Table 4. Identification of endophytic bacterial strains which produced IAA and solubilized phosphate. 
 

Bacterial strain Species Bacterial strain Species 

BC-1 Staphylococcus saprophyticus BC-47 E. coli 
BC-2 S. saprophyticus BC-48 E. coli 
BC-8 Shigella flexneri BC-49 E. coli 
BC-9 S. flexneri BC-51 Enterobacter cloacae 

BC-10 S. flexneri BC-52 Pseudomonas maltophilia
BC-21 Yersinia psedotuberculosis BC-53 Escherichia fergusonii 
BC-22 Escherichia coli BC-55 Pseudomonas stutzeri 
BC-24 S. saprophyticus BC-56 Enterobacter sakazakii 
BC-26 S. saprophyticus BC-63 S. saprophyticus 
BC-46 Klebsiella sp. BC-147 Hafnia alvei 

 
 
 
the same capability to solubilize phosphate and they had 
higher concentrations of soluble phosphorus than BC-51 
and BC-52. 

The changes observed in the soluble phosphorus 
concentration are due to the features and requirements of 
each bacterial growth, for instance, different nutrient 
compositions in the culture medium influence the 
microbial development. Sarkar et al. (2012) isolated 
bacteria from roots of rice seedlings and tested the 
phosphate solubilization ability in a Pikovskaya liquid 
media and the concentrations ranged from 87.8 to 140.1 
mg.L-1. For this reason, the endophytic bacteria of 
cashew leaves have higher concentrations of soluble 
phosphate and because of this, they have characteristics 
that might promote plant growth. 
 
 
Antimicrobial activity assessment 
 
Out of the 20 endophytic bacteria which produced auxin 
and/or solubilized phosphate, did not observe an 
antimicrobial activity against A. niger UFPEDA 2003 was 
not observed. However, 14 (70%) showed activity against 
F. oxysporum UFPEDA 2456, while eight (40%) showed 
activity against Colletotrichum sp. UFPEDA 2561.  

Regarding the antimicrobial activity, the term antagonist 
is used for the biological agents with potential to interfere 
in the life processes of pathogenic microorganisms, 
inhibiting their growth. Further studies with a deeper 
investigation involving biological control are needed, 
since the endophytic bacteria can show an activity 
against other pathogen types. 
 
 
Characterization of classical taxonomy 
 
Biochemical characterization showed that five (25%) are 
Gram-positive bacteria and the results suggest that all of 
them belong to species S. saprophyticus. It was found 
that 15 (75%) are Gram-negative bacteria and, among 

the Gram-negative bacteria with negative oxidase, it was 
suggested that 26.6% belong to the species E. coli and 
20% S. flexneri. Other species, such as E. fergusoni, H. 
alvei, Y. pseudotuberculosis, and those from the genus 
Klebsiella sp were observed. Among the Gram-negative 
bacteria with positive oxidase, species E. cloacae, P. 
maltophilia, and P. stutzeri (Table 4) were observed. 
However, the confirmation with molecular tools needs to 
be done. 

Stamford et al. (1998) identified the genus 
Staphylococcus as endophytic of yam bean. A similar 
phenomenon was observed by Velásquez et al. (2008), 
who were also able to identify the genus Staphylococcus 
as being endophytic of sugar cane through the analysis 
of 16S rRNA. Vendan et al. (2010) also identified 
endophytic bacteria from ginseng and observed that the 
genus Staphylococcus, confirm the results obtained in 
this study. 

Several studies reported the occurrence of 
enterobacteria as plant endophytes. The presence of 
these microorganisms, such as Klebsiella spp., is usually 
observed in the endophytic community playing important 
roles in the host plants, since they are able to produce 
phytohormones and provide nitrogen (Dong et al., 2003; 
Durán et al., 2014; Guo et al., 2014). 

The genus Pseudomonas and Burkholderia was 
identified as endophytic through biochemical and 
molecular tools; also they had the ability to produce some 
phytohormones and solubilized phosphate to growth 
plant (Mendes et al., 2007; Chauhan et al., 2013; Allu et 
al., 2014). 

The assessed strains have higher potential for promoting 
plant growth and/or being used as biofertilizers through 
the production of phytohormones, such as auxins, as well 
as the conversion of insoluble phosphorus into soluble 
one, making it accessible to plant absorption. Therefore, 
research involving endophytes which have more than one 
feature for promoting plant growth is important for a 
better understanding of their interaction with the plant, 
something useful for analyzing the use of microorganisms 
in agriculture. 
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Date palm (Phoenix dactylifera L.) is one of the most valuable economic resources in the Middle East 
and North Africa that grow on monocotyledonous trees. To increase crop yield of palm trees, in vitro 
micro-propagation has become an attractive alternative for large-scale production of date palm. A 
problem that frequently damages tissues in the early micro-propagation is the brown color that 
advances in the callus culture due to the creation of quinones. Quinones seize plant cellular 
developments which lead to cellular decay. This study advocates the use of antioxidant factors found in 
spinach, kale and strawberries within various concentrations (50, 150 and 300 mg/L) with respect to the 
medium culture, in an attempt to reduce the level of total phenol and browning which occurs, and also 
to improve growth and development in different in vitro stages of date palm (P. dactylifera L.). The 
results indicate that better growth value of callus was achieved using 150 mg/L of kale concentration; 
allowing the total phenol level to be reduced to 0.9237 mg/g D.W, presenting a significant growth value 
in comparison to the other treatments in the embryonic callus stage. In the date palm’s somatic 
embryogenesis stage, the results show that the use of 50 mg/L of spinach, 50 mg/L of kale, 150 mg/L of 
strawberries, achieved a high number of somatic embryos and the total phenol level was reduced to 
0.6167 mg/g D.W. Results from date palm shoot proliferation shows that high numbers of shoot (16.3) 
was achieved using 50 to 300 mg/L of kale; however, total phenol level was reduced to 0.04567 at 150 
mg/L of spinach concentration. The fluctuation of reducing total phenol level in date palm was recorded 
when the explants were grown on medium supplemented with 50 mg/L of kale concentration. 
 
Key words: Date palm, tissue culture, natural antioxidants, browning, quionones. 

 
 
INTRODUCTION 
 
Date palm (Phoenix dactylifera L.) is an important crop 
that grows in the arid regions of North Africa, Middle East 
and the Arabian Peninsula. Date palm is a chief nutriment 
for the locals and plays substantial roles in the industrial, 
economic and environmental aspects of these areas. 

Furthermore, date palms have the ability to be 
manipulated in numerous ways making them a crop that 
adds ease to its production (Al-Khateeb, 2008). 

The ecological aspects of date palm tree is that it has 
the  ability to  be  grown ideally  where  permanent  water 
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table is present within the soil surface; minimally 8 to 9 
acre feet of irrigation water per year is required for fine 
palm production. The mean temperature between the 
flowering and the ripening period should be above 2°C 
rising to 26°C for at least a month, to ensure proper fruit 
ripening. It takes about six months for the dates to ripe. 
There are certain regulators that withhold irrigation during 
fall and winter. There must be no rain during flowering 
time; extreme winter temperatures are harmful to this 
crop. Its cultivation process may be propagated through 
seeds or off shots. It takes about eight years in Egypt for 
an offshoot to yield economically (Chao and Krueger, 
2007). 

Through recent breakthroughs in tissue culturing 
methods, culture propagation is ideal for the expansion of 
date production. Date palm in vitro plant regeneration 
occurs through organogenesis and somatic embryogene-
sis relying on the genotype and hormonal manipulations. 
The utmost method for date palm regeneration used by 
various cultivators is somatic embryogenesis from shoot 
tip derived callus; since it has feasibility in micro-
propagation scale-up for commercial requirements. Date 
palm somatic embryogenesis involves series of consecu-
tive stages beginning with callus induction, embryogenic 
callus multiplication, somatic embryo formation, shoot 
formation and finally rooting (Al-Khateeb, 2008). 

There is a major problem that encounters tissue 
culturing techniques, which is the “browning color” that 
advances in the callus. This phenomenon results from 
physiological changes in the cultured tissues that lead to 
gradual browning and death of the tissues eventually. 
The brown color that advances in callus cultures of 
various plant cultures is due to the creation of quinines, 
which prevent plant cellular growth. The increase of 
quinones to a certain level harms in vitro growth 
especially in explants from woody plants (Mustafa et al., 
2013). 

Phenol oxidation frequently damages tissues in the 
early stage of micropropagation and advances in brow-
ning of explants which slows down growth or leads to 
death of the explants. Oxidative browning can sometimes 
be evaded by washing, soaking or stirring the explants in 
antioxidant solutions as a pretreatment before moving 
them on the media.  

To be precise, adopting certain measures with the 
culturing of plant parts during winter and spring seasons, 
incubation of tissues in the dark especially in the first 
three months and adding charcoal to the medium can 
reduce this phenomenon (Mustafa et al., 2013; Panaia et 
al., 2000; Wu and du Toit, 2004). 

The  proposition  of the use of caffeine,  activated char- 
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coal and polyvinylpyrrolidone (PVP) in the culture media 
of Eucalyptus was tested not to assist in avoiding 
exudation of phenolic compounds (Gill and Gill, 1994). 
Similarly, the proposition of adding PVP and ammonium 
citrate aids in reducing the explants of date palm shoots 
from browning (Mustafa et al., 2013). 

This study investigate the alternative ways to avoid the 
browning phenomenon drawback in date palm (P. 
dactylifera L.) explants during tissue culturing 
procedures, through the use of natural antioxidants (kale, 
spinach and strawberries). 

 
 
MATERIALS AND METHODS 

 
The work was carried out in The Central Laboratory for Research 
and Development of Date Palm, Agriculture Research Center, 

Ministry of Agriculture, Giza, Egypt, throughout the year of 2010. 

 
 
Callus formation 

 
The embryogenic callus produced and established from the shoot 
tip were transferred and cultured on Murashige and Skoog (1962) 
basal media supplemented with 200 mg of glutamine, 2 mg/L of 
glycine, 30 g/L of sucrose, 6 g/L of agar, and 0.1 mg/L of NAA. The 
formed callus was sub-cultured to fresh media with three different 
concentrations that is, 50, 150, and 300 mg/L from each extraction 
juice of spinach, kale and strawberry. For the control, 2 g/L PVP 
were added to the media instead of antioxidant source. All culture 
jars were maintained in complete darkness at 27 ± 2°C for four 
weeks.  

The data was excerpted as an average per explant according to 
Pottino (1981) for growth value of the culture visual calculations; 

while total phenols were calculated with the use of the 
spectrophotometer. 

 
 
Embryoids initiation 

 
The investigation of effect of different concentration of spinach, kale 
and strawberry extraction juice on callus differentiation and initiation 

of embryoids was carried out through white friable embryonic 
nodular callus (0.1 g in weight and 1 to 2 mm in diameter) which 
were obtained from embryonic callus formation medium. They were 
transferred and cultured on embryoids differentiation medium which 
consisted of MS basal media supplemented with 200 mg of 
glutamine, 2 mg/L of glycine, 30 g/L of sucrose, 6 g/L of agar, 0.1 
mg/L of NAA, 0.5 mg/L of ABA with three different concentrations 
that is, 50, 150, and 300 mg/L from each extraction juice of spinach, 

kale and strawberry. PVP was used as the control of antioxidant 
source by adding 2 g/L to the medium culture. All culture jars were 
kept in the complete darkness at 27 ±2°C for four weeks. After four 
weeks, data was collected through the counted number of embryos; 
while total phenols were calculated with the use of the 
spectrophotometer. 
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Plate 1. Date palm c.v. Malakaby embryogenic callus treated with different 
concentrations of Spanish juice (50, 150 and 300 mg/L) as antioxidants. The 

control was treated with PVP. 

 
 
 
Shoot proliferation 

 
The investigation of the effect of different concentration of spinach, 
kale and strawberry extraction juice on shoot proliferation was 
conducted by developing two to three shoots in a small cluster. 
They were developed from germinated mature embryos of 
Malakaby, then cultured on MS basal nutrient media, supplemented 
with 200 mg/L of glutamine, 2 mg/L of glycine, 30 g/L of sucrose, 6 
g/L of agar, 0.05 mg/L of BA, 0.1 mg/L of NAA and three different 
concentration from each of spinach, kale and strawberry extraction 
juice (that is, 50, 150 and 300 mg/L), and 2 g/L PVP were added. 
Small jars (150 ml) were used to dispense the nutrient medium of 
each treatment and 2 g/L of PVP was used as the control of 

antioxidant source. All culture jars were kept in the complete 
darkness at 27± 2°C for four weeks. After four weeks of culturing, 
data was collected through the counted number of shoots; while 
total phenols were calculated with the use of the spectrophotometer 
 
 
Total soluble phenols determination 

 

Phenols were determined by the colorimetric method described by 
Snell and Snell (1953). A procedure of folin (A.O.A.C, 1980) was 
adapted for determining the total soluble phenols in the ethanolic 
extract from 0.05 g of dry materials. Folin-Denis reagent was 
prepared by transferring 100 g of sodium tungstate to 25 g of 
sodium molybdate and 700 ml water was added to a 1500 ml flask. 
The mixture was also supplied with 50 ml of 85% phosphoric acid 
and 100 ml of concentrated hydrochloric acid attached to reflux 
condenser, then boiled gently for 10 h, after which 150 g of lithium 

sulphate, 50 ml water, and a few drops of liquid bromine were 
added. To remove the bromine excess, the mixture was boiled 
without attaching the condenser, cooled and diluted to one liter. The 
total soluble phenols were calculated as mg pyrogallol/g of dry 
weight.  

 
 
Statistical analysis 

 
The experiments were carried out using completely randomized 
blocks design and three replicates. The results were analyzed using 

variance analysis, while the means were compared using L.S.D. at 
5% level. The entire data were subjected to variance analysis with 
completely randomized blocks according to Snedecor and Cochran 
(1980). 
 
 

RESULTS 
 
This study advocates the use of antioxidant factors to 
reduce the level of total phenol and browning which 
occurs, and to improve growth and development in 
different in vitro stages of date palm (P. dactylifera L.). 
The effects of the different antioxidants on the growth 
values and total phenols levels were evaluated. The 
following data exposes the results obtained.  
 
 

The effect of the antioxidants with various 
concentrations on the embryonic callus of date palm  
 
The effect of three different concentrations (50, 150, or 
300 mg/L) of spinach, strawberry and kale juice as 
antioxidants on embryogenic callus browning are 
presented in Plates 1 to 3 respectively. Generally, by 
adding the antioxidants, browning were reduced 
compared to the control. The best result was shown with 
the use of 150 mg/L of the strawberry extraction and 50 
mg/L from spinach and kale extractions as antioxidants 
and callus appeared healthier with less browning. For 
callus formation, using the 300 mg/L from the 
antioxidants affected negatively the callus formation. 
However, the medium supplemented with 50 mg/L of 
both strawberry and spinach extraction juices gave 
almost 20% growth value of the embryogenic callus 
compared to the control (Figure 1). In the case of using 
kale extraction juice, 150 mg increased the growth value
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Plate 2. Date palm c.v. Malakaby embryogenic callus treated with different 

concentrations of Strawberry juice (50, 150 and 300 mg/L) as antioxidants. The 
control was treated with PVP. 

 

 
 

 
 
Plate 3. Date palm c.v. Malakaby embryogenic callus treated with different 

concentrations of Kale juice (50, 150 and 300 mg/L) as antioxidants. The control 
was treated with PVP. 

 

 
 

 
 
Figure 1. Effect of different concentrations of spinach, kale and 

strawberry juice as antioxidants on the growth value of embryogenic 
callus of date palm c.v. Malakaby.  
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Figure 2. Effect of different concentrations of spinach, kale and 
strawberry juice as antioxidants on the total phenols of embryogenic 

callus of date palm c.v. Malakaby. 
 
 

 

 
 
Figure 3. Effect of different concentrations of spinach, kale and 

strawberry juice as antioxidants on number of embryo of somatic 
embryo of date palms c.v. Malakaby. 

 
 
 

by almost 35% (Figure 1). Concerning the total phenol 
levels, it was clear that treating the embryonic callus 
cultures with kale at the concentration of 50 and 150 
mg/L gave the value of 0.17 mg/g D.W. and 0.92 mg/g 
D.W, which reduced the total phenol by 79.1 and 41.2% 
respectively, and had the preeminent results amongst 
other antioxidants (Figure 2). Overall, for these results, 
the better type of antioxidant for callus formation was kale 
at the concentration of 150 mg/L (Figures 1 and 2). 
 
 
The effect of the antioxidants with various 
concentrations on the somatic embryos of date palm  
 
In  the  date  palm’s  somatic  embryogenesis  stage,  the 

results show that the use of 50 mg/L of spinach and 150 
mg/L of strawberries elevated the number of somatic 
embryos to almost 4 times the control. Meanwhile, using 
50 mg/L of kale extraction achieved almost 3 times the 
number of somatic embryos for date palm with the control 
(Figure 3). The effect of the three antioxidants on total 
phenol level is presented in Figure 4. Two of the 
extraction juices that is strawberries and spinach at the 
lowest concentration (50 mg/L) gave the significant 
reduction on the total phenol level to the extent of 60 and 
46% with the value of 0.6167 and 0.862 mg/g D.W 
respectively compared to the control. These percentages 
become lesser when the concentration increased to 150 
and 300 mg/L. For the kale extraction juice the level of 
total phenol was decreased to the lowest value (0.549
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Figure 4. Effect of different concentrations of spinach, kale and strawberry juice 

as antioxidants on total phenols of somatic embryo of date palm c.v. Malakaby. 

 
 
 

 
 
Plate 4. Date palm c.v. Malakaby embryogenic somatic embryo treated with different 

concentrations of strawberry juice (50, 150 and 300 mg/L) as antioxidants. The control 
was treated with PVP.  

 
 
 
mg/g D.W) over all the nine treatments when 
concentration of 150 mg/L was added. This significant 
reduction was calculated as 66% from the total phenol in 
the control. The level of browning are illustrated in Plates 
4 to 6 which reflect the results. When calculating the 
mean per type of antioxidant, strawberries presented the 
finest results; while calculating the mean per 
concentration, 50 mg/L gave the best results. These 
results suggest that for somatic embryos initiation, the 
better antioxidant was Kale extraction juice at the 
concentration of 50 or 100 mg/L (Figures 3 and 4). 

The effect of the antioxidants with various 
concentrations on the shoot proliferation of date 
palm  
 
Results from date palm shoot proliferation shows 
increase value with all treatments for the three 
antioxidants than control (Figure 5). Among the three 
antioxidants, high numbers of shoot (16 and16.3) were 
achieved using 50 and 300 mg/L of kale extraction juices 
followed by the three concentrations of strawberry juice 
(Figure 5 and Plates 7 and 8), in addition, the spinach
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Plate 5. Date palm c.v. Malakaby embryogenic somatic embryo 

treated with different concentrations of kale juice (50, 150 and 300 
mg/L) as antioxidants. The control was treated with PVP 

 
 
 

 
 
Plate 6. Date palm c.v. Malakaby embryogenic somatic embryo 

treated with different concentrations of spinach juice (50, 150 and 300 
mg/L) as antioxidants. The control was treated with PVP 

 
 
 

 
 
Figure 5. Effect of different concentrations of spinach, kale and 

strawberry juice as antioxidants on number of shoots of shoot 
proliferation of date palm c.v. Malakaby. 
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Plate 7. Date palm c.v. Malakaby embryogenic shoot proliferation after 

treated with different concentrations of kale juice (50, 150 and 300 mg/L) 
as antioxidants. The control was treated with PVP. 

 
 
 

 
 

Plate 8. Date palm c.v. Malakaby embryogenic shoot proliferation after 
treated with different concentrations of strawberry juice (50, 150 and 300 
mg/L) as antioxidants. The control was treated with PVP. 

 
 
 

antioxidant showed the lowest effect amongst them 
(Figure 5 and Plate 9 ). Total phenol level in shoots was 
highly significantly reduced (95%) to the value of 0.04567 
mg/g D.W at 150 mg/L of spinach concentration (Figure 
6). Moreover, a significant reduction in total phenol by 
almost 75% was calculated with two treatments from 
strawberry antioxidant (150 and 300 mg/L) (Figure 6), 
meanwhile, no more than 24% of reduction of total 
phenol level in date palm was recorded when the shoots 
were grown on the medium containing any of the kale 
different concentrations (Figure 6). When calculating the 
mean per type of antioxidant, kale conveyed preeminent 
results with the shoot proliferation, while combining that 
with results of total phenol level, it was suggested that 
treating the shoot proliferation cultures with strawberry at 
the concentration of 150 mg/L might give the best result 
(Figures 5 and 6). 

DISCUSSION  
 
Commercial cultivation and expansion of date palm (P. 
dactylifera L.) had unsatisfactory upshots due to varieties 
of undesired contamination, the incidence of 
contamination in the culture could sometime lead to 
important losses. An obstacle caused by phenol oxidation 
during the callus phase, and the callus was subjected to 
browning. 

In this study, callus initiation, somatic embryoids and 
shoot proliferation have been subjected to three different 
concentrations of various antioxidants, which consist of 
spinach, kale and strawberries. The growing or dipping of 
the explants in the antioxidant concentrations has proved 
to be efficient with almost negligible or no browning 
noted. The results were parallel with those of Abdel 
Sattar’s (1999), which describes the effect of reducing
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Plate 9. Date palm c.v. Malakaby embryogenic shoot proliferation after treated 

with different concentrations of spinach juice (50, 150 and 300 mg/L) as 
antioxidants. The control was treated with PVP. 

 
 
 

 
 

Figure 6. The effect of different concentrations of antioxidants on the total 
phenols of the shoot proliferation: the figure represents Spinach, kale and 
strawberry juice as antioxidants on total phenols of shoot proliferation of date 
palm c.v. Malakaby. 

 
 
 
the browning on the callus induction rate. 

The effect of kale as an antioxidant on the treatment 
was to reduce the phenolic compounds as compared with 
the control, which used PVP as the factor of reducing the 
browning color in the cultures.  

It has been tested in various studies conducted in 
immature date embryo culture that the liquid endosperm 
of Cocos nucifera (coconut milk) showed stimulation in 
cell division in other cultured tissues and is used as an 
antioxidant to overcome contamination problems, in 
comparison to applying the tested antioxidants (kale, 

spinach and strawberry) (Duhamet and Gautheret, 1950; 
Morel, 1950; Nickell, 1950; Duhamet, 1951; Henderson et 
al., 1952; De Ropp et al., 1952; Archibald, 1954; 
Wiggans, 1954). Also, other complex plant juices and 
liquid endosperms have been shown to possess stimu-
latory properties more or less similar to those of coconut 
milk. These include liquid endosperm from immature corn 
(Netien et al., 1951), tomato juice (Nitsch, 1951; Straus 
and La Rue, 1954), immature fruits and seeds (Steward 
and Caplin, 1952; Steward and Shantz, 1959), orange 
juice, malt extract, yeast extract,  casein hydrolysate, leaf 
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extracts, sap from a number of plants and tumor extracts 
(Butenko, 1968) in comparison to date palm. Similarly, 
Straus (1960) has shown that tomato juice, yeast extract 
or casein hydrolysate function by supplying a form of 
organic nitrogen (a mixture of amino acids) while malt 
extract provide an auxin, kinetin, minositol, urea and 
arginine to in vitro cultured explants (Steinhart et al., 
1961). The mentioned experiments serve as a support to 
the hypothesis that natural antioxidants have positive 
preeminent impact on the date palm culture and rate of 
callus induction. 
 
 
Conclusion  
 
It could be concluded that treatments with antioxidants 
from natural sources did have favorable results in 
reducing the total phenol levels, which plays a role in the 
browning that occurs in cultures. In addition, those 
observed at high concentrations of antioxidants had no 
positive effects in reducing the phenol levels. It is 
recommended to use concentrations between 50 to 150 
mg/L of the stated antioxidants for utmost results. 
Furthermore, it was also revealed that for the date palm 
cultures kept in the dark, the explants’ tissues started 
numbering and swelling for callus formations at a higher 
rate than the ones kept in the light.  
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The decomposition/mineralization of organic material from crop residues constitutes an important 
nutrient reservoir for plants. This process produces CO2 and is influenced by biophysical and 
environmental conditions such as temperature, oxygen availability and the chemical composition of the 
crop residue. We studied the effect of temperature and nitrogen fertilization on CO2 emissions and the 
distinct contributions of C from sugarcane residue either left on the surface or incorporated into the red-
yellow Oxisol. Incorporated sugarcane residue and N applications produce higher total organic carbon 
(TOC) mineralization rates when compared to application on the soil surface and without N. 
Nevertheless, there was no difference between TOC and C in the humin fraction (C-HU) 80 days after 
incubation. CO2 emissions peaked at 5.45, 10.82, 14.00, 11.92 and 11.20, 14.47, 15.98,and 14.74 µg mol of 
CO2 g

-1
 s

-1 
within the first four days of incubation for unincorporated and incorporated residues, 

respectively. After these first four days, emissions decreased until stabilizing at 40 days after 
incubation. 
 
Key words: Greenhouse gases,organic matter, urea. 

 
 
INTRODUCTION 
 
Increasing atmospheric CO2 will bring about serious 
global warming, which is expected to affect crop pro-
duction (Fan et al., 2008). The soils are important 
reservoirs of active C and play an important role in the 
global C cycle. Decomposed and mineralized crop resi-
due is an important source of available nutrients for 
sugarcane crops. Aerobic organotrophs decompose and 
mineralize organic matter, which produces energy for 

these organisms and liberates H2O and CO2 to the 
atmosphere (Brady and Weil, 2008). 

Soil and vegetation management practices and the 
addition of organic residue (Wu et al., 2012) can affect 
CO2 production from the soil. In addition, the chemical 
composition of the residue (C/N ratio and levels of lignin, 
cellulose, hemicellulose, various carbohydrates and 
polyphenols), temperature, soil moisture (Adachi et al.,
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Table 1.Sugarcane residue attributes (chemical attributes) and red-yellow Oxisol (physical and chemical 
characteristics) used in the experiment.   
 

Attribute Soil Attribute Soil Residue 

Sand (g kg
-1

) 630 TN (g kg-
1
) 0.69 1.44 

Silt (g kg
-1

) 140 TOC (g kg
-1

) 7.40 142.0 

Clay (g kg
-1

) 230 C/N - 99.0 

pH (H2O) 5.6 P (mg dm
-3

) 2.47 0.8 

H+Al (cmolc dm
-3

) 15.8 K
+
 (mg dm

-3
) 208.0 9.0 

S-SO4 (mg dm
-3

) 51.00 Mg
2+

 (cmolc dm
-3

) 0.56 1.3 

CEC 5.53 Ca
2+

 (cmolc dm
-3

) 2.20 5.4 
 

CEC, Cation exchange capacity. 
 
 
 

2006; Fu et al., 2010) and oxygen availability (Herman et 
al., 1977) directly affect the decomposition/mineralization 
of organic material and CO2 efflux, (Johnson et al., 2008). 
Among these the CO2 emission is highly sensitive to 
changes in temperature because of its effects on almost 
all aspects of CO2 emission processes (Townsend et al., 
1992; Mikan et al., 2002; Luo and Zhou, 2006). 

Additionally, physical and chemical characteristics of 
the soil, such as density, porosity, pore saturation and 
nutrient availability, influence CO2 emissions (Brady and 
Weil, 2008). Accumulated soil residue is the main source 
of mineral N for plants and microorganisms. The 
immobilization or mineralization of N depends on the 
quality of the residue and can result in significant 
quantities during decomposition (Mengel and Schmeer, 
1985). 

Mechanized surgarcane harvesting in Brazil deposits 
crop residue on the soil surface (Panosso et al., 2009) at 
an average of 10 Mg ha

-1
 year

-1
 and at a depth of 10 to 

15 cm (Urquiaga et al., 1991). A 2002 federal law bans 
the burning of crop residue, which was a common 
practice for removing crop residue and facilitating 
sugarcane harvesting. Sugarcane residue in the soil and 
CO2 emissions are linked to the various C sources in the 
soil. Understanding the proportion and dynamics of C is 
essential for understanding how different agricultural 
systems are sustained and the consequences for the C 
cycle (Liu et al., 2013).  

The objective of this studywas to determine the effect 
of temperature and nitrogen fertilizer on CO2 emissions 
and specific C contributions in soils managed with 
sugarcane residue in a red-yellow Oxisol. 
 

 

MATERIALS AND METHODS 
 

Soil sampling and analysis 
 

The incubation experiment was carried out in lab conditions. The 
soil was collected in April, 2012 under sugarcane cropland 
(19°13ʹ00,22″S latitude and 48º08ʹ24,80″W longitude) and classified 
red yellow Latosol according to Brazilian System of Soil 
Classification (Embrapa, 2014). Before the experiment, the soil 
samples were air-dried, sieved (<2 mm) to obtain TFSA, and 
moistened to 60% of its water-holding capacity (WHC).  

An aliquot of the resulting samples was used to characterize the 
chemical and physical attributes of the soil. The pipette method 
(Kilmer and Alexander, 1949) was used to determine soil texture. 
Total nitrogen (TN) was measured using Kjeldahl method (Black, 
1965), available phosphorus (P) by Sommers and Nelson (1972) 
method and total organic carbon (TOC) according to Yeomans and 
Bremner (1988). The methodology recommended by Carter and 
Gregorich (2007) was used to determine potassium (K

+
), calcium 

(Ca
2+

), magnesium (Mg
2+

),sulphur (S-SO4 ), potential acidity (H + 
Al), and in pH (water) (Table 1).  

 
 
Soil incubation 

 
700 g of soil sample were packed into a PVC column (15 cm height; 
10.5 internal diameter; total volume of 1.298.2 cm

3
) and incubated 

using a BOD incubator. The experiment was set up completely 
randomized, with three replicates (3×2×2 factorial) corresponding 
to: three temperatures (20, 25 and 30°C), two sugarcane straw 
conditions (surface and incorporated) and two nitrogen doses: 0 kg 
N ha

-1
 (control) and 120 kg N ha

-1
, separated into two groups(Table 

2).In addition, treatment controlswere incubated at 20, 25 and 30°C, 
without straw and fertilizer. 

A recommended 120 Kg N ha
-1

 of granulated urea ((NH2)2CO) 
was added as solid and incorporated into the soil used in the 
treatments. Afterwards, 17 g of sugarcane straw (20 Mg of crop 
residue ha

-1
) was either incorporated or added to the surface 

(depending on treatment).  
For ratoon cane in Sao Paulo state, surface applications of 120 

kg N ha
-1

are recommended to achieve stalk productivity greater 
than 100 Mg ha

-1
 (Raij andCantarella, 1997). The temperatures 

used in these treatments are within the optimum range (20to40°C) 
for mesophilic microorganism growth and activity (Moreira and 
Siqueira, 2006). These temperatures also encompass soil 
temperatures found in the Triângulo Mineiro region of Brazil 
(average of 18°C in winter and 23°C in the hottest months) (Silva et 
al., 2003). The climate of this region is classified as Aw tropical hot 
and humid with cool and dry winters (Köppen).   

After setting up the experiment, the samples were divided among 
the three different BOD temperatures. Soil moisture was maintained 
throughout the experiment at 60% of soil field capacity by 
measuring differences in sample weight. The soil water content and 
soil temperature are considered important abiotic factors regulating 
soil CO2 efflux (Fu et al., 2010). 

 
 
Measuring CO2 emissions and organic carbon  

 
An IRGA (Li-Cor 8100A) was used to measure CO2 emissions from
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Table 2.Treatment in experiment. 
 

Temperature (°C) 
Group 1 (surface sugarcane straw condition) Group 2 (Incorporated sugarcane straw condition) 

Nitrogen fertilizer Nitrogen fertilizer 

20 0 kg N ha
-1

 (control) 0 kg N ha
-1

 (control) 

25 0 kg N ha
-1

 (control) 0 kg N ha
-1

 (control) 

30 0 kg N ha
-1

 (control) 0 kg N ha
-1

 (control) 

20 120 kg N ha
-1

 120 kg N ha
-1

 

25 120 kg N ha
-1

 120 kg N ha
-1

 

30 120 kg N ha
-1

 120 kg N ha
-1

 

 
 
 
the soil  on the 1

st
, 2

nd
, 3

rd
, 4

th
, 6

th
, 8

th
, 10

th
, 13

th
, 16

th
, 19

th
, 22

nd
, 25

th
, 

28
th
, 31

st
, 34

th
, 37

th
, 44

th
, 51

st
, 58

th
, 65

th
, 72

nd
, and 79

th
 day after 

incubation (DAI) in the BODs. The IRGA has a closed internal 
volume of 854.20 and 83.70 cm² area of contact with the soil (Li-
Cor Inc. Linclon, NE, USA). The device quantifies the concentration 
of CO2 using optical absorption spectroscopy in the infrared range.  

CO2 emissions variables were used to calculate final 
accumulated respiration (Σ-CO2 until the 79

th
 DAI) and initial 

accumulated respiration (Σ-CO2 until the 5
th
 DAI).  

 
 
Analytical procedures 
 
At the 80

th
 DAI, the incubated soils were sieved (2 mm opening) to 

remove the remaining crop residue from the soil. TOC (crop residue 
and soil) was determined by oxidation of potassium dichromate in 
an acid medium (Yeomans and Bremner, 1988). The same 
methodology was also used to characterize TOC in the soil and in 
the crop residue before incubation (Table 1).  

Quantitative extraction and fractionation of C from the humic 
substances - HS (humin/C-HU, fulvic acid/C-FA and humic acid/C-
HA) was determined by differential solubility, established by the 
International Society of Humic Substances (Swift, 1996).The same 
methodology was also used to characterize the soil before 
incubation (Table 1). 

Microbial biomass C (Cmic) was determined with the method 
described by Vance et al. (1987), using a microwave oven to 
irradiate the samples (Islam and Weil, 1998). Labile C was 
determined according to Mendonça and Matos (2005) and N, P2O5, 
Ca

+2
 and Mg

+2 
levels according to the methodologies of Carter and 

Gregorich (2007) (Table 1).  
 
 
Statistical analysis 
 
The results were tested for normality of residuals (Shapiro-Wilk 
Test, SPSS Inc., USA) and homogeneity of variances (Bartlett Test, 
SPSS Inc., USA). Next, significant results (t-test) were then 
compared by a Tukey test at 5 % probability. 
 
 

RESULTS AND DISCUSSION 
 

CO2emissions 
 
In treatments with surface residue management, CO2 

emissions peaked within the first four days after 
incubation and were highest when incubated at 30°C with 
average daily emissions of 5.45, 10.82, 14.00, 11.92 and 
9.66 µmol of CO2 m² s

-1
 on the 1

st
, 2

nd
, 3

rd
, 4

th
 and 5

th
 DAI, 

respectively.  Emissions decreased after the 6
th
 DAI with 

small peaks until it reached stability after the 40
th
 DAI at 

an average of 1.22 µmol de CO2 m
2
 s

-1 
(Figures 1A, C, 

E).The control treatment had the lowest CO2 emissions 
in all treatment (Figures 1A). 

CO2 emissions in treatments with incorporated crop 
residue also peaked within the first 5 DAI.  However, daily 
average emissions were higher at 11.20, 14.47, 15.98, 
14.74 and 11.42 µmol of CO2 m² s

-1
. Emissions also 

decreased after the fifth DAI until reaching stability after 
the 40

th
 DAI (Figure 1B, D and F). The tillage accelerates 

CO2 emissions by increasing contact between soil and 
crop residue and speeding organic carbon decomposition 
(Gregorich et al., 2005; Bilen et al., 2010). 

Similar CO2 emissions rates were found with surface 
wheat residue in Luvisol with a peak emission at the 3

rd
 

DAI and an exponential decrease until the end of the 
experiment at 56 DAI (Guillou et al., 2011). Cayuela et al. 
(2009) found similar peaks in CO2 emissions working with 
surface cotton residue on Regosol incubated for 25 days.   

Fu et al. (2010) found that CO2 emissions by soil tem-
perature were described by multiple regression models. It 
can be seen from the regression equations that soil 
temperatures were more closely correlated with soil CO2 

efflux. The CO2 emissions stabilized after the 40
th
 DAI 

because the majority of labile C had been consumed. 
The remaining C is recalcitrant and associated with 
structural and more lignified crop residue (< 2 mm).   

Oscillations in CO2 emission peaks in the management 
of sugarcane residue, especially at 20°C (Figure 1A and 
B) are due to the succession and stability of soil micro-
organism communities (Moreira andSiqueira, 2006). 
Opportunistic and colonizer organisms grow and repro-
duce rapidly in environments with abundant plant 
material. 

High initial CO2 emissions can be explained by the 
rapid mineralization of C-labile from vegetative tissue that 
quickly decomposes (Cayuela et al., 2009) over a few 
days or a few years (Brady and Weil, 2008). At 79 DAI, 
there was no correlation between C-labile with initial (r= - 
0.12) and final (r= - 0.16) respiration. However, there was 
a positive correlation between the initial and final 
respiration (r=0.95), Table 3. Panosso et al. (2009) found 
decreases in C-labile with decreases in CO2 in soils
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Figure 1. CO2 emissions (microbial respiration) during incubation of soils with surface, Treatment control 
(Trat-Control) (Figures A, C, and E) and incorporated (Figures B, D and F) sugarcane residue, combined 
with nitrogen fertilization at 0 and 120 kg N ha

-1 
and incubated at 20, 25 and 30°C.  

 
 
 
cultivated with sugarcane. 

After incubation, Cmic, C-labile and Ca
+2

, Mg
+2

 and 
P2O5 levels in the soil did not differ by management types 
(Table 4). However, C in the crop residue added to the 

soil decreased by 10.0 to 21.8 g Kg
-1 

of C (Table 4) with 
CO2 emissions (Table 5). According to Brady and Wiel 
(2008), approximately 80% of total decomposed soil 
organic matter is emitted to the atmosphere as CO2.   
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Table 3.Correlation coefficient and p value between variables: carbon in the humin fraction (C-HU), carbon in the humic acid fraction (C-HA) 
and fulvic acid (C-FA), total organic carbon (TOC), Labile carbon (C-Labile), HA/FA ratio (HA/FA), initial accumulated respiration (AR-I) and 
final accumulated respiration (AR-F). 
 

Variable C-HA C-FA TOC C-labile HA/FA AR - F AR - I 

C-HU 
0.35 

(0.033) 
0.16 (0.347) 

0.39* 
(0.016) 

-0.22 
(0.185) 

-0.06 (0.690) -0.005 (0.97) 0.05 (0.767) 

C-HA - 0.37 (0.026) 0.11 (0.504) 
-0.18 

(0.294) 
0.06 (0.693) 0.21 (0.210) 0.32 (0.051) 

C-FA - - 0.09 (0.577) 0.11 (0.521) 0.29 (0.082) -0.14 (0.405) -0.07 (0.666) 

TOC - - - 
-0.06 

(0.690) 
-0.50** (0.001) 0.02 (0.864) -0.02 (0.885) 

C-Labile - - - - 0.14 (0.407) -0.12 (0.463) -0.16 (0.327) 

HA/FA - - - - - -0.46** (0.004) -0.38** (0.021) 

AR - F - - - - - - 0.95* (7.84 10
-19

) 
 

Variables are considered significant at p < 0.050. Correlation in bold: Positive correlation (*) and Negative (**). p value in table are in parentheses. 

 
 
 

Table 4. Soil levels of microbial biomass carbon (Cmic), labile carbon (C-labile), nitrogen(N), carbon/nitrogen ratio (C/N), calcium 
(Ca

+2
), magnesium (Mg

+2
), phosphorus (P2O5 ) and crop residue carbon (RC) after 79 days of incubation. 

 

Soil level Cmic* (ug g
-1

 ha
-1

) 
C-labile* N* RC C/N Ca

2+
* Mg

2+
* P2O5* 

------------------g kg
-1

------------------- -----cmolc dcm
-3

---- 

Residue management 

Surface 238.30 5.05 0.81 132.0
A
 9.6

A
 1.94 0.88 3.00 

Incorporated 289.07 4.77 0.87 118.1
B
 10.2

A
 2.05 0.94 2.94 

 

Nitrogen fertilizer 

0Kg N ha
-1

 245.22 5.11 0.83 128.9
A
 9.7

A
 2.05 0.94 3.0 

120Kg N ha
-1 

282.15 4.72 0.84 121.1
A
 10.1

A
 1.94 0.88 2.94 

 

Temperature 

20º C 285.11 4.66 0.82 127.3
A
 10.3

A
 2.00 0.83 2.91 

25º C 299.14 5.25 0.85 127.3
A
 10.8

A
 2.00 0.91 3.00 

30º C 306.81 4.83 0.84 120.1
A
 8.6

B
 2.00 1.00 3.00 

 

*Variables are not significantly different, whereas C/N and RC averages with distinct uppercase letters within the same column 
are significantly different (Turkey, P>0.05).  

 
 
 

Soils incubated at 30°C, unlike soils incubated at the 
other temperatures, had greater CO2 emissions (C 
losses) and thus significantly lower C/N ratios (Table 4). 
Soils with lower C/N ratios have fewer nutrients and 
greater competition among microorganisms for 
resources. This condition causes some microorganism 
deaths and lower CO2 emissions to the atmosphere. 
Small microorganism populations survive by slowly 
digesting stable and resistant organic tissue (lignin and 
cellulose) in the soil (Brady andWiel, 2008). 

Accumulated CO2 emissions in the first five DAI 
represent 20.45% of total emissions from the soil under 
surface residue management and 25.53% from the 
incorporated management system. Rezende et al. (2004) 
achieved similar results (34 to 67% of total CO2 emissions 

in the first 14 DAI) working with Alfisol, TypicKandiustalf 
and Oxisol, TypicHaplustox, which had been incubated 
with distillery yeast. During this period, average CO2 
emissions from incorporated residue incubated at 30°C 
increased 72.72% more than emissions from surface 
management incubated at 20°C. Emissions were 70.92% 
higher in a treatment incubated at 30°C with 120 Kg N ha

-

1 
relative to a treatment without added N and incubated at 

20°C (Table 5).  
Temperature increases from 20 to 25°C and from 25 to 

30°C raised CO2 emissions by 40.00 % and 50.00% in 
treatments with surface crop residue. However, for 
treatments with incorporated residue, these same 
increases were lower, 37.50 and 27.27%, respectively 
(Table 5). This occurred because soil temperature is
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Table 5.Accumulated CO2 emissions from 5 to 79 DAI (days after incubation) in soils with surface and incorporated 
sugarcane residue with two nitrogen application rates (0 Kg N ha

-1 
and 120 Kg N ha

-1
) and three incubation 

temperatures (20, 25 and 30° C). 
 

Temperature (°C)* 
Residue management

1
  Nitrogen fertilizer

2
 

Surface Incorporated  0 Kg N ha
-1

 120 Kg N ha
-1

 

Accumulated emissions at 5 DAI 

20 24.1
Bc

 42.8
Ac

  29.0
Bc

 38.0
Ac

 

25 42.1
Bb

 67.1
Ab

  48.3
Bb

 61.0
Ab

 

30 89.1
Aa

 93.6
Aa

  73.1
Ba

 109.6
Aa

 

      

Accumulated emissions at 79 DAI 

20 73.8
Bc

 91.1
Ac

  74.5
Bc

 95.5
Ac

 

25 112.6
Bb

 130.6
Ab

  107.3
Bb

 136.0
Ab

 

30 163.1
Aa

 151.8
Aa

  128.0
Ba

 187.0
Aa

 
 

Accumulated Emissions at 5 DAI, CV: 9.6; 
1
DMS, Residue management: 6.8; 

2
DMS, Nitrogen fertilizer: 8.3.  

Accumulated Emissions at 79 DAI - CV: 7.9; 
1
DMS - Residue management: 11.5; 

2
DMS - Nitrogen application rates: 

13.9. *CO2 emissions in µmol CO2 m
-2

 s
-1

. Averages followed by distinct lowercase letters within a column and 
uppercase letters within a row are significantly different for temperature/residue management and 
temperature/nitrogen rate interactions (Tukey, P>0.05). 

 
 
 

considered an important abiotic factor regulating soil CO2 
efflux (Fu et al., 2010). 

According to Stanford et al. (1973), C mineralization 
increases in soils when incubation temperatures rise from 
5 to 35°C. However, soil temperature and CO2 emissions 
are not positively correlated under normal conditions for 
sugarcane cultivation in Brazil (Panosso et al., 2009). It is 
thought that soil temperatures in this environment remain 
near optimal levels for microbial activity without major 
fluctuations.   

At 20 and 25°C, CO2 emissions were higher with 
incorporated residue than with surface residue. However, 
at 30°C, there was no difference between management 
types. Incorporated residue produces greater emissions 
because it has greater contact area with microorganisms 
and reaches soil depths with higher microbial populations 
(Brady and Weil, 2008).  

CO2 emissions were 25.00% higher in treatments with 
N applications than in treatments without. Sugarcane 
residue is nitrogen deficient given that it contains 12.30% 
N and has a C/N ratio of 120g Kg

-1
 (Table 1).  

Microorganism development requires high levels of N for 
compounds such as enzymes and DNA. Therefore, 
applying N to the soil increases biological activity and 
consequently raises CO2 emissions (Gifford et al., 2000). 
Management systems that add crop residue with high 
C/N ratios, such as sugarcane, must also add N to avoid 
N immobilization, which makes N unavailable for plants 
and soil microorganisms (Brady and Weil, 2008). 
 
 
Total organic carbon (TOC) and humic substances 
(HS) in the soil 
 
TOC levels varied erratically and thus it was not possible 

to identify positive interactions with management systems 
(Figure 2). This result is due to the low C/N ratio of 
sugarcane residue (Table 1) and the short observation 
period (79 days of incubation). There is a direct 
relationship between the C contribution to the soil and the 
addition rate of each type of organic residue. Deposition 
of vegetative material can significantly increase soil TOC 
over decades (Harrison et al., 1995).  

C from humic substances (HS) represented 71.00% of 
the TOC concentration. More than 70.00% of TOC was in 
the form of more stable humic substances (Luo and 
Zhou, 2006; Stevenson, 1994).The humic substance with 
the highest average concentration was C-HU (7.0 g C kg

-

1
) followed by C-FA (1.63 g C kg

-1
) and C-HA (1.36 g C 

kg
-1

) (Figure 3). Other studies have also shown that in 
various classes of tropical soils with various types of 
management and usage, C-HU concentrations are higher 
than concentrations of other C-HS (Conteh and Blair, 
1998). C-HU concentrations are higher because these 
substances are more insoluble (acid and base), more 
stable and more closely associated with the soil mineral 
fraction (Stevenson, 1994; Sparks, 2001). Additionally, 
the majority of TOC in sandy, low-fertility soils (Tables 1 
and 3) is concentrated in the C-HU with greater C-HA 
and C-FA losses due to greater soil mobility (Andreux 
and Becerra, 1975).  

Canellas et al. (2003) also found low C-HA concen-
trations in soils with surface management of sugarcane 
residue (raw cane). The predominance of C-FA over C-
HA results from conditions that limit humification such as 
a low sum of bases and low Al

3+
 levels (Castillo and 

Wright, 2008). 
C-HU did not vary by management type. However, 

there was a significant positive correlation between C-HU 
with soil TOC(r= 0.39) and C-HA (r= 0.35)(Table 3), C-
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Figure 2. Total organic carbon in soils (gKg
-1

) with surface (Sur) and incorporated (Inc) management 
of sugarcane residue and different nitrogen sources (0 and 120 Kg ha

-1
), incubated for 79 days at 

three different temperatures (20, 25 and 30°C). Error bars represent the standard deviation from the 
mean for the averages (P>0.05).  

 
 
 

 
 

Figure 3. Carbon from humic substances (HS): humin(C-HU), fulvic acid (C-FA) and humic acid (C-HA) in 
the soil (g Kg

-1
), with surface (Sur) and incorporated (Inc) sugarcane residue management, different 

nitrogen sources (0 and 120Kg N ha
-1

) and Treatment control (Trat-Control) incubated for 79 days at three 
different temperatures (20, 25 and 30°C). 

 
 
 
HU varying randomly and averaging 79.60% of soil TOC 
(Figure 3). Canellas et al. (2003) found the same positive 
correlation with C-HU concentrations ranging from 30 to 

80% of soil TOC (Brady and Weil, 2008; Stevenson, 
1994).  

Higher levels of lignin in sugarcane residue form more 



 
 
 
 
phenolic compounds during decomposition. This means 
that higher quantities of C remain in the soil, especially in 
the C-HU fraction, but over a longer time (Stevenson, 
1994). Among the alkaline fractions (C-FA and C-HA), C-
FA did not interact significantly with management type, 
but did vary randomly. However, C-HA was 6.15% 
greater with incorporated residue than with surface 
residue.  

There was a positive correlation between the alkaline 
fractions (r= 0.37), negative interactions between the 
HA/FA ratio and initial (r= 0.38) and final respiration (r= 
0.46) and a negative correlation between the HA/FA ratio 
and TOC (r= -0.50)(Table 3).  This shows that HS plays 
an important role in the transfer of nutrients through 
ecological systems and the emission of CO2 to the 
atmosphere. According to Fontaine et al. (2007), higher 
respiration is associated with reductions in the more 
stable fractions of SOM.These negative correlations 
probably result from the priming effect in which, 
according to Brady and Weil (2008), higher soil 
respiration with the addition of plant residue is stimulated 
by the breakdown of more resilient organic matter. 
 
 
Conclusion 
 
The CO2 emission apex was present in the first 5 DAI and 
a subsequent decrease to acquire stability from 40 DAI. 
There was no correlation between the emissions of CO2 
to the C-Labile after 79 DAI but there was a negative 
correlation with HA/FA. The management with incorpo-
rated straw, nitrogen fertilization and increased of T°C 
contribute to higher CO2 emissions. For TOC, C-HU, C-
HA, there were no significant differences after 79 DAI and 
no correlation with the CO2emission.  
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In Acatzingo, Puebla, Mexico (east-central), oil spills have mainly affected agricultural fields. Pleurotus 
ostreatus is a white rot basidiomycete and produces extracellular enzymes (lacasses, manganese 
peroxidases, versatile peroxidases and veratryl alcohol oxidases). The production of edible mushrooms 
generates spent mushroom substrate that may have a biotechnological application. The aim of this 
study was to evaluate the mushroom substrate of P. ostreatus in a microcosm for the bioremediation of 
an agricultural soil contaminated with diesel. We evaluated the participation of microbial populations 
and specific enzymatic lacasses, manganese peroxidases, versatile peroxidases, veratryl alcohol 
oxidases activities of mushroom substrate in the biodegradation of a soil contaminated with 11030 ppm 
of diesel in four treatments: E1, E2, E3 and E4. All the experiments were performed in triplicate at 25 and 
37°C for 28 days, with a soil:substrate ratio of 4:1. The treatments incubated at 37°C were quantified for 
diesel-tolerant bacteria, and treatments incubated at 25°C were quantified for diesel-tolerant fungi. 
Mushroom substrate participated in the biostimulation (91% organic material, 0.56% total nitrogen and 
0.3% phosphorus) and bioaugmentation of the microorganisms of the mirocosm. Bacteria-tolerant 
populations increased significantly (p = 0.000) in all the treatments. Lacasses (8.62 U g-1) activity was 
stimulated at 25°C and was the only one related to biodegradation; however, the highest biodegradation 
rate (72%) was at 37°C (bacterial biodegradation) being promising for future research. 
 
Key words: Bioremediation, diesel, laccase, veratryl alcohol oxidase, Pleurotus ostreatus. 

 
 
INTRODUCTION 
 
Mexico is one of the world's important oil producers and 
the activity has had repercussions on the environment. In 

Acatzingo, Puebla (east-central Mexico) agricultural soil 
has been affected by hydrocarbon spills. The region's 
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3386          Afr. J. Biotechnol. 
 
 
 
main economic activity is farming, producing mainly 
alfalfa, cabbage, lettuce, corn, nopal, green tomato, 
prickly pear and carrots.  

However, agro-food production and safety has been 
affected by the dispersion and spillage of recalcitrant 
pollutants due to the pipelines crossing extensive zones 
of agricultural fields trans-porting diesel, gasoline, fuel oil 
and crude oil. The lack of maintenance facilities for the 
pipelines, fuel theft, vehicular transport and even 
topographic, orographic and hydrological conditions of 
the site, cause a high incidence of pollution on 
agricultural land. These hydrocarbon spills have affected 
the fertility and structure of agricultural soils, reducing 
crop yields, and altering biological systems, irrigation 
systems and the peasant economy in the region (Rivera-
Pineda et al., 2012). 

Petroleum hydrocarbons are comprised of alkanes 
(linear or branched), cycloalkanes, polycyclic aromatic 
hydrocarbons (PAHs) and the most complex heavy 
fraction such as asphaltenes (Polichtchouk and 
Yashchenko, 2006). Diesel is a complex mixture of linear 
(C10-C28), branched and cyclic alkanes and PAHs, which 
is obtained from the middle distillate during the 
separation of the petroleum and is recognized for causing 
health problems (Gallego et al., 2001; Bento et al., 2005) 
due to its content of benzo[a]anthracene, benzo[a]pyrene 
and dibenzo[a,h]anthracene which are considered highly 
toxic and reported as mutagenic and carcinogenic (Das 
and Chandran, 2011). 

Among the different technologies available for the 
remediation of petroleum hydrocarbons, bioremediation 
uses living beings such as plants and microorganisms to 
restore or decontaminate soils, using the enzymatic 
capacity of bacteria and fungi to mineralize the complex 
hydrocarbon mixtures (Alexander, 1971). 

Ligninolytic fungi like Phanerochaete chrysosporium, 
Bjerkandera adusta and Pleurotus ostreatus, possess the 
capacity to express enzymes which are incorporated into 
the environment to degrade compounds of complex 
molecular composition, and are known as extracellular. 
P. ostreatus is a white rot basidiomycete; it produces 
laccases (Lac), manganese peroxidases (MnP), versatile 
peroxidases (VP) and veratryl alcohol oxidases (VAO) 
(Bourbonnais and Paice, 1988; Palmieri et al., 2001; 
Wong, 2009). These enzymes are capable of degrading, 
and even partially mineralizing, recalcitrant pollutants 
(dyes, endocrine disruptors, PAHs, halogenated com-
pounds, and various agrochemicals) (Gayosso-Canales 
et al., 2011). 

The isolation of these enzymes in in vitro cultures for 
bioremediation purposes is costly and therefore limits 
their application. SMS is a source of mycelium and 
ligninolytic enzymes produced during the growth of the 
fungus; unused lignocellulosic substrate is inexpensive 
and readily available (Singh et al., 2011), and its reuse 
minimizes the adverse impact on the environment 
(Pardo-Giménez and Pardo-González, 2008). In addition,  

 
 
 
 
62,374 ton of fresh edible mushrooms are produced in 
Mexico every year, and P. ostreatus represents 4.86% of 
domestic production (Martínez-Carrera et al., 2010). 
Crude extracts of SMS from white rot fungi have been 
used for the biodegradation of PAHs (Lau et al., 2003), 
bleaching of textile dyes (Singh et al., 2010; Singh et al., 
2011), and immobilization of heavy metals (Garcia-
Delgado et al., 2013), as well as the application of SMS 
in the biodegradation of PAHs in soil (Eggen, 1999).  

In addition, the hydrocarbon degrading enzymes from 
SMS as well as laccase and manganese peroxidase 
have been evaluated to biodegrade total petroleum 
hydrocarbons (TPH) and PAHs. The SMS of mushroom 
P. pulmonarius were evaluated at a concentration of 
laccases of 1.7-2.0 U mg-1 and 880 U g-1 and a 
concentration of manganese peroxidases of 1.8-1.9 U 
mg-1 and 580 U g-1; these enzymes could act directly and 
immediately to degrade 40% TPH (at 1.2 ±0.2 g kg-1 
initial concentration) (Chiu et al., 2009), and completely 
biodegrade naphthalene, phenanthrene, benzo[α]pyrene 
and benzo[g,h,i]perylene (200 ppm of PAHs initial 
concentration) (Lau et al., 2003). 

The aim of this investigation, then, was to evaluate the 
SMS of P. ostreatus under microcosm conditions for the 
bioremediation of an agricultural soil contaminated with 
diesel, through microbial characterization, bioaugmen-
tation (microorganisms present in the SMS) and 
biostimulation (co-substrate of the lignocellulosic material 
of the SMS).  
 
 
MATERIALS AND METHODS 
 
Sampling 
 
A non-contaminated soil sample was taken from the following 
geographic coordinates: 18° 57’ 01” N 97° 43’ 40” W in the 
municipality of Acatzingo, Puebla, Mexico. The spent P. ostreatus 
substrate samples were donated by local producers from the 
Puebla region. 
 
 
Physicochemical and microbiological characterization in soil 
and spent mushroom substrate (SMS) of P. ostreatus 
 
The physicochemical characterization of the agricultural soil and of 
P. ostreatus SMS was done according to Arshad and Coen (1992). 

The microbiological characterization of the soil and substrate was 
performed using serial dilution and the plate count technique in 
culture media suitable for quantification of cultivable populations of 
bacteria, fungi, actinomycetes and diesel-tolerant bacteria (Taylor 
et al., 2002). The different microorganisms were quantified using 
differential culture media and different growth conditions, 
additionally were differentiated morphologically. The bacteria 
population was quantified by pour plate technique using 0.1 ml 
aliquots of appropriate dilution into nutrient agar (Bioxon Mexico) 
plates with pH 7 and incubated at 37°C for 24 h. The fungi 
populations were quantified by plating out the diluents on potato 
dextrose agar (Bioxon Mexico) added with streptomycin (0.05 g l-1), 
pH 5.5 and were incubated at 25°C for five days. The 
actinomycetes were quantified using congo-red medium (Fisher-
Scientific, Mexico), grown at 25°C for five days.  



 
 
 
 

The determination of bacteria diesel-tolerant were grown in basal 
medium (g l-1): NH4NO3, 1; K2HPO4, 1; KH2PO4, 1; MgSO47H2O, 
0.409; CaCl2, 0.02; FeCl3, 0.00005, supplemented with 100 µl of 
sterile diesel and pH 7.0, incubated at 37°C for 24 h. The 
microorganisms were reported as Log cfu g-1 of dry soil. 
 
 
Experiments in microcosms to evaluate the enzymatic 
activities of SMS of P. ostreatus in the biodegradation of diesel 
 
An experimental design in microcosm was used to evaluate the 
participation in microbial populations and enzymatic activities 
(laccases, veratryl alcohol oxidases, manganese peroxidases, 
versatile peroxidases) present in the study system. The treatments 
in the design were: sterile contaminated soil and sterile SMS (E1); 
sterile contaminated soil and non-sterile SMS (E2); non-sterile 
contaminated soil and sterile SMS (E3); non-sterile contaminated 
soil and non-sterile SMS (E4). The soil and SMS were sterilized 
three times at 10 PSI for 2 h every other day. The soil used was 
spiked with 11030 ppm diesel and weathered for three months. For 
each treatment, 120 ml serological flasks were used, with 30 g of 
the soil-substrate mixture and adjusted to a C:N:P ratio of 100:10:1, 
the initial values of the organic matter and nitrogen from mixture 
were used for the adjustment, using sterile solutions of NH4SO4 1 N 
and K2HPO4 1 N. Humidity was maintained between 23.8 and 
25.6% ± 5.23. The atmosphere of the flasks was changed every 
third day with an air flow (1.8 ml air/sec) through a sterile 
membrane (0.22 µm). The treatments were incubated for 28 days at 
25 and 37°C. Diesel’s biodegradation (%), the initial and final 
population of bacteria and fungi tolerant to diesel were determined 
for the treatments incubated at 25 and 37°C respectively. All the 
treatments were performed in triplicate. The % of biodegradation 
was determined according to the following equation: 
 
The % of biodegradation = [(initial diesel concentration – final diesel 
concentration) / initial diesel concentration] * 100. 
 
 
Microbiological analysis 
 
The quantification of the initial and final population of diesel-tolerant 
bacteria and fungi was done by direct plate count. The 
determination of bacteria was done for the treatments incubated at 
37°C grown in basal medium (g l-1): NH4NO3, 1; K2HPO4, 1; 
KH2PO4, 1; MgSO47H2O, 0.409; CaCl2, 0.02; FeCl3, 0.00005; pH 
7.0. The determination of fungi was done for the treatments 
incubated at 25°C using minimal medium with the following 
chemical composition (g l-1): (NH4)2SO4, 7; K2HPO4, 1; KH2PO4, 1; 
MgSO47H2O, 0.409; dextrose, 0.1; Sol. E 100x, 100 µl; rose bengal, 
0.05; Streptomycin sulfate, 0.05; pH 5.5. diesel, previously sterilized 
by filtration, was used as carbon source, adding 100 µl over the 
Petri dish. The microorganisms were reported as Log cfu g-1 of dry 
soil. 
 
 
Quantification of diesel 
 
Initial and residual diesel was quantified based on the EPA method 
8015 C (nonhalogenated organics by gas chromatography) using a 
gas chromatograph-mass spectrometry (GC-MS Mainframe, HP 
Model 6890 System-FID) with an HP-5 (30 m x 0.25 mm x 0.25 µm) 
capillary column, with the following parameters: the injector 
temperature was 250°C, column was set at an initial temperature of 
50°C for one minute followed by a 14°C increment per minute to 
275°C and the isothermal held for 8 min. Carrier gas (He) flow was 
1.0 ml/min, and makeup N2 gas was used with a total run time of 25 
min. 
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Quantification of enzymes 
 
An extract was prepared from the sample of the SMS of P. 
ostreatus and from the mixture soil: substrate (5 g) with 20 ml 
sodium acetate buffer (50 mM, pH 5.0), by shaking for 2 h at 80 
rev/min and at 4°C, and then filtered through Whatman 1 paper. 
The extracts were stored at 4°C to determine the enzymatic 
activities (Isikhuemhen and Mikiashvilli, 2009). 

Lac activity was determined by oxidation of 2,2’-azinobis, 3-
ethylbenzothiazoline-6-sulphonic acid (ABTS) at 25°C and read at 
420 nm (ε420= 36000 M−1cm−1). MnP was determined by the 
formation of Mn3+-malonate complex at 25°C in malonate buffer 
(sodium malonate) 50 mM (pH 4.5), with 1 mM MnSO4 as substrate, 
and 0.1 mM H2O2; they were determined at an absorbance of 270 
nm (ε270= 11590 M−1cm−1). VP activity was monitored by the 
formation of Mn3+-tartrate complex at 25°C and read at 238 nm 
(ε238= 6500 M−1cm−1) during the oxidation of 0.1 mM Mn2+ (MnSO4) 
in 0.1 M of the sodium tartrate buffer (pH 5), and 0.1 mM H2O2. For 
the determination of VAO, the reaction mixture contained 1 mM 
veratryl alcohol, 0.25 M sodium tartrate buffer pH 5.0, and was 
monitored at an absorbance of 310 nm for the formation of 
veratraldehyde (ε310= 9300 M-1 cm-1). Therefore, one unit of 
enzymatic activity is defined as the amount of enzyme activity that 
transforms 1 μmol min−1 of substrate; the enzymatic activities were 
reported with specific activities (U g soil−1) (Bollag and Leonowicz, 
1984; Bourbonnais and Paice, 1988; Palmieri et al., 2001; 
Gayosso-Canales et al., 2011). 
 
 
Statistical analysis 
 
A variance analysis (means test) was made to compare the 
different treatments and Tukey's multiple comparison test (p ≤ 0.05) 
using the Minitab statistical package Versión 16.1.0 (licensed to the 
UPAEP). 
 
 
RESULTS 
 
Physicochemical characterization and 
microbiological analysis of non-contaminated soil 
and spent substrate (SMS) of P. ostreatus 
 
The agricultural soil presented a sandy loam texture, 
moderately alkaline (pH= 8.01), with 2.04% organic 
material, 0.032% total nitrogen and 0.00256% 
phosphorus. In addition, the humidity percentage 
(17.35%) was low compared to the spent mushroom 
substrate (SMS) of P. ostreatus (76.77%). With regard to 
the characterization of SMS, it presented an acid pH 
(pH= 5.68) and a high content of organic material (91%), 
total nitrogen (0.56%) and phosphorus (0.3%) compared 
to agricultural soil. 

Bacteria were the most abundant cultivable 
microorganisms in the non-contaminated soil and in the 
SMS (6.02 and 4.8 Log cfu g-1, respectively); however, 
diesel-tolerant bacteria were reduced in these samples, 
being more populous in soil (5.05 Log cfu g-1) than in 
SMS (4.71 Log cfu g-1). The group of actinomycetes in 
soil was about 2.9 Log cfu g-1 and was absent in the 
SMS, but the group of fungi remained in the same order 
in these samples (3.45 to 3.68 Log cfu g-1). 

The SMS of P. ostreatus presented different ligninolytic
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Figure 1. Population dynamics of tolerant diesel bacteria in microcosm using farm soil 
contaminated with diesel and SMS (4:1): treatments were E1, contaminated sterile soil and sterile 
substrate; E2, contaminated sterile soil and non sterile substrate; E3, contaminated non sterile soil 
and sterile substrate; E4, contaminated non sterile soil and non sterile substrate. Values were the 
mean of triplicate treatments incubated at 37°C at the beginning (light bars) and end (dark bars) of 
the experiment. *Different letters represent highly significant differences (p = 0.000) between 
treatments (Tukey’s test). 

 
 
 
enzymes such as Lac with a specific enzymatic activity of 
263 U g-1, VP (5.6 U g-1) and VAO (9.5 U g-1); MnP was 
not detected. 
 
 
Evaluation in a microcosm of the enzymatic activities 
of SMS in the biodegradation of diesel in agricultural 
soil (11030 ppm) 
 
In the microcosm, the tolerant bacteria increased 
significantly in all the treatments evaluated, the highest 
being E4 with 7.26 Log cfu g-1 (Figure 1). In contrast, the 
tolerant fungi populations presented a significant 
reduction (p = 0.000) according to system conditions and 
ranged from 2.82-5.22 Log cfu g-1 (Figure 2). However, 
biodegradation at 25°C was significantly lower (p = 0.000) 
than at 37°C, and E4 achieved the highest biode-
gradation of diesel (72%) (Table 1). 

In the evaluation of extracellular enzymes in the 
microcosm, Lac activity was significantly stimulated (p = 
0.000) in treatments E2, E3, and E4 with contaminated 
soil (11030 ppm diesel) at 25°C (0.92, 7.62 and 8.62 U g-

1, respectively) (Figure 3); no activity was detected in 
treatments at 37°C. VAO activity was also significantly 
stimulated (p = 0.000) at 25 and 37°C. The highest VAO 
activity was in treatment E4 at 25°C with 0.55 U g-1, and 
at 37°C with 0.83 U g-1 (Figures 4 and 5). Manganese 
peroxidase and versatile peroxidase were undetectable in 
any treatment. In treatment E1 (sterile soil and sterile 
SMS) no enzymatic activity was detected, as shown in 

Figures 3, 4 and 5; but the tolerant bacterial and fungal 
population was stimulated at the end of the experiment 
with 4.63 and 2.82 Log cfu g-1 respectively (Figures 1 and 
2). 
 
 
DISCUSSION 
 
The agricultural soil from Acatzingo, Puebla, Mexico 
presented a low nutritional content that is inadequate for 
farming activity according to Arshad and Coen (1992), 
and the SMS, being composed mainly of wheat straw, 
contains high doses of total nitrogen (0.56%) and organic 
material (91%); the physicochemical characteristics vary 
depending on the origin of the substrate and can 
contribute from 0.11 to 10.85% total nitrogen and 18.66 
to 51.00% organic carbon for the development of the 
mushroom according to López-Rodrigez et al. (2008). 
The total nitrogen (0.56%), organic carbon (52.78%) and 
phosphorus (0.3%) content of the SMS of P. ostreatus 
was similar to that reported by García-Delgado et al. 
(2013) with 42% organic carbon and 0.7% total nitrogen. 

The role of SMS, besides being a soil texturizer, is as 
co-substrate because of the incorporation of C, N and P, 
necessary for microbial metabolism whereby the 
treatment E3 increased native populations of tolerant 
diesel bacteria. In addition, the SMS of P. ostreatus 
bioaugmented the diesel-tolerant bacterial populations to 
5.74 Log cfu g-1 in treatment E2 (Figure 1). Chiu et al. 
(2009) reported similar results during a bioremediation
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Figure 2. Population dynamics of tolerant diesel fungus in microcosm using farm soil 
contaminated with diesel and SMS (4:1), treatments were E1, contaminated sterile soil and 
sterile substrate; E2, contaminated sterile soil and non sterile substrate; E3, contaminated 
non sterile soil and sterile substrate; E4, contaminated non sterile soil and non sterile 
substrate. Values were the mean of triplicate treatments incubated at 25°C at the beginning 
(light bars) and end (dark bars) of the experiment. *Different letters represent highly 
significant differences (p = 0.000) between treatments (Tukey’s test). 

 
 
 
Table 1. Evaluation of diesel´s biodegradation in microcosm using farm soil contaminated and SMS (4:1). 
 

Treatment Temperature (°C) Residual diesel (mg/kg)1, 2 ± SD (mg/kg) Diesel’s biodegradation (%) F-value 

E1 25  10044a 30.3 8.9 3442.77 
E1 37  9368.1b 56.2 15.1  
E2 25  7012.6c 66.6 36.4  
E2 37 4835.4d 49.9 56.2  
E3 25  4776.6d 40.2 56.7  
E3 37  3454.6e 79.6 68.7  
E4 25  3695.0e 37.6 66.5  
E4 37  3086.2f 117.5 72.0  

 
1Each value represents the average of triplicate with initial concentration of 11030 ppm diesel, treatments: E1, contaminated sterile soil and 
sterile substrate; E2, contaminated sterile soil and non sterile substrate; E3, contaminated non sterile soil and sterile substrate; E4, 
contaminated non sterile soil and non sterile substrate. 2Different letters in the column indicate statistically significant differences according 
to the Tukey test (p = 0.000). SD, Standard deviation. 
 
 
 
process when using SMS of P. pulmonarius; the 
substrates contributed macronutrients for the biostimu-
lation of microbial populations giving, in addition, a 
bioaugmentation effect. Furthermore, Martens and 
Zadrazil (1998) suggest that organic substrates con-
tribute nutrients that stimulate native microflora in the soil 
through products formed by the lysis of such substrates 
increasing degradation rates. 

In this work, a reduction in the fungal population (Figure 
2) was observed at the end of the experiment, associated 
with less biodegradation of diesel. Despite evidence of 
the biodegradation of contaminants by native fungi 
(Pérez-Armendáriz et al., 2010), the metabolic activity of 

native microorganisms is unpredictable; it can be affected 
by, among other things, the presence of the contaminant 
(Bento et al., 2005). However, the bacterial populations 
were significantly stimulated (p = 0.000) (Figure 1) and 
the highest biodegradation obtained (72%) (Table 1). 
Under the conditions studied in this work, the bacteria 
showed more ability to biodegrade diesel compared to 
fungi. It is possible that bacterial metabolism, the system 
of oxidation by monooxygenase and dioxygenase 
enzymes is more efficient than that of fungal enzymes 
(Das and Chandran, 2011). The biodegradation of diesel 
in treatment E1 (Table 1) was due to the loss and 
chemical degradation of diesel, and to the microorganisms
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Figure 3. Laccase activity in microcosm using farm soil contaminated with diesel and SMS (4:1). 
Treatments correspond E1, contaminated sterile soil and sterile substrate; E2, contaminated sterile 
soil and non sterile substrate; E3, contaminated non sterile soil and sterile substrate; E4, 
contaminated non sterile soil and non sterile substrate. Values were the mean of triplicate 
treatments incubated at 25°C at the beginning (light bars) and end (dark bars) of the experiment. 
*Different letters represent highly significant differences (p = 0.000) between treatments (Tukey’s 
test). 
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Figure 4. Veratryl alcohol oxidase activity in microcosm using farm soil contaminated with 
diesel. Treatments correspond E1, contaminated sterile soil and sterile substrate; E2, 
contaminated sterile soil and non sterile substrate; E3, contaminated non sterile soil and 
sterile substrate; E4, contaminated non sterile soil and non sterile substrate. Values were the 
mean of triplicate treatments incubated at 25°C at the beginning (light bars) and end (dark 
bars) of the experiment. *Different letters represent highly significant differences (p = 0.000) 
between treatments (Tukey´s test). 

 
 
 
that withstood the soil sterilization process (Figures 1 and 
2). With the results obtained, the SMS of P. ostreatus 
enabled high (72%) percentages of diesel biodegradation 

(11030 ppm initial concentration) at 37°C for 28 days 
(Table 1) which is promising for an escalation and 
subsequent physiological studies, since the application
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Figure 5. Veratryl alcohol oxidase activity in microcosm using farm soil contaminated with 
diesel. Treatments correspond E1, contaminated sterile soil and sterile substrate; E2, 
contaminated sterile soil and non sterile substrate; E3, contaminated non sterile soil and 
sterile substrate; E4, contaminated non sterile soil and non sterile substrate. Values were the 
mean of triplicate treatments incubated at 37°C at the beginning (light bars) and end (dark 
bars) of the experiment. *Different letters represent highly significant differences (p = 0.000) 
between treatments (Tukey’s test). 

 
 
 
of other SMS (P. pulmonarius) (3%) achieve the 
biodegradation of 40-45% of TPH (1200 ppm initial 
concentration) for 22 days in ex situ treatments (Chiu et 
al., 2009). 

In addition, the SMS of P. ostratus was a source of 
ligninolytic enzymes (263 U g-1 Lac, 5.6 U g-1 VP and 9.5 
U g-1 VAO) for the biodegradation of diesel in the 
microcosm. Singh et al. (2003) reported 7.59 U g-1 Lac in 
SMS of P. sajor-caju. Furthermore, Lau et al. (2003) 
reported Lac activities of 880 ± 40 U g-1 and of MnP 580 
± 20 U g-1 in SMS of P. pulmonarius to be higher than our 
results, and when applied (5% of SMS) to a contaminated 
soil (200 ppm of PAHs), presented a biodegradation of 
100% after two days under constant agitation (at 80°C). 
Law et al. (2003) reported 89% biodegradation of 
pentachlorophenol (100 mg l-1 initial concentration) in 
water system by the SMS of P. pulmonarius (5%) after 
two days of incubation at 250 rev/min in darkness at 
room temperature. Also, enzymatic extracts from SMS of 
A. bisporus (0.43 ± 0.02 U ml-1 Lac) have been used in 
vitro to evaluate the biodegradation of PAHs in the 
presence of heavy metals (Cd or Pb), which affected 
degradation with a reduction in Lac activity (García-
Delgado et al., 2013). In our study, the application of the 
SMS of P. ostreatus to a contaminated agricultural soil 
(11030 ppm diesel) contributed extracellular enzymes like 
Lac (0.92 U g-1) and VAO (0.34 U g-1) in the microcosm 
(Figures 3, 4 and 5) which suggests that they are part of 
the bioremediation process. 

Lignocellulosic residues also have the role of cosubstrate 

since they stimulate microbial activity in general (Eggen, 
1999); in our study, it was observed that the SMS 
increased the Lac production 30.85 times and the VAO 
production 15.83 times (Figures 3 and 5). The highest 
Lac activity (8.62 U g-1) was at 25°C (E4) with a high 
diesel biodegradation of 66.5% (Table 1) suggesting 
Laccase stimulation due to the presence of the 
contaminant; similar results were reported by Eggen 
(1999) for a soil contaminated with creosote, showing the 
Lac activity of 0.57 U g-1. Other studies conducted with 
different enzymatic extracts of SMS of different 
basidiomycetes (Agaricus bisporus, P. eryngii, P. 
ostreatus and Coprinus comatus) have presented the 
same effect (Li et al., 2010). In addition, in in vitro 
cultures of strains of P. eryngii, P. ostreatus, P. 
pulmonarius and P. sajor-cajur, Lac and VP activities 
were related to biodegradation (Rodríguez et al., 2004).  

The stimulation of Lac expression in soils contaminated 
with recalcitrant substances for P. ostreatus has been 
widely reported; Gayosso-Canales et al. (2011) showed 
that this basidiomycete was producing 19.1 U mg of Lac 
protein-1 when polychlorinated biphenyls were present in 
soil. 

An interesting result in this work was the concentration 
of VAO at 37°C (0.83 U g-1), also found in contaminated 
soils at 25°C (0.55 U g-1) (Figures 4 and 5). These results 
suggest that the expression of VAO enzyme can be by 
both bacteria and fungi, due to the presence of 
intermediary compounds like veratrylic alcohol, resulting 
from the biodegradation of lignocellulosic substrates and  
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hydrocarbons. VAO is an enzyme that oxidizes two O2 
electrons to H2O2 for the formation of a free radical 
followed by the loss of a proton, in lignin biodegradation 
with characteristics similar to the majority of peroxidases 
but with the ability to biodegrade aromatic alcohol 
compounds such as veratrylic alcohol (Bourbonnais and 
Paice, 1988). 

The presence of VAO has been reported in vitro in 
fungi such as P. sajor-caju, P. ostreatus, P. cornucopiae, 
P. eryngii, P. floridanus, and P. pulmonarius 
(Bourbonnais and Paice, 1988; Gutiérrez et al., 1994; 
Marzullo et al., 1995), and in the unicellular bacteria 
Comamonas sp., VAO has been purified with the ability 
to decolorize textile dyes (Jadhav et al., 2009; Chen et 
al., 2012). 

In conclusion, this study investigates different factors 
associated with the use of spent substrate of Pleurotus 
ostreatus in the bioremediation of an agricultural soil 
contaminated with diesel. The best treatment was 
obtained with the non-sterile mixture at 11030 ppm diesel 
with 72% biodegradation, evaluated after 28 days of 
incubation at 37°C. Therefore, the SMS of P. ostreatus 
contributed extracellular enzymes such as Lac (0.92 U g-

1) and VAO (0.34 U g-1) in the microcosm system used. 
The SMS also functioned as a biostimulant agent by 
contributing the residues of ligninolytic origin increasing 
the production of Lac (30.85 times) and VAO (15.83 
times) and as biostimulant by increasing the number of 
cfu of microorganisms in the bioremediation system.  
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wetting, penetrating, thickening, microbial growth 
enhancement, metal sequestering and resource 
recovering (oil) which make surfactants replace some of 
the most versatile process chemicals (Rosenberg, 1986). 
They are promising natural surfactants that offer several 
advantages over chemically synthesized surfactants, 
such as lower toxicity, biodegradability and ecological 
acceptability. Although biosurfactants exhibit such 
important advantages, they have not been yet employed 
extensively in industry because of relatively high 
production cost. One possible strategy for reducing cost 
is the utilization of alternative substrates such as agro 
industrial wastes (Mercade and Manresa, 1994). The 
establishment of waste-based medium for biosurfactant 
production also faces another problem; that is, the kind 
and the properties of final product depend on the 
composition of culture media (Besson and Michel, 1992).  

Mangrove ecosystem is a bridge between terrestrial 
and marine ecosystem and harbours unique microbial 
diversity. Mangroves are present in the coastal areas of 
tropical countries and supports abundant life through a 
food chain that starts with the trees and the micro-biota 
(Smith et al., 1991). Although mangrove ecosystem is 
rich in organic matter, by and large they are nutrient-
deficient especially in nitrogen and phosphorus. Diversity 
of microbial communities inhabiting this unique swampy, 
saline, partially anaerobic environment is useful as it 
provides clue of the microorganism and their adaptability 
in such habitats (Semenov et al., 1999). The 
biosurfactant producing organisms are isolated from the 
mangrove ecosystems.  

In this present study, biosurfactant-producing micro-
organism P. aeruginosa PBSC1 was isolated from 
mangrove ecosystems. The production of biosurfactant 
was carried out using the MSM. The cell free culture 
broth was extracted for the biosurfactant and quantified. 
To confirm the type of biosurfactant, the characterization 
study was conducted.  
 
 
MATERIALS AND METHODS 
 
Isolation, screening and identification of the microorganism 
 
The mangrove soil samples were collected from various places of 
Cuddalore district of Tamil Nadu, India. The places are Pichavaram 
(boat house), South Pichavaram, Kodiyampalayam, Muzhukuthurai 
and Artificial Mangrove forest. From these five places, a total of 21 
soil samples were collected from sediments and rhizosphere of the 
mangrove plant. One hundred gram of freshly collected soil 
samples was taken in a 250 ml Erlenmeyer flask. It was added to 
10 ml of crude oil (to selectly enrich the biosurfactant producers) 
and thoroughly mixed and kept for incubation at room temperature 
(28 ± 2°C) for 30 days. The samples were moistened with water to 
avoid desiccation when necessary. The screening of bacterial 
isolates was done using hemolytic assay (Mulligan et al., 1984), 
drop collapse assay (Jain et al., 1991; Bodour and Miller-Maier, 
1998), oil speading test (Morikawa et al., 2000), and emulsification 
(Cooper and Goldenberg, 1987). Best biosurfactant producing 
strain was identified and used for the production and 
characterization. 
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Identification of bacterial isolates 
 
The isolated bacterial strains were identified using standard 
biochemical and sugar fermentation test. The species level 
identification was done using 16S rRNA sequencing. 
 
 
16S rRNA sequencing 
 
It is important to use a pure cultivated bacterium for identification. 
The purification of PCR products were done by removing 
unincorporated PCR primers and dNTPs from PCR products by 
using Montage PCR Clean up kit (Millipore). The sequencing was 
carried out by purifying the PCR products of approximately 1,400 
bp and was sequenced using 2 primers. Sequencing products were 
resolved on an Applied Biosystems model 3730XL automated DNA 
sequencing system (Applied BioSystems, USA). 

The partial sequencing of the 16S rRNA gene was commercially 
carried out at the Yazhl Xenomics, Chennai, using universal 
amplification and sequencing primers and Sequencing reactions 
were performed in a MJ Research PTC-225 Peltier Thermal Cycler 
using a ABI PRISM® BigDyeTM Terminator Cycle Sequencing Kits 
with AmpliTaq® DNA polymerase (FS enzyme) (Applied 
Biosystems), following the protocols provided by the manufacturer.  
 
 
Phylogenetic analysis 
 
The partial sequencing was analyzed and compared with nucleotide 
sequence databases in the National Center for Biotechnology 
Information (NCBI) website using basic local alignment search tool 
(BLAST) program (http://www. ncbi.nlm.nih.gov/BLAST), in order to 
confer percentage sequence similarities. The evolutionary history of 
SOL-10 strain was inferred using the Neighbor-Joining (NJ) 
method. The evolutionary distances were computed using the 
maximum composite likelihood (MCL) method. Phylogenetic 
analyses were conducted in Molecular Evolutionary Genetics 
Analysis (MEGA) software (Version 4.0). 
 
 
Growth and biosurfactant production 
 
Bacteria were grown in Minimal Salt Medium (g L-1) containing 1.0 
K2HPO4, 0.2 MgSO4.7H2O, 0.05 FeSO4.7H2O, 0.1 CaCl2.2H2O, 
0.001 Na2MoO4.2H2O, and 30 NaCl was added with crude oil 
(1.0%, w/v). Flasks containing sterilized MSM were inoculated with 
a loopful of bacteria and flasks were maintained in an Orbital 
shaker for seven days at 120 rpm, 30°C. After seven days of 
incubation, culture broth from each flask was centrifuged at 6000 
rpm, 4°C for 15 min and the supernatant was filtered through 0.45 
μm pore size filter paper (Millipore, India). This cell free culture 
broth was used for drop collapse assay, oil spreading assay, 
emulsification assay and surface tension measurement. All the 
screening experiments were performed in triplicates (until otherwise 
mentioned) and the mean values were recorded. 
 
 
Biosurfactant extraction and characterization 
 
The MSM broth with the culture inoculums was centrifuged at 
10,000 × g for 30 min to discard the cells and extracted twice with 
chloroform and methanol (2:1 v/v). The solvents were removed by 
rotary evaporation and the residue was partially purified in silica gel 
(60-120 mesh) column eluted with chloroform and methanol ranging 
from 20:1 to 2:1 (v/v) in a gradient manner. The fractions were 
pooled and solvents were evaporated; resulting residue was 
dialyzed against distilled water and lyophilized. The crude 
biosurfactant was expressed in g L-1 (Thavasi et al., 2011). 
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Twenty (20) of Verticillium dahliae were isolated from wilted potato specimens collected from six 
districts in Guizhou, China. All the isolates were evaluated for pathogenicity on two potato cultivars, 
Favorita (susceptible) and Hui-2 (resistant) using the root dip inoculation (RDI) and microsclerotia 
inoculation (MI). All of the V. dahliae isolates appeared to be pathogenic on both cultivars but VGZ-HZ-4 
isolate gave the highest wilt incidence comparing to the others, seconded by VGZ-SC-1 and VGZ-XW-1. 
Combined analysis of wilt incidence resulting from using two inoculation methods for VGZ-HZ-4 and 
VGZ-XW-1 isolates on the two potato cultivars showed that the MI gave a higher wilt incidence than that 
of the RDI and cultivar Favorita had a higher wilt incidence than that of Hui-2. These two V. dahliae 
isolates were further used as representative isolates for mycelial inhibition (MyI) test with 33 
Trichoderma isolates under a dual culture condition on potato dextrose agar plate. The 33 Trichoderma 
isolates consisting of 21 isolates isolated from potato soils from seven districts of Guizhou, 11 isolates 
from single spore isolates of the TGZ-150 isolate preserved at Guizhou Institute of Plant Protection 
(GZIPP) and one isolate TGZ-OLD-81 also preserved at the GZIPP. Most of the single spore isolates and 
TGZ-SC-4 were found to have higher MyI efficiency than that of the rest. The results indicate that the 
Trichoderma isolates in this study have initial modes of action of biological control to protect potato 
crop against V. dahlia. 
 
Key words: Trichoderma, potato wilt disease, growth inhibition, Verticillium dahliae, antagonistic fungi. 

 
 
INTRODUCTION  
 
Trichoderma species as biocontrol agents of plant 
pathogen were first recognized in the early 1930’s and 
subsequently they were applied successfully as biocon-
trol agents against several plant diseases in commercial 

agriculture (Hjeljord and Tronsmo, 1998; Harman, 2006; 
Schubert and Fink, 2008). Trichoderma is a genus which 
include species of free- living soil fungi, opportunistic, 
avirulent plant symbionts (Harman et al., 2004), asympto- 



 
 
 
 
 
matic endophytes (Williama et al., 2003), and parasites of 
other fungi (Harman, 2006). It is often the major 
component of the microflora in soils of various 
ecosystems, such as agricultural farm soil, grassland, 
forest, marshes, deserts and water (Danielson and 
Davey, 1973). It possesses high reproductive capacity, 
ability to survive under very unfavorable conditions, 
efficiency in the utilization of nutrients, and capability to 
modify the rhizosphere. They produce a variety of 
compounds that induce localized or systemic resistance 
responses in plants (Brunner et al., 2005). 

Potato (Solanum tuberosum L.) is the World’s and 
China’s fourth largest staple crop after rice, wheat and 
maize. China is the largest potato producer worldwide, 
accounting for 26.3 and 22.2% of the global total area 
and yield (Wang et al., 2011). However, the potato yield 
and quality has been seriously influenced by various 
diseases. Among problems of potato, Verticillium wilt is 
one of the most destructive diseases that occurs in major 
potato growing regions worldwide and has been reported 
in many countries, like USA, New Zealand, the Pacific 
North-West, Canada and China (Rowe and Powelson, 
2002; Mpofu and Hall, 2002). Verticillium wilt is a 
complex disease caused by many species of Verticillium, 
such as Verticillium dahliae Kleb or Verticillium alboatrum 
(Francl et al., 1990; Rowe and Powelson, 2002). 
However, it is mainly caused by V. dahliae which can 
cause wilt, severe yield and quality losses in more than 
160 plant species, such as potato (S. tuberosum L.), 
cotton (Gossypium spp.), tomato (Lycopersicon 
esculentum Mill.), alfalfa (Medicago sativa L.), strawberry 
(Fragaria grandiflora Ehrh.), mint (Mentha piperita L.), 
sunflower (Helianthus annuus L.) and eggplant (Solanum 
melongena L.) (Gazendam et al., 2004; Uppal et al., 
2008; Cirulli, 1981). This disease continues to have a 
considerable impact on the potato industry, worth about 
US$ 44 million annually (Mpofu and Hall, 2002) and 
Verticillium spp. were present over 60% of potato fields in 
the USA (Slattery and Eide, 1980). Furthermore, it can 
cause total loss in individual field. V. dahliae is one of the 
most destructive soil/seed-borne fungal pathogen (Uppal 
et al., 2008) and can survive in the soil for 5 to 14 years 
(http://www.crop.cri.nz/home/ products- 
services/publications/ broadsheets/126-Potato.pdf). The 
management of Verticillium wilt is challenging not only 
due to the endogenous growth of the pathogen, but also 
to its ability to infect multiple hosts and to the multi-year 
longevity of its propagules in the soil (AlstrÖm, 2001). 

The soil-borne pathogens like Verticillium spp. are 
difficult to control, even by chemicals. One reason could 
be the complicated ecosystem of the soil, where a number 
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of interactions occur. Under favorable conditions such 
diseases spread rapidly, almost without any possibility of 
control by fungicides (Galletti et al., 2008). Although, the 
agricultural chemical fungicides have been used for so 
long and the effects were prominent, they could induce 
the pathogen to develop resistance. Moreover, although 
the disease had been so controlled, some beneficial 
microbes have also been killed, thus disturbing the 
ecological balance. There is now a need for other 
methods of control as fungicidal use may be limited in the 
future by governmental regulations (Hanson, 2000; 
Kexiang et al., 2002). 

In recent years, sustainable agricultural systems aimed 
at safeguarding the environment have gained more and 
more interest, and considerable efforts have been made 
to adopt strategies which reduce chemical inputs 
(Gamliel et al., 2000; Zamanian et al., 2005). 
Trichoderma spp. are widely used as commercial 
biofungicides for control of soil-borne and foliar 
pathogens (Chet and Baker, 1981; Cook and Baker, 
1982; Papavizas, 1985; Verma et al., 2007; Buensanteai 
et al., 2010; Akinbode and Ikotun, 2011). In addition, 
plant pathogens directly affected through antibiosis and 
mycoparasitism, Trichoderma spp. can colonize roots 
and trigger systemic resistance against bacterial and 
fungal pathogens (Liansheng and Weihua, 2000; Harman 
et al., 2004). Induced resistance caused by treating 
plants with a biologically active elicitor is the phenol-
menon of priming and sensitizing plants to exhibit a more 
rapid and elevated expression of defense-related 
responses upon pathogen infection compared to 
unprimed plants. These responses may include an 
accumulation of PR proteins associated with the SA-
dependent and the pathogen-induced JA-dependent 
pathways, as well as phenylalanine ammonia-lyase and 
redox regulating proteins (Mittler et al., 2004; Fobert and 
Despres, 2005; Heil and Silva Bueno, 2007; Buensanteai 
et al., 2010).  

The aim of this study was to evaluate the efficacy of 
Trichoderma strains for antagonistic activity on the fungal 
pathogen V. dahliae, causal agent of potato wilt disease.  
 
 
MATERIALS AND METHODS 
 
Pathogen isolation 
 
Ten (10) potato wilt diseased samples were collected from 
Shuicheng, Hezhang, Changshun, Weining, Guiyang (GZAAS and 
Xiuwen) in Guizhou province, China. Subsequently, the samples 
were washed in running water for 15-20 min, immersed in 1% 
sodium hypochlorite (NaOCl) for 2-3 min, rinsed with sterile distilled 
water for 30 to 45 s and then dipped in 70% ethyl alcohol for 20 to

 
*Corresponding author. E-mail: natthiya@sut.ac.th. Tel: 66 4 422 4204. Fax: 66 4 422 4281. 
 
Author(s) agree that this article remain permanently open access under the terms of the Creative Commons Attribution License 4.0 
International License 



 
3404          Afr. J. Biotechnol. 
 
 
 
30 s. Cross sections were then made under an aseptic condition 
and transferred onto acidified potato-dextrose agar (APDA). The 
APDA contained 2 ml of 25% lactic acid per liter. The stem sections 
were incubated for 14 to 20 days at 22 to 24°C as reported by 
Slattery and Eide (1980). After four days, the V. dahliae hyphal tip 
grown out from each piece of tissue of potato was picked and 
transferred onto the new potato dextrose agar (PDA) for further 
experiment. 
 
 
Pathogenicity test of V. dahliae isolates 
 
Root dip inoculation (RDI) 
 
Twenty (20) of the V. dahliae isolates obtained were tested for their 
pathogenicity in potato seedlings. All cultures were grown on PDA 
at 24±2°C prior to inoculation. Spore suspensions were prepared 
from 3-week-old cultures by adding 10 ml of sterile distilled water to 
each plate and scraping the cultures with a rubber spatula. Using a 
haemacytometer, the inoculum concentration was adjusted to 107 
conidia/ml. Potato seedlings of the Favorita and Hui-2 cultivars 
were used as test plants. Favorita had been observed to be 
susceptible to V. dahliae, while Hui-2 was resistant. These potato 
seedlings were uprooted and inoculated by using the root-dip 
technique. Roots were washed with running water, and submerged 
for 60 min in conidia suspension. The inoculated seedlings were 
subsequently transplanted into 20 cm pots with sterilized soil 
(autoclaved 1 h, 121°C -or whatever it is). Three replications of five 
plants for each isolate were used. The plants were kept on a room 
bench at 21 to 23°C. Daylight was supplemented by fluorescent 
lamps to provide a 12 h day length; wilt incidence was checked at 
four weeks after inoculation. 
 
 
Microsclerotia inoculation (MI) 
 
The same 20 isolates of V. dahliae were used for this experiment. 
After microsclerotia having formed on PDA, the whole agar piece 
was removed from the plate and put in the soil beneath the roots of 
transplanted potato seedlings of the Favorita and Hui-2 cultivars in 
a 20 cm pot. Three replications of five plants for each isolate were 
used. The plants were kept under the same condition as in previous 
experiment; wilt incidence was observed four weeks after 
inoculation. The experimental trials were conducted following a 
three-factor complete randomized design (CRD). 
 
 
Trichoderma origin and isolation 
 
Trichoderma-selective medium (TSM) 
 
The TSM consisted of a basal medium comprising (all amount is 
per liter) 0.2 g MgSO4 (7H2O), 0.9 g K2HPO4, 0.15 g KCl, 1.0 g 
NH4NO3, 3 g glucose, 0.15 g rose Bengal, and 20 g agar. These 
constituents were added to 950 ml of distilled water and autoclaved 
at 121°C for 15 min. The antimicrobial and fungicidal ingredients (all 
amount were per liter) were 0.25 g chloramphenicol, 9.0 ml 
streptomycin stock solution (1% w/v), 0.2 g quintozene, and 1.2 ml 
propamocarb (772 g of active ingredient per liter), all in 20 ml of 
sterile distilled water, and the mixtures were added to the cooled 
basal medium (40 to 50°C) (Williams et al., 2003). 
 
 
Trichoderma isolation from soil 
 
Ten (10) soil samples of each field were taken from each Verticillium 

 
 
 
 
wilt diseased field in Shuicheng, Weining, Hezhang, Zunyi and 
Guiyang of Guizhou province, China and 10 fields were sampled. 
Five soil sub samples were taken from the area around the healthy 
potato roots, pooled and placed in polyethylene bags and stored at 
4°C. Ten gram of the soil sample was suspended in 50 ml of sterile 
distilled water and incubated for 30 min at 200 rpm in a rotary 
shaker. Serial dilutions (5×1:9 ml) were then made. Subsequently, 
0.1 ml of each dilution was spread on the TSM surface with a glass 
rod, two replications for each dilution and incubated at 28°C. Five to 
ten Trichoderma single colonies were collected from each sample 
and transferred onto PDA for further study. The isolates were 
primarily selected according to their differences in colony 
characters. 
 
 
Single spore isolates 
 
Trichoderma harzianum TGZ-150 was isolated from rhizosphere 
soil of tobacco damaged by tobacco root rot (Fusarium oxysporum) 
in Bijie city of Guizhou province in 2011 and preserved at the Plant 
Pathology Laboratory of Guizhou Institute of Plant Protection 
(GZIPP). The 0.03 ml of TGZ-150 Trichoderma spore suspension 
(103 conidia/ml) was spread on 10 PDA medium, incubated at 
28±2°C for 12 h and examined frequently every 12 h under a 
microscope for germinating spores which were picked and 
transferred with a sterile cork borer to fresh PDA. The single spore 
isolates were maintained in PDA slant for the future experiment. 
 
 
In vitro inhibition of V. dahliae by Trichoderma  
 
Mycelial inhibition (MyI) 
 
Trichoderma isolates used for this study were from two origins. One 
was the 11 single spore isolates of TGZ150, and the strain TGZ-
OLD-81 preserved at GZIPP, the others were those isolated from 
the fields. The T. harzianum and the V. dahliae isolates tested were 
VGZ HZ4 and VGZ XW1 which previously showed the highest 
levels of pathogenicity in potato. Trichoderma isolates were tested 
in vitro for their highest antagonistic ability over V. dahliae colony in 
dual culture. One mycelial disc (5 mm) of each Trichoderma isolate 
and V. dahliae was put together in a Petri dish with PDA medium, 6 
cm apart. Three replications (dishes) were used for each 
Verticillium-Trichoderma combination. The V. dahliae mycelial 
growth inhibition rate was calculated three days after incubation. 
The percent of growth inhibition was calculated as follows: 
 
 
Growth inhibition (%) = [(RCK-RT/RCK) ×100] 
 
Where, RCK is the radius of V. dahliae colony, and RT is the radius 
of V. dahliae colony cultured with Trichoderma in the same Petri 
dish. 
 
 
Microsclerotia disintegration (MD)  
 
Based on the fact that microsclerotia are the main inocula of V. 
dahliae in the soil, their elimination can reduce wilt incidence in the 
subsequently growing season. Therefore, Trichoderma isolates 
having microsclertia disintegration ability (MDA) would be more 
desirable. This experiment was aimed at testing the MDA of some 
selected Trichoderma isolates. Microsclerotia paper discs (MPD) 
were prepared. A sterile filter paper disc (5 mm) was put at the 
edge of each growing colony of V. dahliae in order to collect 
microsclerotia. Numerous microsclerotia were produced on the
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Table 1. Isolates of Verticillium dahliae isolated from the wilted potato grown in Guizhou Province, China used in the 
experiment. 
 

Isolate Site Host Isolate Site Host 

VGZ-SC-1 Shuicheng Favorita VGZ-HZ-1 Hezhang WeiYu-3 
VGZ-SC-2 Shuicheng Favorita VGZ-HZ-3 Hezhang Favorita 
VGZ-SC-3 Shuicheng WeiYu-3 VGZ-HZ-4 Hezhang Favorita 
VGZ-SC-4 Shuicheng WeiYu-3 VGZ-HZ-9 Hezhang Favorita 
VGZ-SC-5 Shuicheng WeiYu-3 VGZ-HZ-10 Hezhang Favorita 
VGZ-SC-6 Shuicheng Favorita VGZ-XW-1 Xiuwen WeiYu-3 
VGZ-SC-7 Shuicheng Favorita VGZ-WN-1 Weining Favorita 
VGZ-CS-1 Changshun Favorita VGZ-WN-2 Weining WeiYu-3 
VGZ-CS-2 Changshun Favorita VGZ-NKY-2 GZAAS1 Favorita 
VGZ-CS-5 Changshun Favorita VGZ-NKY-4 GZAAS Favorita 

 
1GZAAS: Guizhou academy of agricultural sciences. 

 
 
 

 
 
Figure 1. Colony character (left), microsclerotia (middle) and conidia (right) of Verticillium dahliae on 
APDA medium. 

 
 
 
paper disc after one week. Ten (10) Trichoderma isolates having 
highly inhibition ability on V. dahliae mycelial growth were tested for 
their ability to disintegrate V. dahliae microsclerotia. One mycelial 
disc (5 mm) of each Trichoderma isolate was put in the middle of 
the PDA. After 1 day, 30 MPDs were put at the edge of the growing 
colony in three replications. The MPD was pretested for their 
sensitivity to surface disinfectant (1% NaOCl and 75% ethyl alcohol) 
before the actual experiment was conducted. The best condition of 
MPD treatment was applied to the MPD for this test. After 1 week, 
the MPD from each treatment was recovered and checked for the 
viability. All of the MPDs were put in the PDA after disinfectant 
(75% ethyl alcohol 3 min and 1% NaOCl 5 min) treatment. With this 
treatment, only viable microsclerotia survived but all Trichoderma 
propagules were killed. Percentage of non-germinating 
microsclerotia reflected the ability of Trichoderma to disintegrate the 
microsclerotia. 
 
 
Statistics analysis 
 
The data was analyzed by  SPSS 16.0 software. To ensure that the 

homogeneity of the variances and the symmetry of the distribution 
of each variable, data recorded as percentages were arcsine-
transformed before ANOVA analysis in this research. Statistical 
differences were determined by DMRT (Duncan) test. 
 
 
RESULTS 
 
Isolation of V. dahliae and Trichoderma  
 
Twenty (20) isolates of V. dahliae were obtained from the 
planting areas of Guizhou province (Table 1). Colony 
character showed white mycelia and produced black 
microsclerotia on APDA (Figure 1). From the soil samples 
collected from different location in Guizhou, 21 
Trichoderma isolates were obtained (Table 2). Additional 
11 isolates were single-spore isolated from T. harzianum 
TGZ-150, a commercial isolate preserved at GZIPP. All 
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Table 2. Isolates of Trichoderma from the GZIPP collection and obtained from the soil in Guizhou 
Province, China. 
 

Isolate Site Isolate Site 

TGZ-SC-3 Shuicheng TGZ-CH-1 Weining 
TGZ-SC-4 Shuicheng TGZ-CH-2 Weining 
TGZ-SC-5 Shuicheng TGZ-CH-3 Weining 
TGZ-HZ-3 Hezhang TGZ-CH-4 Weining 
TGZ-NKY-1 GZAAS TGZ-OLD-811 Guanling 
TGZ- NKY -2 GZAAS  

 
 
Single spore isolate of 
TGZ-1502 

TGZ- NKY -3 GZAAS TGZ-150-1 
TGZ- NKY -5 GZAAS TGZ-150-4 
TGZ- NKY -7 GZAAS TGZ-150-5 
TGZ- NKY -8 GZAAS TGZ-150-6 
TGZ-TC-3 Changshun TGZ-150-33 
TGZ-TC-4 Changshun TGZ-150-37 
TGZ-TV-1 Xingyi TGZ-150-38 
TGZ-TV-2 Xingyi TGZ-150-41 
TGZ-TV-3 Xingyi TGZ-150-50 
TGZ-ZY-2 Zunyi TGZ-150-51 
TGZ-ZY-4 Zunyi TGZ-150-55 

 
1TGZ-OLD-81 was isolated by baiting from the soil of a pepper field. 2TGZ-150 was isolated from 
rhizosphere of tobacco roots and preserved at GZIPP.  

 
 
 

 
 
Figure 2. The character of Trichoderma isolates cultured for 2 days (left) and 7 days (right) on PDA. (1 TGZ-TV-1, 2 TGZ-150-37, 3 
TGZ-TV-2, 4 TGZ-TV-3, 5 TGZ-150-5, 6 TGZ-150-33, 7 TGZ-CH-1, 8 TGZ-CH-2, 9 TGZ-CH-3, 10 TGZ-CH-4, 11 TGZ-ZY-2, 12 
TGZ-ZY-4, 13 TGZ-NKY-1, 14 TGZ-NKY-2, 15 TGZ-NKY-3, 16 TGZ-NKY-5, 17 TGZ-HZ-4, 18 TGZ-OLD-81, 19 TGZ-NKY-7, 20 
TGZ-SC-5, 21 TGZ- SC-3, 22 TGZ-SC-4 and 23 TGZ-150-38). 

 
 
 
these isolates and TGZ-OLD-81 were included in the up-
coming experiment (Figure 2). 
 
 
Pathogenicity test of V. dahliae isolates  
 
The 20 isolates of V. dahliae were tested for pathogenicity 

on two potato cultivars by root dip inoculation (RDI) and 
microsclerotia inoculation (MI). All of the V. dahliae 
isolates could infect potato cultivar Favorita (Table 3). 
When results of pathogenicity of the 20 V. dahliae 
isolates on the two potato cultivars were combined, it 
appeared that VGZ-HZ-4 gave the highest wilt incidence 
of 39.71%, seconded by VGZ-SC-1 and VGZ-XW-1
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Table 3. Wilt incidence on potato cultivars favorita and Hui-2 inoculated with Verticillium dahliae 
isolates by root dip inoculation (RDI) and microsclerotia inoculation (MI). 
  

Treatment  

Wilt incidence (%) 

Favorita  Hui-2 

RDI1 MI  RDI MI 

VGZ-SC-1 26.67ab 33.33bcd  0.00a 6.67ab 
VGZ-SC-2 40.00ab 40.00abcd  6.67a 6.67ab 
VGZ-SC-3 46.67ab 33.33bcd  0.00a 0.00b 
VGZ-SC-4 33.33ab 40.00abcd  13.33a 13.33ab 
VGZ-SC-5 46.67ab 46.67abcd  0.00a 6.67ab 
VGZ-SC-6 20.00bc 46.67abcd  6.67a 6.67ab 
VGZ-SC-7 46.67ab 53.33abc  0.00a 0.00b 
VGZ-HZ-1 20.00bc 6.67ef  0.00a 6.67ab 
VGZ-HZ-3 53.33ab 46.67abcd  6.67a 0.00b 
VGZ-HZ-4 60.00a 73.33a  20.00a 20.00a 
VGZ-HZ-9 20.00bc 20.00de  0.00a 0.00b 
VGZ-HZ-10 40.00ab 66.67ab  6.67a 0.00b 
VGZ-CS-1 66.67a 73.33a  13.33a 13.33ab 
VGZ-CS-2 40.00ab 53.33abc  0.00a 6.67ab 
VGZ-CS-5 33.33ab 26.67cd  0.00a 13.33ab 
VGZ-WN-1 40.00ab 53.33abc  13.33a 13.33ab 
VGZ_WN-2 40.00ab 60.00abc  6.67a 6.67ab 
VGZ-NKY-2 46.67ab 46.67abcd  6.67a 13.33ab 
VGZ-NKY-4 20.00bc 40.00abcd  0.00a 0.00b 
VGZ-XW-1 46.67ab 60.00abc  13.33a 20.00a 
Control2 0.00c 6.67f  0.00a 0.00b 
F-test ** **  NS * 
CV (%) 27.23 20.43  35.95 30.54 

 
1Means in the same column followed by different letters are statistically different at P≤0.05 by DMRT. 
2Control: without Verticillium.  

 
 
 
which gave wilt incidence that were not statistically 
different (37.41 and 34.62%, respectively) (Table 4). The 
combined average wilt incidence of RDI and MI on the 
cultivar Favorita was higher than cultivar Hui-2 (Table 5) 
which was 39.63 and 8.62%, respectively. Table 6 shows 
the combined wilt incidence resulting from the use of 2 
inoculation techniques on the two cultivars. It appears 
that the MI gave a higher wilt incidence (25.92%) com-
pared to that of the RDI. VGZ-HZ-4 and VGZ-XW-1 were 
selected as representative isolates for further experiment. 
 
 
In vitro inhibition of V. dahliae by Trichoderma 
isolates 
 
In this experiment, the 33 Trichoderma isolates were 
tested for mycelia growth inhibition of the V. dahliae 
isolates VGZ-HZ-4 and VGZ-XW-1. All of Trichoderma 
isolates could grow and occupy the whole colony of V. 
dahliae within four days (Figure 3). Most of the 
Trichoderma isolates grew so fast and had the averaged 

colony radius of 41.86, 54.08 and 65.98 mm after two, 
three and four days, respectively. After seven days, all of 
them could produce spores at the average of 1.38×1010 

cfu/dish.  
After three days of dual culture at 28°C, most of the 

isolates had performed noticeably well on inhibition 
ability. The inhibition percentage measured at three days 
after the dual culture is shown in Table 7. It can be seen 
that most of single spore-isolates of TGZ-150 and the 
TGZ-OLD-81 had higher inhibition efficacy than the 
average but the one isolated from soil of Shuicheng, 
TGZ-SC-4 isolate gave the highest inhibition percentage 
of 38.37%. 
 
 
Microsclerotia disintegration test 
 
After pretesting the disinfection time for Trichoderma and 
V. dahliae, it was found that immersing paper dices con-
taining the fungal propagules in 75% EtOH for 3 min 
followed by NaOCl for 5 min could kill the Trichoderma 
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Table 4. Combined wilt incidence on favorita and Hui-
2 potato cultivars inoculated by root dip technique 
and microsclerotia inoculation with different 
Verticillium dahliae isolates. 
 

V. dahlia isolate Wilt incidence (%)1 

VGZ-HZ-4 39.71a 
VGZ-CS-1 37.41ab 
VGZ-XW-1 34.62ab 
VGZ-WN-1 30.30abcd 
VGZ-NKY-2 28.18abcd 
VGZ-SC-4 27.42abcd 
VGZ-WN-2 26.93bcde 
VGZ-HZ-10 25.77cde 
VGZ-HZ-3 24.81cde 
VGZ-SC-2 23.95cde 
VGZ-CS-2 23.75cde 
VGZ-SC-5 23.66cde 
VGZ-SC-7 22.50de 
VGZ-SC-6 20.68def 
VGZ-SC-3 19.52def 
VGZ-SC-1 18.66def 
VGZ-CS-5 18.47def 
VGZ-NKY-4 15.29ef 
VGZ-HZ-9 10.97fg 
VGZ-HZ-1 9.91fg 
F-test ** 
CV (%) 19.81 

 
1Means in the same column followed by different letters 
are statistically different at P≤0.05 by DMRT. 

 
 
 

Table 5. Combined wilt incidence on two potato cultivars 
inoculated with Verticillium dahliae by two inoculation 
methods. 
 

Potato cultivar Wilt incidence (%)1 

Favorita 39.63a 
Hui-2 8.62b 
F-test ** 
CV (%) 19.81 

 
1Means in the same column followed by different letter are 
statistically different at P≤0.05 by DMRT. 

 
 
 

completely but not the microsclerotia of V. dahliae. This 
disinfection condition was subsequently applied for the 
microsclerotia disintegration test. The 10 Trichoderma 
isolates having high mycelial inhibition ability could 
disintegrate microcsclerotia of both V. dahliae isolates 
completely (Table 8). 
 
 

DISCUSSION 
 

Twenty (20)  isolates of V. dahliae  could be isolated from 

 
 
 
 

Table 6. Combined wilt incidence of two inoculation 
methods on two potato cultivars. 
  

Inoculation method  Wilt incidence1 

Microsclerotia inoculation (MI) 25.92a 
Root dip inoculation (RDI) 22.31b 
F-test * 
CV (%) 19.81 

 
1Means in the same column followed by different letters are 
statistically different at P≤0.05 by DMRT. 

 
 
 
diseased samples from various potato growing areas in 
Guizhou. The isolates were similar in morphology and 
growth characteristics but different in pathogenicity 
reflecting their diversity. Among them, isolate VGZ-HZ-4 
gave the highest wilt incidence of 39.71% while VGZ-HZ-
1 gave the lowest incidence of 9.91% when the averaged 
from the 2 potato cultivars were inoculated with the two 
methods, root dipping (RDI) and microsclerotia inocu-
lations (MI). It is interesting that both of them came from 
the same location, Hezhang but VGZ-HZ-1 was isolated 
from diseased WeiYu-3 potato cultivar. Biodiversity 
among V. dahliae isolates is a common phenomena that 
has been observed by many researchers (Schubert et al., 
2008). Both crop species and planting areas could have 
an effect on the diversity (Steven et al., 2009). Such 
finding indicates the necessity of screening V. dahliae for 
pathogenicity before any research of this nature could be 
conducted. 

For the inoculation, when the results were combined 
and analyzed, MI appeared to have a higher efficacy than 
that of the RDI using conidia suspension. However, when 
the single factor was analyzed it was obvious that both 
inoculation methods were equally effective on the 
Favorita cultivar and only on Hui-2 that RDI was less 
effective. It appears that inoculation methods do not 
affect the efficacy if the test cultivar is susceptible but will 
have a significant effect if the test cultivar is resistant. 
Results of this observation could be used to explain why 
some researchers were more successful using RDI while 
other found that MI was better (Maas et al., 1985). Both 
inoculation methods have advantages and disadvan-
tages. The MI is more natural considering that 
microsclerotia are the fungal propagules over seasoning 
in the soil and are the main inocula that start the disease 
cycle (Maas et al., 1985). But to prepare microsclerotia 
as inocula is rather difficult and time consuming. In 
contrast to the RDI in which conidia suspension is used 
as inoculum, the conidia can be prepared at ease but 
they may not survive the field condition. Based on the 
result of this experiment, root or seed dipping in conidia 
suspension was used in the upcoming experiment 
because Favorita would be used as test cultivar. 

As regard to the two cultivars tested, it was evident that
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Figure 3. Inhibition of mycelia growth of Verticillium dahliae by Trichoderma isolates 
after 4 days.  

 
 
 

Table 7. Inhibition of mycelial growth of Verticillium dahliae VGZ-HZ-4 and VGZ-
XW-1 by 33Trichoderma isolates under a dual culture test condition. 
  

Trichoderma isolate 
Mycelial inhibition1 (%) 

Average (%) 
VGZ-HZ-4 VGZ-XW-1 

TGZ-SC-4 38.98a 37.76abd 38.37a 
TGZ-150-5 36.51abc 40.20a 38.36a 
TGZ-150-33 35.26abcd 38.98ab 37.12ab 
TGZ-OLD-81 37.76ab 35.26bcd 36.51abc 
TGZ-150-51 35.26abcd 37.76abc 36.51abc 
TGZ-ZY-4 36.51abc 35.26bcd 35.89abcd 
TGZ-150-38 33.98bcde 37.76abc 35.87abcd 
TGZ-150-55 32.69cde 38.98ab 35.84abcd 
TGZ-150-37 36.51abc 33.98cde 35.24bcd 
TGZ-NKY-5 35.26abcd 33.98cde 34.62bcd 
TGZ-150-41 33.98bcde 35.26bcd 34.62bcd 
TGZ-150-4 35.23abcde 33.98cde 34.60bcd 
TGZ-NKY-2 36.51abc 32.69def 34.60bcd 
TGZ-150-1 33.98bcde 33.98cde 33.98cde 
TGZ-150-6 35.26abcd 32.69def 33.98cde 
TGZ-HZ-3 32.69cde 35.26bcd 33.98cde 
TGZ-150-50 32.69cde 33.98cde 33.33def 
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Table 7. Contd. 
 

TGZ-CH-3 31.35def 35.26bcd 33.30def 
TGZ-CH-2 31.35def 31.35defg 31.35efg 
TGZ-CH-4 32.69cde 27.05hi 29.87gh 
TGZ-SC-5 28.58fg 30.00efgh 29.29ghi 
TGZ-CH-1 28.58fg 30.00efgh 29.29ghi 
TGZ-TC-3 25.63ghi 32.69def 29.16ghi 
TGZ-SC-3 27.16gh 30.00efgh 28.58hij 
TGZ-NKY-1 27.16gh 30.00efgh 28.58hij 
TGZ-TC-4 27.05gh 30.00efgh 28.52hij 
TGZ-NKY-7 24.10hij 32.69def 28.39hij 
TGZ-TV-1 22.40ij 31.35defg 26.87ijk 
TGZ-ZY-2 25.63ghi 27.16hi 26.39jk 
TGZ-TV-2 22.40ij 28.58ghi 25.49k 
TGZ-TV-3 20.44j 30.00efgh 25.22k 
TGZ-NKY-8 24.10hij 25.63i 24.86k 
TGZ-NKY-3 22.40ij 27.16hi 24.78k 
Average 30.91 32.93 31.92 
F-test ** ** ** 
CV (%) 8.29 6.68 5.65 

 
1Means in the same column followed by different letters are statistically different at 
P≤0.05 by DMRT. The inhibition percentage was calculated at 3 days after the 
incubation. 

 
 

 
Table 8. Microsclerotia germination (MG) and disintegration (MD) of Verticillium 
dahliae by isolates of Trichoderma. 
 

Trichoderma isolate 
VGZ-HZ-4  VGZ-XW-1 

MG MD  MG MD 

TGZ-150-51 0 100  0 100 
TGZ-OLD-81 0 100  0 100 
TGZ-150-5 0 100  0 100 
TGZ-150-37 0 100  0 100 
TGZ-ZY-4 0 100  0 100 
TGZ-NKY-2 0 100  0 100 
TGZ-NKY-5 0 100  0 100 
TGZ-150-33 0 100  0 100 
TGZ-SC-4 0 100  0 100 
TGZ-150-6 0 100  0 100 
Control1 100 0  100 0 

 
1Paper discs containing V. dahliae microsclerotia immersed in 75% EtOH for 3 min 
followed by 1% NaOCl for 5 min. 

 
 
 
Favorita was highly susceptible while Hui-2 was highly 
resistant to V. dahliae. The response observes in the 
experiment had confirmed what had been observed in the 
field. Favorita, although the most popular and widely 
grown in Guizhou always had bad records with 
Verticillium wilt. It was also reported to be susceptible to 
Phytophthora imfestans. From results of this experiment 

growing Favorita should be discouraged in Guizhou and 
be replaced by Hui-2. It is interesting to note that Hui-2 
had 100% survival when inoculated with conidia 
suspension of many V. dahliae isolates when those 
isolates caused 100% wilt incidence in Favorita 
inoculated in the same way. The wilt incidence found on 
Hui-2 mainly came from the result of MI. There should be  



 
 
 
 
 
further investigation to find out why Hui-2 was susceptible 
when inoculated with microsclerotia but resistant to 
infection by conidia. 

The 21 Trichoderma isolates obtained from the soil 
samples and 11 single-spore isolates obtained from re-
isolation of the TGZ-150 isolate preserved at GZIPP 
could inhibit mycelial growth of both VGZ-HZ-4 and VGZ-
XW-1 V. dahliae isolates but with different degree of 
efficacy. Most of the single-spore isolates and the TGZ-
OLD-81 isolate had higher than the average mycelial 
inhibition percentage of all test isolates. Among them, 
only TGZ-SC-4 isolates from Shuicheng soil had a better 
efficacy than that of the GZIPP isolates. This isolate, 
TGZ-OLD-81 and most single-spore isolates could 
overgrow the V. dahliae within two days at 28°C. The 
selected 10 isolates of this group could be 100% 
disintegrate the V. dahliae microsclerotia. The rapid 
growth of Trichoderma over Verticillium suggests that 
competition for space and nutrients could be one of the 
mechanisms implied in the antagonist action of 
Trichoderma in this essay. Both mycelia inhibition and 
microsclerotia disintegration are important mode of 
actions in controlling fungal disease (Hartman et al., 
1981; Papavizas, 1985) apart from other mechanisms 
such as mycoparasitism (Papavizas, 1985; Harman et al., 
2004; Mishra, 2010) and antibiosis (Papavizas, 1985). 
Considering microsclerotia an important source of initial 
inoculum, the ability of Trichoderma isolates to 
disintegrate them should be most desirable as a 
biocontrol agent. 
 
 
Conclusion 
 
The results of this experiment could be concluded at this 
point that the most effective Trichoderma isolates for 
controlling Verticillium wilt in potato are TGZ-150-5 and 
TGZ-ZY-4. There should be further investigation on field 
application of these two strains before they could be 
recommended for commercial use in the near future. 
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The analysis of essential oil has basically one technical goal: to achieve the best possible separation 
performance by using the most effective, available and current technology of chromatography. The 
present work aimed to study the formulation created by the adsorption of active components of 
Lavandula angustifolia essential oil on sodium modified bentonite. Essential oils were obtained from 
dried leaves of L. angustifolia; they were extracted by hydro distillation and were analyzed by gas 
chromatography-mass spectrometry (GC-MS) and gas chromatography flame ionization detector (GC-
FID). The retention indices (RI) were calculated for each detected component. Besides, the 
characterization of the individual components making up the oils was performed with the use of a mass 
spectrometry (MS) library. The quantitative analysis was made by GC-FID. The identified components 
accounted for more than 95% for each essential oil. The results of these studies show that organic 
contaminant adsorption is dependent, to some degree, on solid-liquid ratio and the competition system 
of mixture. The adsorption amount of terpenics and the others components could be the results of many 
factors. The selectivity was affected by the abundance of each component in the crude essential 
dependent on the particle size fractions; the finer fractions adsorbed higher amounts. The selectivity of 
adsorption was affected by the polarity of terpenic components. 
 
Key words: Clays, bentonite, essential oil, adsorption, Lavande angustifolia. 

 
 
INTRODUCTION 
 
Clays are widely used in pesticide formulation as 
adsorbents or particulate fillers. Many researchers 
studied the adsorption of pesticide on clay material 
(Lagaly, 2001) to limit pest damages. Therefore, the 

common method used to prevent stored products from 
insect attacks is the one that make use of synthetic 
insecticides. The use of such insecticides is increasing 
year after year. It is evident that the intensive and 
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uncontrolled use of chemical insecticides has direct effect 
on consumers and on the environment. Therefore, there 
is a need to develop environment friendly products that 
present less dangerous effect on both the environment 
and the consumer.  

Essential oils of aromatic plants currently used are 
considered to be a good tool to prevent insect attacks on 
stored grains (Ngamo et al., 2007). The most important 
difficulty to popularise this new tool is to produce a new 
formulation of a chemical active insecticide with moderate 
persistence (Lajide et al., 1995; Keita et al., 2001). Due to 
the higher volatility of essentials oils, the duration of their 
activities is very short. The local material suitable for the 
formulation of the essential oils seemed to be bentonite 
type clay. It is cited as good adsorbent and is currently 
used in medicine, in cosmetics and in other insecticide. 
Yet, there are no adsorption studies of terpenic 
compounds on this clay material. 

Clays, used in different fields of application such as 
ceramics, paper, paint, barrier, adsorbent, catalyst are 
among the most important industrial raw materials (Grim 
and Güven, 1978; Murray, 2000; Bergaya and Vayer, 
2006). These clays are composed of minerals belonging 
generally to the clay stone groups. They are used either 
in the natural state or treated by various methods to 
improve some of their characteristics. 

This paper presents the study of the adsorption of 
active components of Lavandula angustifolia essential oil 
on sodium purified bentonite. L. angustifolia is an 
important member of Lamiaceae family. It is an 
indigenous plant of the Mediterranean South Region, 
tropical Africa and the Southeast Regions of India. The 
genus includes annuals, herbaceous plants and small 
shrubs, having aromatic foliage and flowers.  

It is cultivated in France, Spain and Italy. Among these 
plants, the most common species believed to have 
medicinal value are Lavandula dentata, L. angustifolia, 
Lavandula latifolia, Lavan-dula intermedia, Lavandula 
stoechas and Lavandula dhofarensis (Hanamanthagouda 
et al., 2010). Lavender’s essential oil is popular as a 
complementary medicine in its own right and as an 
additive to many over the counter complementary 
medicine and cosmetic products (Muyima et al., 2002). 
These have been used for centuries as a therapeutic 
agent, with the more recent addition; the essential oils 
derived from these plants were widely used as an 
antibacterial in World War I (Cavanagh and Wilkinson, 
2005).  

Lavandula essential oils are obtained from the 
flowering tips of the plants L. angustifolia (lavender). 
These essential oils have a popular and easily 
recognisable fragrance. Pure L. angustifolia essential oils 
are used in aromatherapy, and are thought to have 
calmative, anti-flatulence, and anti-colic properties (Lis-
Balchin and Hart, 1999).  

Lavandula essential oil contains various components 
depending  on  the  species,  but  there  is  usually  linalyl 

 
 
 
 
acetate and linalool, geraniol, pinene, cineol, coumarin 
and ethylamyl-cetone (behind its refreshing scent). 
Lavender essential oil used in this study is the 
angustifolia type, from Al Hoceima (North region of 
Morocco). 
 
 
MATERIALS AND METHODS 
 
Plant material (Lavandula angustifolia) and hydrodistillation 
procedure 
 
The air dried material (200 g) was hydrodistilled in a Clevenger like 
apparatus for 2 h and the essential oil was collected and analyzed 
by gas chromatography-mass spectrometry (GC-MS). 
 
 
Chromatographic analysis of essential oil   
 
The GC-MS analyses were done using a HP-6890 Series II 
instrument equipped with Agilent 19091S-433 and HP-5 capillary 
columns (30 m 0.25 mm, 0.25 um film thickness), working with the 
following temperature program: from 60°C for 1 min to 240°C for 10 
min hold time, ramp of 10°C/min up to 220°C; injector and detector 
temperatures 280°C; injector Split/splitless N°7673, detector MSD 
(transfer line heater), carrier gas helium (1.2 ml/min); with splitless 
mode and the pressure in the column was 0.629 Bar.  

Quantitative results were obtained using GC-FID, HP 6890 
series, with the same type of column, the same parameters and the 
same temperature program. The detector temperature was 300°C, 
the hydrogen and air flows rate are 30 ml/min and 450 ml/min. 

The identification of the compounds was made by comparison of 
the retention time (Rt) and Kovats indices with respect to a series of 
n-hydrocarbons. The relative proportions of the constituents of 
essential oils are obtained by GC-FID. Table 1 shows the chemical 
composition of the essential oil of lavender, and the percentage of 
each compound. 
 
 
Preparation of the sodium modified bentonite 
 
The clay samples used for these analyses were collected from 
Nador (North-East Morocco, North Africa). The bentonite was 
purified and modified by sodium before it was used. Adsorption 
isotherms which represent the adsorbed amount versus the 
equilibrium concentration have been identified for each compound. 

Natural clay from North-East Morocco (Nador), was used in a 
purified form. The clay is an industrial bentonite rich with bentonite 
clay type. Purification was done by removing all the crystalline 
phases (quartz, feldspar, calcite, ...), by a preliminary treatment of 
the raw sample by ionization homo-sodium, and it began first with a 
series of washings to remove impurities and thereby have a 
granular fraction of a well defined size  2 microns. The sodium 
modified clay are subjected to analysis and identification by X-ray 
diffraction (XRD), infrared spectroscopy (IR) and textural 
characteristics. 

X-ray diffractograms were recorded in a Shimadzu XRD 
diffractometer D6000 stations working on the monochromatic 
copper Kα1 radiation (1.54 Å) (Figure 1). Infra red (IR) spectra were 
acquired using a Shimadzu Fourier Transform spectrometer over a 
range from 400 to 4000 cm-1 with a resolution of 2 cm-1, and the 
samples were prepared in the form of a dispersion in a vial KBr 
(1/200 by weight) (Figure 2). 

Thermal analysis was carried out in a SHIMATZU D6000 coupled 
to a DC ampler and temperature controller. Data from DTA-TG 
were obtained in all cases at a heating rate of 5°C/min between
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Table 1. Identification results of the components and the percentage of each compound in essential oil. 
 

Product name QI Rt Surface Cx (µg/ml) KI % in samples

Alpha Pinene 95 10.09 282.35 24.43 942 6.05 
Camphene 97 10.40 33.98 2.940 957 0.72 
Verbenene 96 10.52 10.88 0.94 963 0.23 
Sabinene 81 10.92 22.11 1.91 982 0.47 
2-Beta Pinene 97 10.98 924.1 79.96 985 19.81 
Limonene 99 11.89 29.03 2.51 1033 0.62 
M-Cymene 87 11.97 99.10 8.57 1038 2.12 
1,8 Cineole 97 12.03 1092.38 94.52 1041 23.42 
Cis Linalol oxide 97 12.75 42.67 3.69 1082 0.91 
Alpha Thujone 98 13.04 428.84 37.107 1097 9.19 
L-Linalool  94 13.17 155.95 13.49 1105 3.34 
(+) Carvone 95 13.25 9.156 0.79 1110 0.19 
Perille Alcohol 83 13.35 11.85 1.02 1117 0.25 
(Z E) Alpha Farnesene 94 13.46 79.02 6.83 1124 1.69 
Fenchol 96 14.31 65.198 5.64 1157 1.39 
1-Methyl adamantane 93 14.38 5.557 0.480 1183 0.11 
Cryptone 96 14.47 30.81 2.66 1189 0.66 
1-Alpha Terpineol 72 14.57 21.28 1.841 1195 0.45 
Alpha Campholene Aldehyde 58 14.67 40.32 3.48 1201 0.86 
Camphor 98 14.78 215.14 18.61 1209 4.61 
1-4-Terpineol 98 14.99 17.09 1.478 1224 0.36 
Verbenone 99 15.08 11.12 0.96 1230 0.23 
CuminicAldehyde 97 15.42 19.82 1.715 1255 0.42 
(+) Carvone 98 15.46 15.34 1.327 1258 0.32 
(-) Alpha CampholenicAcid 98 15.58 7.99 0.69 1266 0.17 
Trans Alpha Bergamotene 98 18.05 21.94 1.89 1397 0.47 
Trans Beta Farnesene 95 18.68 9.96 0.86 1502 0.21 
Beta Selinene 96 18.78 31.45 4.082 1509 1.01 
Beta Bisabolene 96 18.93 15.68 2.03 1523 0.5 
Calarene 92 19.07 11.02 1.43 1535 0.35 
1s Cis Calamenene 92 19.18 14.86 1.92 1545 3.91 
Cis Alpha Bisabolene 91 19.32 24.11 3.13 1556 6.25 
4,7 Dimethyl-1-Tetralone 92 19.46 5.86 0.76 1568 0.104 
Beta Eudesmol 94 20.71 7.29 0.94 1678 0.23 
14-Norcadin-5-En-4-One Isomer B 93 21.16 5.44 0.707 1707 0.17 

 

Rt retention time; KI, Kovats indices; QI, Quality index of identification by comparison with the spectra library; Cx, Concentration of each 
compound in samples. 

 
 
 
30 and 1000°C under N2 atmosphere (Figure 3). 

The surface areas and the pore volumes of the samples were 
determined by micrometrics ASAP 2000 volumetric adsorption-
desorption apparatus, using nitrogen as adsorbent (Zaitan et al., 
2008). In this method, a mass of 1 kg of raw clay was dispersed in 5 
L of distilled water with a solid/liquid ratio: 1/5. The mixture was 
stirred for an hour, until the homogenization full suspension, 
followed by treatment with HCl (0.5 M) to remove carbonate. The 
resulting mixture was washed by H2O2 (10%) to oxidize organic 
matter. 

The resultant product was then washed extensively (six times) 
with NaCl 1 M and centrifuged to give saturated clays. The dark 
grey residue in the centrifuge tube was eliminated because it 
contained  the   fraction  enriched  in  impurity  (quartz,   cristobalite,  

feldspar …). 
The samples were then washed and dialyzed against distilled 

water until the conductivity in the dialysis bath was less than 2 
µS/cm. The granular fraction size  2 µm were then obtained as 
bay accurate sedimentation. The air dried clays were gently 
grounded to give a powder. 
 
 
Adsorption studies 
 
Adsorption of essential oil by the different bentonite fractions was 
carried out in batch. Increasing amounts of clay fractions (0.03, 
0.067, 0.093, 0.121, 0.159 and 0.206 g) were dispersed in 2 ml oil 
solution (0.754 mg of oil in 2 ml of solution) and equilibrated in an
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Figure 1. Diffractograms of the fine fraction powder of raw and sodium modified bentonite. 

 
 
 
overhead shaker at room temperature (19°C) for 3 h. The particles 
were allowed to settle and were separated by centrifugation. The 
essential oil concentration in the supernatant was determined by 
GC-FID. 
 
 
Adsorption isotherm 
 
Adsorption isotherms were determined using the peak area of each 
component of the essential oils (Nguemtchouin et al., 2009). The 
adsorbed percentage was calculated as: 
 

                                         (1) 

 
Where, A0 is the peak area of each oil component in the initial 
solution; Ax is the peak area of each component in the supernatant. 

The mass concentration of each compound in the initial essential 
oil has been determined by depending on the peak area of the 
internal calibrated (BHT). 
 

                                                          (2) 

 
Where, A0 is the peak area of each oil component in the initial 
solution; Ae is the peak area of internal calibrates in the initial 
solution; me is mass of the internal calibrated (in 2 ml of initial 
solution of essential oil). 

The amount of each compound adsorbed by clay fractions is:  

                            (3) 

 
The percentage of each oil component in the initial solution was 
calculated as: 
 

                                    (4) 

 
Where, Ci is the concentration of each component in the initial 
solution and Ceo is the concentration of the essential oil in solution. 
The equilibrium concentration was calculated as: 
 

                             (5) 

 
Where, Veo is the volume of solution (ml). 
 
 
RESULTS AND DISCUSSION 
 
Identification of the compounds 
 
The identification of the compounds was made through a 
comparison of retention time (Rt) and Kovats indices with 
results obtained by GC-FID. Chromatographic analysis 
showed that lavender essential oil contains more than 50
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Figure 2. Infra-red of raw and sodium modified bentonite. 

 
 
 
components, 35 major compounds of lavender essential 
oil were selected (the most major components: 1,8-
cineole 23.42% and 2-Beta Pinene 19.81%) mono 
terpene hydrocarbons, MH (α-thujene, α-pinene, 
sabinene, β-pinene, limonene …), oxygenated mono 
terpenes OM (Beta Eudesmol, Cis Linalol oxide, 1,8-
cineole ……), sesquiterpene hydrocarbon ST, ((+) 
Carvone, Calarene, Cryptone, Verbenene ……).  
 
 
Characterization of the bentonite 
 
The major element composition of the investigated clay 
mineral is presented in Table 2 as % oxides. The main 
components are SiO2 (61.17%) and Al2O3 (15.13%), with 
the exception of hectorite, which contains ~ 6% MgO, 4% 
CaO, Fe2O3 (3.25%) and other elements present in minor 
amounts (K2O, SO3, CuO, TiO2 and ZnO). A small 

percentage of organic matter (MO = 1.08%) and a 
percentage of water was estimated to ~ 10.56%. 

The fine fraction (≤ 2 µm) was purified and sodium 
exchanged. The surface areas and the pore volumes of 
the samples: specific surface SBET = 83.5 m²g-1, total pore 
volume Vt = 0.213 cm3g-1, External specific surface Sext = 
81.024 m²g-1. Its cation exchange capacity, determined 
by adsorption of a copper ethylene di-amine complex 
(Amman, et al., 2005; Bergaya and Vayer, 1997), is 107 
meq/100 g (ignited) clay. Chemical analyses of the 
samples are given in Table 1. 

The samples of clays were characterized by X ray 
diffraction (XRD), differential thermal analysis and thermo 
gravimetric analysis (DTA-TGA) and infrared (I.R).  XRD 
of the purified bentonite powder showed that the latter is 
of the same family of smectites with reflection (001) 
located at 12A. The presence of the line (06.33) at d = 
1.49 Å showed that it consists of montmorillonite. The
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Figure 3. TDA and TGA of sodium modified bentonite. 

 
 
 

Table 2. Chemical composition (wt %) of sodium modified and raw bentonite. 
  

Oxide SiO2 Al2O3 CaO MgO Fe2O3 Na2O2 K2O SO3 CuO TiO2 ZnO 

Na-B 61.17 15.13 4.00 6.00 3.25 1.1 0.52 0.38 0.13 0.12 0.1 
Raw-B 64.05 16.33 4.13 6.69 3.44 1.12 0.65 0.37 0.09 0.1 0.05 

 
 
 
presence of crystalline phases in the form of impurities 
Quartz (Q) d = 3.34 Å was also noted. 

XRD of Brute and purified bentonite powder shows that 
bentonite is of the same smectite family with reflection 
(001) at 14a. This shows that natural bentonite is a 
calcium form. The presence of the line (06.33) at d = 1.49 
Å shows that it consists of montmorillonite. It is also 
noted that there is presence of crystalline phases in the 
form of impurities Quartz (Q) d = 3.34 Å. Examination of 
the infrared absorption spectra of the crude and purified 
samples of bentonite shows absorption bands that are 
presented as follows (Farmer, 1979; Salerno et al, 2001). 

The spectra show two absorption bands between 3200 
and 3800 cm-1 and between 1600 and 1700 cm-1. The 
tape that lies between 1600 and 1700 cm-1 is attributed to 
stretching vibrations of the OH group constitution water 
plus the vibration binding adsorbed water. The band in 
the range 3200-3800 cm-1 with a strong peak at the 
shoulders 3435 and 3621 cm-1 characterize the 
montmorillonite and correspond to stretching vibrations of 

the OH groups of the octahedral layer is coordinated with 
Al + Mg (3640 cm-1) or Al 2 (3600 cm-1). 

The deformation vibrations of H2O molecules are 
characterized by the band 3400 cm-1. The band, centered 
around 1630 cm-1, is assigned to the deformation 
vibrations of H2O molecules adsorbed between the 
sheets. 

The intense band situated between 900 and 1200 cm-1 
and centered around 1040 cm-1 corresponds to stretching 
vibrations of Si-O bond. In the purified clay (Na-montm), it 
is situated around 1030 cm-1 between 1115 and 1020 cm-

1. The bands situated at 425, 525 and 468 cm-1 are 
assigned respectively to the deformation vibration of Si- 
O- Al bonds, Si-O and Si-Mg-Fe-O. 

Examination of the thermal analysis curve of the 
purified sodium bentonite, shows, in the field of low 
temperatures, the existence of a 137°C intense endo-
thermic phenomenon, this phenomenon is linked to the 
starting zeolite and the hygroscopic water of bentonites. 
Mass loss  that accompanied  these thermal  accidents is 



 
 
 
 
very important; it is ~13.54% of the initial mass. Another 
endothermic phenomenon of low intensity occurs at a 
temperature of 640°C. It corresponds to the departure of 
the structural water. The mass loss associated with this 
phenomenon is ~3.62% of weight. The differential 
thermal analysis (DTA) curve also exhibits an exothermic 
accident to 894.25°C due to the crystallization of the 
bentonite. 

The DTA curve relating to the Brute bentonite presents 
two endothermic phenomena at 100 and 240°C. This 
duplication is due to the presence of two types of water 
molecules, these are respectively hygroscopic and 
zeolitic water. Two other endothermic phenomena of low 
intensity occur in the area of average temperature 580 
and 680°C correspond respectively to the strongly 
retained water and water of constitution. The DTA curve 
also shows a broad exothermic accident in the 
temperature range of 820 and 930°C. 
 
 
Adsorption isotherms 
 
Adsorption isotherms of L. angustifolia components are 
shown in Figure 4, Adsorption decreased in the order: 
 
 2-beta pinene > alpha thujon > camphor > L- linalool > 
fenchol > (Z E) alpha farnesene > alpha pinene > Cis 
linalool oxide > Trans alpha bergamotene > camphene > 
pirille alcohol > 1-Cis calamenene > beta eudesmol > 
Trans beta farnesene > 4-7 dimethyl 1 tetra lone. 
 
The other compounds are: sabinene, (+) carvone, 1-
methyl adamantine, cryptone, 1-alpha terpineol, alpha 
campholene aldehyde, 1-4 terpineol, verbinone, cuminic 
aldehyde, (-) alpha campholenic acide, beta selinene, 1-4 
norcadin-5-ene-4-one isomer B show a total adsorption of 
sodium on bentonite. 

The adsorption isotherms also show the existence of 
an over saturation for 2-beta pinene and 1-8 Cineol which 
have the highest concentrations. The same phenomenon 
is observed for pirille alchool, 4-7 dimethyl tetra-lone and 
Beta eudesmol, over saturation of the last three is due to 
the saturation of all active sites by other most con-
centrated components as the 2-bêta pinene, 1-8 Cineol… 
The rest of the components as: verbenene, Limonene, M-
cymene, beta bisabolene, calarene and Cis alpha 
bisabolene, have no affinity for the bentonite; thus, their 
adsorption is very low. 

This adsorption amount of terpenics and the other 
components could be a result of many factors. The 
selectivity was affected by the abundance of each 
component in the crude essential oil: 2-beta pinene, 
alpha thujon, camphor, L-linalool, fenchol (Z E) alpha 
farnesene; these were the most adsorbed compounds as 
they were the most abundant ones. 

The selectivity of adsorption was affected by the 
polarity of terpenic components: 2-beta pinene 1-8 cineol  
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and alpha thujon were adsorbed in larger amounts than 
some others mono-terpene hydrocarbons (Figure 4). 
 
 
Langmuir and Freundlich models 
 
Under ideal saturated conditions, the solid liquid ratio 
should not influence the amount of organic or inorganic 
molecules adsorbed per unit of adsorbent. However, 
some interested studies have (Puls, et al., 1991) shown 
that both organic and inorganic contaminant adsorption is 
dependent on solid-liquid ratio to some degree and the 
competition system of mixture. 

In order to optimize the design of an adsorption system 
and to optimize the use of capsules in various formu-
lations, it is important to establish the most appropriate 
correlation for the equilibrium curves (Allen and Mckay, 
1987). 

In this respect, the equilibrium experimental data of the 
adsorption of each component in the crude essential 
oil on clays were studied using Freundlich and Langmuir 
models. The Freundlich model (Van Bemmelen, 1888) 
and (Freundlich, 1909) is an empirical equation employed 
to describe heterogeneous systems; characterized by the 
heterogeneity factor nf, describes reversible adsorption, 
and is not restricted to the formation of the monolayer 
(Ho and Mackay, 1998). 

The Langmuir equation model assumes that the solid 
adsorbent has a limited adsorption capacity (qm), all the 
active sites are identical, they are only a complex of 
solute-molecule (monolayer adsorption) and that there is 
no interaction between the adsorbed molecules. 
 
Freundlich:  
  

n
eFe CKq /1

                                                           (6) 
 

                                    (7) 
 
Another use of the results by the Freundlich isotherm is 
to draw logarithmic scale variations in the distribution 
coefficient Kd according to qe 
 

               (8) 

 
The Langmuir model has two linear forms:   
Form I:            
 

                                               (9) 

 
Form II:            
 

                                                      
(10)
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Figure 4. (a) Major components in Lavandula angustifolia essential oil with adsorption isotherms. (b) Major components in 
Lavandula angustifolia essential oil with total adsorption. 

 
 
 
Ce and qe are the equilibrium concentration and amount 
adsorbed, KL is a direct measure for the intensity of the 

adsorption process or related to the heat of adsorption 
(dm3 mg‐1 or L.mg-1), and qm is a constant related to the
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 (b) Adsorption isotherms 

                                                                
 

                         
 

 
 
Figure 4 Contd. 

 
 
 
area occupied by a monolayer of absorbate, reflecting the 
limiting adsorption capacity (mg g‐1). A plot of Ce/qe vs Ce, 
qm and KL can be determined from the slope and 
intercept. KF is a constant for the system, related to the 
bonding energy.  

KF can be defined as adsorption or distribution 
coefficient and represents the quantity of each compound 
adsorbed onto adsorbents for a unit equilibrium concen-

tration (dm3 mg-1)1/n or (mg g‐1) In accordance with 
(Hasley, 1952), the relationship between KF and qm is: 
 
KF = qm / C0

n                                                          (11) 
 
(qm) is the maximum adsorption capacity. The slope 1/n, 
ranging between 0 and 1, is a measure for the adsorption 
intensity or surface heterogeneity (Haghseresht, 1998). A
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Table 3. Langmuir and Freundlich adsorption constants of Lavandula angustifolia oil on sodium modified bentonite. 
 

Compound 
 Model 

Freundlich  Langmuir 

n KF R²  KL qm (theo) qm (exp) R² 

1 Cis Calamenene 0.255 17.939 0.7032  139.314 12.225 12.24 0.98562 
1-8 Cineol 4.051 1.445 0.83265  0.541 1207.318 1235.48 0.14605 
2 -β-pinene 0.513 2090.084 0.63727  3.262 2684.139 1506.143 0.5378 
4 7 Dimethyl 6.832 5.1 E+11 0.68509  148.214 11.206 7.154 0.11826 
α-Pinene 3.582 12.819 0.99216  4.032 130.548 147.9 0.62173 
α-Thujon 0.0744 1102.196 0.69709  313.374 1111.569 1107.82 0.99994 
β-eudesmol 1.672 2484.607 0.75252  25.548 23.579 8.5049 0.0528 
Camphene 2.838 3518.183 099214  7.279 39.479 31.56 0.05866 
Camphor 1.678 2.1651E+5 0.93528  42.234 719.424 669.68 0.97415 
Cis Linalool Oxide 0.147 85.031 0.7147  175.412 68.966 67.88 0.99687 
Fenchol 1.093 4445.555 0.92506  18.930 298.507 185.039 0.43408 
Linalool 0.353 795.594 0.94472  333.749 272.480 362.03 0.95582 
Pirille alchool 3.047 1.593E+6 0.75589  1405.113 25.867 18.21 0.79193 
Trans α-Bergamotene 0.449 157.524 0.99268  242.491 39.904 40.269 0.92397 
Trans β- farnesene 0.084 9.923 0.62409  1085.549 8.006 7.569 0.99547 
Z E α-farnesene 0.04 184.485 0.9988  176.1109 177.620 177.649 0.99989 

 

KF, Adsorption or distribution coefficient; R², Freundlich model and correlation coefficients; KL, direct measure for the intensity of the adsorption 
process or related to the heat of adsorption; qm (theo) and qm (exp), limited adsorption capacity. 

 
 
 
value for 1/n below one indicates a normal Langmuir 
isotherm while 1/n above one is indicative for a 
cooperative adsorption (Fytianos et al., 2000).  

A plot of Lnqe vs. Ce enables the empirical constants KF 
and 1/n to be determined from the intercept and slope of 
the linear regression. The two common isotherm models 
have been tested in the present study: Langmuir and 
Freundlich models. Applicability of the isotherm equations 
was compared in Table 3 by judging the correlation 
coefficients, R2: 

The plot of Ln qe vs. Ln Ce according to the Freundlich 
model and correlation coefficients (R²) indicates that 
adsorption isotherm is linear for: 1-8 Cineol, 2-Beta 
pinene, 4-7 di-methyl-tetralone, Alpha Pinene, Beta 
eudesmol, camphene, Fenchol and Trans alpha 
Bergamotene. But the sorption behaviour of others 
compounds does not conform to this model. The 
Langmuir model was also fit for describing the sorption 
behaviour of L. angustifolia essential oil. The coefficients 
(R²) for Langmuir model shows that the sorption of: 1-Cis 
Calamenene, alpha Thujon, camphor, Cis Linalool oxide, 
L-Linalool, Pirille alcohol, Trans beta farnesene and (Z E) 
alpha farnesene can conform to the Langmuir model. 

Considering some individual components, they 
presented the highest adsorption capacity for 2-beta 
pinene with qm = 1506.143 ug/g et KL = 3.262, KF = 
2090.084 and n = 0.513 puis 1-8 Cineol with qm 
=1235.48 ug/g, KL = 0.541, KF = 1.445 and n = 4.051. α-
Thujon, with qm = 1107.82 ug/g, KL = 313.374,  KF = 
1102.196 and n = 0.0744. 

We also note that the values of qm (exp) are compatible 
with the values of qm (theo) especially for compounds that 
follow the Langmuir model as: 
 
1-Cis calamenene (qmtheo= 12.225 ug/g and qmexp = 
12.24 ug/g), 1-8 Cineol (qmtheo= 1207.318 ug/g and qmexp 
= 1235.48 ug/g), 4-7 dimethyl tetralone (qmtheo= 11.206 
ug/g and qmexp = 7.154 ug/g), α-Thujon (qmtheo= 
1111.569 ug/g and qm exp=1107.82 ug/g), Cis linalool 
oxide (qmtheo= 68.966 ug/g and qmexp = 67.88 ug/g), 
Trans α-Bergamotene (qmtheo= 39.904 ug/g and qmexp = 
40.269 g/g), Trans β- farnesene (qmtheo = 8.006 ug/g and  
qmexp =7.569 ug/g) (Figures 5, 6, 7 and 8).                      
 
 
Conclusion 
 
The terpenes: 2-beta pinene, alpha thujon, camphor, L-
linalool, 1-8 cineol was absorbed by bentonite in higher 
amounts than others mono-terpenes. The adsorption 
amount of terpenics and the other components was a 
result of many factors.  

The selectivity was affected by the abundance of each 
component in the crude essential oil depended on the 
particle size fractions; the finer fractions adsorbed higher 
amounts. The selectivity of adsorption was affected by 
the polarity of terpenic components; 2-beta pinene 1-8 
cineol and alpha thujon were adsorbed in larger amounts 
than some other monoterpene hydrocarbons. The 
adsorption isotherm of the terpenic compound on 
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Figure 5. Adsorption isotherms of Lavandula angustifolia components on sodium modified bentonite. 
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Figure 6. Adsorption isotherms of Lavandula angustifolia components on sodium modified bentonite (Zoom 1). 
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Figure 7. Adsorption isotherms of Lavandula angustifolia components on sodium modified bentonite (Zoom 2). 
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Figure 8. Adsorption isotherms of Lavandula angustifolia components on sodium bentonite (Zoom 3). 



 
 
 
 
bentonite was fitted with the Langmuir like: 1 Cis 
calamenene, alpha thujon, camphor, Cis linalool oxide, 
linalool, pirille alcohol, trans beta farnesene, (Z E) alpha 
farnesene) and Freundlich model like: 1-8 Cineol, 2 Beta 
pinene, 4-7 dimethyltetralone, alpha pinene, beta 
eudesmol, camphene, Fenchol and Trans alpha 
bergamotene. 
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This study presents optimization of various lignocellulosics and alkali pretreatment for maximum 
cellulase production by Trichoderma virdii sp. Maximum endoglucanase (642 IU/L) and exoglucanase 
(187IU/L) activity was achieved with maize straw at 5% concentration. Oat hay was the most suitable 
agro-waste for β - glucosidase (7100 IUL-1) production followed by maize straw (6500 IUL-1). Maize straw 
was chosen in an effort to enhance cellulase production with 0.1 N NaOH, 0.5 N NaOH and I.0 N NaOH 
pretreatment. 0.1 N NaOH produced desirable results showing 2.5, 1.6, and 1.7 fold increase in 
endoglucanase, exoglucanase and β-glucosidase activity. This 0.1 N pretreated straw produced 
reducing sugars 3.5 times more than untreated straw.  
 
Key words: Lignocellulosics, maize straw, cellulase production, Trichoderma virdii, alkali pretreatment 

 
 
INTRODUCTION 
 
Lignocellulosic biomass is the most abundant organic raw 
material in the world (Singh et al., 2006). The recent 
thrust in bioconversion of agriculture waste to chemical 
feed stock has led to extensive studies on cellulolytic 
enzymes produced by fungi and bacteria. Low cost of 
enzyme production improves the economics, as the cost 
of enzyme constitutes a major part of the total cost of 
hydrolysis (Baig et al., 2004). Successful utilization of 
abundantly available lignocellulosics as an alternate 
carbon source for cellulose production can lower the cost 
of enzyme production. 

India is a land of agriculture. After harvesting and 
processing of various cereal crops, about 300 million tons 
of straw is produced annually. These agro- wastes can 

effectively be utilized for the production of cellulases 
which can be used in the saccharification of these 
wastes. The ability of various fungal spp. to produce 
cellulases on various lignocellulosics has been reported 
(Baig et al., 2003; Singh et al., 2010).  

This study presents a comparison of various 
lignocellulosic wastes (maize straw, Jowar straw, Bajra 
straw, wheat straw, oat hay and berseem hay) for 
efficient on-site production of cellulase by a local soil 
isolate of Trichoderma viride (S 34). A methodology is 
formulated for maximum cellulase production by 
manipulating medium components and with alkali 
pretreatment. The cellulolytic enzymes will be used for 
saccharification of pretreated straw.  
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Table 1. Effect of incubation period on endonuclease activity (IUL-1) by Trichoderma viride (S34) at 25°C 
using various carbon sources at 1% level. 
 

Carbon source 
Incubation days 

7 11 14 17 21 

CMC 628 692 607 500 482 
Maize straw 26 143 160 197 187 
Jowar straw 66 162 106 106 82 
Wheat straw 23 28 53 17 10 
Bajra straw 44 51 51 106 82 
Oat hay 87 99 120 85 73 
Barseem hay 13 21 32 32 9 

 
 
 
MATERIALS AND METHODS 
 
Substrates 
 
Natural lignocellulosics namely maize straw, Jowar straw, Bajra 
straw,wheat straw, oat hay and berseem hay were dried in an oven 
and ground in a Wiley Mill to pass through I mm screen and utilized 
as substrate for submerged fermentation (SmF). All the 
lignocellulosics were passed through same mash size to provide 
equal surface area for fungus to grow and do not differ due to 
difference in oxygen diffusion, nutrient absorption and assimilation 
by mycelia. 
 
 
Liquid state fermentation 
 
T. viride (S34) was inoculated in Erlenmeyer flasks (250 ml) 
containing sterilized enzyme production medium with 1-5% of 
different lignocellulosics as sole carbon source. The broth culture 
was incubated at 25°C up to 21 days. The supernatants, collected 
after centrifugation of contents, were used for assaying cellulase. 
 
 
Enzyme assay 
 
Activity of cellulases was assayed by reported methods (Ray et al., 
1993). For endoglucanase activity, suitably diluted enzyme solution 
was incubated with 1% CMC and 0.5 M citrate buffer (pH 4.8) in a 
total volume of 2 ml at 50°C for 30 min. For exoglucanase activity, 
0.1-0.5 ml of enzyme solution was incubated with Whattman filter 
paper strip (1 x 10 cm) and 0.5 M citrate buffer (pH 4.8) in a total 
volume of 2 ml at 50°C for 60 min. β-glucosidase activity was 
measured with 0.05-0.1 ml of enzyme solution in a reaction mixture 
of 2 ml containing 1 ml of 1% cellobiose and 0.5 M citrate buffer (pH 
4.8). The reaction mixture was incubated for 15 min at 50°C. The 
liberated sugars in the above assays were estimated by Nelson 
method (Nelson, 1944) and the activity was expressed in 
International Unit (IU). One unit of cellulose is defined as the 
amount of enzyme that released one micromole of reducing sugar 
per minute under the assay conditions (pH 4.8, 50°C). 
 
 
Optimization of culture condition  
 
Optimum culture conditions including incubation period (7, 14, 17, 
21 days), carbon source (maize straw, Jowar straw, wheat straw, 
oat hay and berseem hay), concentration of lignocellulosics (1, 2, 3, 
5%), pH (4 - 6.5), temperature (20, 25, 30 and 35°C) and nitrogen 
(ammonium chloride, sodium nitrate, ammonium nitrate, ammonium 
sulphate, urea and peptone;  0.05% w/v) were determined for maxi- 

mum growth of T. viride and cellulase activity was recorded. 
 
 
Pretreatment of lignocellulosics 
 
Overnight dried lignocellulosics were autoclaved with 10 ml of 
different concentrations of alkali (0.1, 0.5 and 1.0 N) for 30 min in 
150 ml Erlenmeyer flasks. After cooling, the alkalinity was 
neutralized with acid and stock production media was added to 
make final volume (30 ml) having desired concentrations of 
nutrients and pH 4.0. The fermentation was carried out with T. viride 
(S 34) for 14 days at 25°C. The filtrate was used for the estimation 
of cellulase.  
 
 
Saccharification of agro wastes 
 
Saccharification experiment was performed with crude enzyme 
preparation obtained by fermenting 5% alkali treated and untreated 
Jowar for 14 days using T. viride (S34). The enzyme concentration 
used was 0 (control), 0.5 and 1 ml/g of substrate in the reaction 
mixture containing 50 mM sodium acetate buffer (pH-5.0) in a total 
volume of 30 ml and 3% of lignocellulosics in each flask. Each 
treatment was taken in triplicates. The reaction mixture was 
incubated at 45°C under shaking conditions at 100 rev min-1 up to 
72 h and samples were drawn for the determination of reducing 
sugars by Nelson (1944) method. 
 
 
RESULTS AND DISCUSSION 
 
Optimization of medium constitutes 
 
The carbon source of the medium was affected 
considerably in the synthesis of cellulolytic enzymes by T. 
viride (S 34) in liquid cultures. Maize straw, jowar straw, 
wheat straw, oat hay and berseem hay invariably affected 
the synthesis of cellulolytic enzymes in the medium. 
Maximum induction of endoglucanase (Table 1) and 
exoglucanase (Table 2) activity among agro-wastes was 
achieved by maize straw at 17th day followed by jowar 
straw at 11 day incubation period. Oat hay produces 
maximum β-glucosidase at 14 day incubation period 
(Table 3). Very low level of induction was seen with 
berseem hay and wheat straw. The variability in the 
production as well as incubation period on different 
lignocellulosics could be attributed to various factors such  
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Table 2. Effect of incubation period on exonuclease activity (IUL-1) by Trichoderma viride (S34) at 25°C using 
various carbon sources at 1% level. 
 

Carbon 
source 

Incubation days 

7 11 14 17 21 

CMC 53 199 67 50 32 
Maize straw 4 5 10 30 21 
Jowar straw 11 13 12 6 9 
Wheat straw 3 3 7 4 4 
Bajra straw 7 5 2 9 3 
Oat hay 5 6 14 1 10 
Barseem hay 5 6 8 10 2 

 
 
 

Table 3. Effect of incubation period on -glucosidase activity (IUL-1) by Trichoderma viride (S34) at 25°C using 
various carbon sources at 1% level. 
 

Carbon source 
Incubation days 

7 11 14 17 21 

CMC 6400 7467 4053 1705 1560 
Maize straw 4693 5100 5808 6200 5700 
Jowar straw 1599 3541 1400 1386 1251 
Wheat straw 1636 1386 2418 355 482 
Bajra straw 1209 1920 2453 3840 3203 
Oat hay 3200 4551 6187 5227 5183 
Barseem hay 1000 1067 1972 2150 1505 

 
 
 
as variable cellulose content, heterogeneity of structure 
and accessibility of cellulose for microbial attack leading 
to difference in the lag period of growing fungus. A 
number of reports are available for the use of 
lignocellulosics by Trichoderma spp. (Muthuvelayudham 
and Viruthagir, 2006; Kubicek et al., 2009). However 
most of the Trichoderma spp. described in the literature 
are deficient (Duff, 1985) or low (Tiwari et al., 2013) in the 
production of β-glucosidase. Therefore cellobiose 
accumulates and represses the enzyme biosynthesis. 
These rate-limiting steps in the bioconversion of 
lignocellulosic residues to industrially important products 
remain one of the most significant hurdles in 
saccharification and producing economically feasible 
cellulosic ethanol.  

In the present study, T. viride (S 34) produces a good 
amount of β-glucosidase enzyme on all type of 
lignocellulosics especially on oat hay (7100 UL-1). Higher 
induction of cellulase with maize straw could be attributed 
due to more cellulose content compared to other 
lignocellulosics (Goyal et al., 2008).  

Cellulase induction was maximized with CMC as 
carbon source but the use of purified cellulose as 
substrate is uneconomical for large scale production of 
enzymes. High cost of cellulases production hindered use 
of this enzyme in industry. Therefore efforts were made 
to optimize cellulase production with cheaply available 

agricultural lignocellulose waste. Increased concen-
trations of all lignocellulosics favored higher induction of 
cellulase complex with differences in the yield of enzyme. 
Maize straw at 5% level was effectively utilized by fungus 
to increase the production to 3 times for endoglucanase 
(Figure 1a) and about 6 times for exoglucanase (Figure 
1b) from that at 1% level. Increased production of 
cellulases by raising lignocellulosic concentration was 
also observed by Jadhav et al. (2013).Oat hay proved to 
be maximum β-glucosidase producer at 5% level (Figure 
1c).  

Alkali pretreatment of lignocellulosics remove acetyl 
and uronic acid substitution on hemicelluloses increasing 
accessibility of hemicellulose and cellulose for enzyme 
attack (Chang and Holtzapple, 2000). Therefore, pretreat-
ment of 5% maize straw with different concentrations of 
NaOH (0.1 - 1.0 N) and subsequent fermentation was 
tried. Mild treatment (0.1 N NaOH) showed desirable 
results with higher production of cellulase than produced 
with CMC (Figure 2). This induction might be attributed 
due to changes in the structure of maize biomass with 
increased solublization of hemicelluloses, reduced 
crystallinity and increased available surface area and 
pore volume of substrate (Singh et al., 2010). More 
severe alkali treatment might have resulted into the 
production of toxic compounds like furfurals inhibiting 
microbial metabolism and thus decreasing the
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Figure 1. Effect of different carbon source concentration on (a) endoglucanase, 
(b) exoglucanase and (c) β-glucosidase activity. 
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Figure 2. Effect of alkali pre treatment on (a) endoglucanase, (b) exoglucanase 
and β-glucosidase activity. 

 
 
 
production of cellulase to many fold. 
 
 
Effect of N source, temperature and pH on cellulase 
production  
 
Enzyme activity got influenced when NaNO3 as sole nitro- 

gen source was used (Table 4). Maximum enzyme 
activity was recorded at 25°C (Table 4). A Trichoderma 
strain in a recent paper preferred temperature 35°C for 
maximum growth (Leghlimi et al., 2013).  

At pH 4, the fungal strain showed heavy growth and 
higher cellulase enzyme activity. Similar pH dependency 
was shown by strain of Aspergillus grown on sawdust
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Table 4. Effect of nitrogen source, incubation temperature and initial pH on cellulases activity (IUL-1) by 
Trichoderma viride (S34) using carbon source at 1% level. 
 

Nitrogen source 
Enzyme activity(IUL-1) 

Endoglucanase Exoglucanase β-Glucosidase 

0.05% N (w/v)    
NH4Cl 128.0 10.2 2346.6 
NaNO3 165.6 15.0 3540.9 
NH4NO3 106.6 8.7 2986.6 
(NH4)2SO4 136.0 11.4 2026.6 
NH2CoNH2 45.3 4.1 3199.9 
Peptone 15.9 3.2 3201.0 
  
Incubation   

Temperature (°C)    
20 152.5 11.2 3224 
25 188.7 16.2 3504.8 
30 106.5 7.1 2124.6 
35 51.0 2.4 1202.6 
  
Initial pH  
4.0 195.8 1.05 3504.0 
4.5 174.2 10.2 1802.0 
5.0 124.6 7.6 1002.6 
5.5 109.6 5.2 804.6 
6.0 50.5 2.1 502.8 
6.5 44.8 1.8 214.7 
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Figure 3. Effect of pretreatment on total reducing sugars. 

 
 
 
(Milala et al 2009) and CMC (Oyeleke et al., 2012). 
 
 
Saccharification of pre-treated maize straw 
 
Cellulases produced from T. viride were used for saccha- 

rification of maize straw at pH 5.0 and temperature 45°C 
(Figure 3). The results show highest level of total 
reducing sugars with the pretreated agro- waste. Release 
of reducing sugar increased with increase of incubation 
period.  

At the end of  72 h reducing  sugars  were released 3.5 
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fold more with alkali treated maize straw than produced 
with nontreated straw (Milala et al., 2009).  
 
 
Conclusions 
 
Maize straw could provide an economical advantage as 
carbon source for production of cellulase enzymes by 
using Trichoderma viride as fungal source. Factors [pH 
(4), temperature (25°C) and nitrogen source(NaNO3)] 
were optimized for maximum cellulase production. In 
optimum conditions production of endoglucanase, 
exoglucanase, β-glucosidase and reducing sugars in 
hydrolysis process showed best results with mild alkali 
pretreatment. 
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Gonadogenesis in zebrafish goes through an initial ovarian phase then subsequently into either ovarian 
or testicular phases. How germ cells choose to commit to an oogenic fate and enter meiosis or 
alternatively not enter meiosis and commit to a spermatogenetic fate remains a key question. This study 
investigated events of early gonadogenesis in zebrafish with the aim of unraveling the events 
surrounding the mitotic/meiotic transition in juvenile ovaries. Primordial germ cells were identified at 
eight days post fertilization (dpf).  Mitotic divisions were apparent at 15 dpf, and meiosis initiated in 
some gonads after 22 dpf. After 40 dpf, female gonads contained various germ cells including oogonia, 
post-pachytene and early pre-vitellogenic oocytes, whereas in some gonads, degenerative post-
pachytene oocytes and proliferating germ were observed. The occurrence degenerating oocytes as well 
as a relatively larger proportion of proliferating "gonial" germ cells in the latter gonads was considered 
the first indication of spermatogenic activity, marking the onset of secondary (testicular) 
gonadogenesis. It could not be determined here whether primordial germ cells were involved in 
secondary gonadogenesis. While the mechanisms of this phenomenon in zebrafish ovaries are not well 
addressed, here it can be seen in the context of an apoptotic regulation. 
  
Key words: Danio rerio, gonad, mitotic/meiotic transition, development, sex inversion.  

 
 
INTRODUCTION   
 
Zebrafish (Danio rerio) is a member of the family 
Cyprinid, and can grow up to about 3 to 5 cm total length 
in adulthood, although females are a little larger. This fish 
has become a popular tool in studying development and 
can be easily stimulated to produce throughout the year 
(Hisaoka and Firlit, 1962). A single female can spawn up 
to 400 eggs and fertilization success is generally over 70-
80% (Eaton and Farley, 1974). It has a very short 
generation time and reaches sexual maturity within three  

months.  
Many aspects of zebrafish development have been 

described in the literature, including early embryonic 
patterning (Kimmel, 1993), early development of the 
nervous system (Kimmel et al., 1994), and aspects of cell 
fate and lineage determination (Kimmel and Law, 1985; 
Kimmel and Warga, 1987). Embryonic development and 
biology of zebrafish have also been described(Streisinger 
et al., 1981; Warga and Kimmel, 1990; Westerfield, 
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1993). Other aspects of zebrafish oocyte growth, egg 
formation including gene expression patterns, have been 
reported fairly extensively in the literature (Hisaoka and 
Firlit, 1962; Takahashi, 1977; Selman et al., 1993; 
Howley and Ho, 2000; Pelegri, 2003; Lessman, 2009). 
Although methods used to classify stages of oocyte 
growth by these early authors differ from those of Selman 
et al. (1993), all of the above studies have proved useful 
in understanding morphological events of oocyte growth 
in zebrafish. 

Previous studies undertaken on early differentiation of 
zebrafish germ cells are those reported by Takahashi 
(1977), which described events of juvenile inter-sexuality. 
In this study, stages of oocyte growth in juvenile gonads 
are not described in detail. Hisaoka and Firlit (1962) 
described stages of oocyte development in immature and 
mature zebrafish gonads based on morphological 
observation with respect to the staining pattern of nuclear 
structures with nucleic acid stains. In this study, 
transitional stages of gonad development in juvenile fish 
are not described in detail. Selman et al. (1993) used a 
modified class scheme to describe stages of oocyte 
growth in an adult ovary based on physiological, 
biochemical and morphological observations. Conse-
quently, the transformation of oogonia into primary 
(meiotic) oocytes is not described. Staging series of 
zebrafish oocytes presented by Hisaoka and Firlit (1962) 
precedes that of Selman et al. (1993) by 31 years. 
Although, all of the above studies have proved useful in 
understanding morphological events of oocyte 
development in zebrafish, overall, pictorial or graphic 
representations of these previous reports on the 
reproductive characteristics of early zebrafish gonads are 
scattered. Oogenesis is typically studied in adult ovary. 
Consequently, these studies do not help a reader to 
follow in detail the transitional events occurring during 
early ontogeny.  

Since a comprehensive study on oocyte development 
in the adult zebrafish ovary had been described by 
Selman et al. (1993) and partially by Hisaoka and Firlit 
(1962), it was the aim of this study to follow germ cell 
differentiation in carefully staged phases of gonad 
ontogeny, prior to those covered by these previous 
workers. While the present study takes into account the 
events surrounding the mitotic/meiotic transformation 
during early gonadogenesis, it was important to follow the 
process of oogenesis through the mitotic/meiotic 
transition and beyond. 
 
 
MATERIALS AND METHODS 
 
Sample collection and processing 
 
Six fish at each developmental stage were selected from hatchery 
tanks at hatch [4 days post fertilization (dpf)], every three days from 
8 to 31 dpf and weekly thereafter up to 55 dpf. Larvae and juvenile 
fish were killed by anaesthetizing with MS222 (4.2 ml tricaine stock 
solution in 100 ml tank water) as described by Westerfield (1993).  

 
 
 
 
They were individually measured for total length, and the trunk 
region of bigger fish being cut out before fixation and smaller fish 
processed whole. Tissue samples were fixed in Bouin's solution 
overnight (Humason, 1979), dehydrated through alcohol series, 
cleared in methyl benzoate (Sigma–Aldrich, St. Louis, MO, USA) 
and embedded in Paraplast® (Merck, Darmstadt, Germany). 
Gonadal regions were also fixed in 2% paraformaldehyde and 2.5% 
glutaraldehyde (Karnovsky, 1969) in 0.1 M phosphate buffer, (0.1 M 
NaH2PO4, 25 ml; 0.1 M Na2HPO4, 81 ml; dH2O, 250 ml; adjusted to 
pH 7.4 and topped up to 500 ml with dH2O) for 6 h at room 
temperature and then washed in phosphate buffer overnight at 
room temperature, and post-fixed for 1 h in 1% osmium tetroxide in 
phosphate buffer and embedded in araldite. Tissue section (5–7 µm 
thick) of the trunk region of each fish were cut and mounted on 
slides coated with 3-amino-propyl-triethoxy saline (Sigma–Aldrich, 
St. Louis, MO, USA), and stained with Mayer's modified 
haematoxylin and eosin.  

Semi-thick sections (1-2 m) of araldite embedded tissues were 
cut with a glass knife on a Reichert Ultracut S and stained on a 
90C hot plate with toluidine blue and thereafter examined and 
photographed under a Leica DM750 microscope attached to a DFX 
310 FX digital camera. Images were possessed using LAS imaging 
software Version 3.5. To measure oocyte sizes, slides were 
examined under low power. Gonads of juvenile fish were sexed on 
the basis of tissue configuration and germ cell composition into 
different developmental stages. Gonads of inverting individuals 
were categorized according to the extent of degeneration of female 
germinal cells.  

Experimental protocols for the study were approved by the 
Animal Ethics Screening Committee (No. 2000/98/1), University of 
the Witwatersrand. 
 
 
RESULTS 
 
Gonads of larval zebrafish 
 
At hatch, no distinct primordial germ cells (PGCs) were 
found in sections due to distortion of the larvae due to 
tissue processing. At 8 days post fertilization (dpf), the 
yolk sac was present but smaller in size. In some 
individuals’ yolk, globules were assimilated and 
disappeared with the transition of larvae to active feeding. 
Primordial germ cells (PGCs) were attached to the dorsal 
walls of the coelomic cavity on both sides of the 
mesentery (Figure 1a) often in isolation or in pairs. A 
group of PGCs were observed at the intestinal level. The 
PGCs were large (4-5 m) in diameter, ovoid or rounded 
shaped.  

Their large irregular shaped nuclei contained loose 
network of thin chromatin threads and did not contain a 
nucleolus. There were no signs of mitotic activity at this 
stage of development.  

At 13 days post fertilization (dpf), the number of germ 
cells had increased from two to six per cross section; 
signs of mitotic activity of the PGCs were evident in some 
gonads (Figure 1b). Germ cells were attached to the wall 
of the ceolomic wall by a narrow band of peritoneal cells, 
in the region of the posterior half of the swim bladder. 
The nucleoli of the germ cells observed at this stage of 
development were solitary, intensively stained with 
haematoxilyn and eosin (H&E) and occupied a central 
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Figure 1. Selected histological sections of larval zebrafish gonads stained with H & E. a, Primordial| germ cells (pgc) attached to 
the body wall on both sides of the mesentery (Scale bar = 20.0 m).  b, Gonads of fish at 13 dpf. c and d, Mitotic activity evident 
in sections of juvenile fish at 16 dpf. pgc, primordial germ cell; oog, oogonia; moog, mitotic oogonia; at.oog, atretic oogonia. 
n.oog, nest of oogonia. 

 
 
 

position. The scant cytoplasm of the germ cells stained 
weakly with H&E. Germ cells observed at this stage of 
development had morphological characteristics of either 
oogonia or spermatogonia and measured 4-10 m in 
diameter. Although germ cells had morphological charac-
teristics of oogonia or spermatogonia, implying onset of 
morphological sex differentiation, sex differences could 
not be distinguished with certainty. Therefore, gonads 
were interpreted as of the indifferent type. 

By 16 dpf, gonads were larger in size but still showed a 
simple anatomical organization. Germ cell mitotic activity 
had intensified (Figure 1c). Although the total number of 
germ cells was unknown, germ cells had increased in 
number compared with the previous stage of develop-
ment. Gonads of fish at 16 dpf were considered to be at 
the initial stage of germ cell proliferation. 
 
 
Gonads of Juvenile zebrafish 
 
Mitotic germ cells  had increased in number in gonads  of  

fish by 19 dpf. Gonads of some fish contained large 
numbers of proliferating germ cells (Figure 2a and b). At 
three weeks, a prominent cavity had formed (Figure 2b) 
in some gonads. At this developmental period, an 
increase in number of proliferating germ cells was 
observed. Between days 22 and 35 dpf, gonads were 
composed of “transforming oogonia” (oogonia that were 
no longer dividing), early meiotic prophase and post-
pachytene oocytes (Figure 2c).  

"Transforming" oogonia were morphologically similar to 
those germ cells observed at 16 dpf, but were larger in 
size (7-10 m) and showed an increased cytoplasmic-
nuclear ratio. It was not possible to detect any changes in 
the nature of chromatin in "transforming" oogonia in 
Paraplast embedded sections but in 1 m sections 
(Figure 2c) fine sparse chromatin granules were seen 
scattered throughout the nucleoplasm. The centrally 
located nucleolus was still present in these germ cells. 
The nuclei of these germ cells stained only lightly with 
H&E and toluidine blue 

Early meiotic oocytes were round and had become 
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Figure 2. Selected histological sections of Juvenile zebrafish gonads stained with H&E. a and b, shows mitotic 
oogonia, atretic oogonia, and an ovarian cavity at days 19 and 22 post fertilization. c, shows transforming oogonia 
(long thick arrow) and early meiotic oocytes (short thick arrows). d and e, shows gonads in early stages of sex 
inversion at 45-49 dpf. m.oog, mitotic oogonia; at.oog, atretic oogonia; d.ooc, degenerating post pachytene oocytes; 
sg, spermatogonial proliferation; e.ca, early cortical alveoli stage oocytes; ov, ovary; ov. cavity, ovarian cavity; ca, 
cortical alveoli; pooc, post pachytene oocytes. 

 
 
 

increasingly larger (10-19 m) and their nuclei, which 
were also relatively large and filling the majority of the 
cell, stained only lightly with H&E (Figure 2c). These 

oocytes were distinguished from "transforming" oogonia 
because of the changes in chromosome structure. The 
most distinctive  difference among  the  various  stages of 



 

 
 
 
 
early meiotic stages was the pattern of chromatin 
condensation. In the leptotene stages of the meiotic 
prophase, chromosomes had thickened and could be 
recognized in sections.  

The zygotene oocytes were approximately the same 
size as the leptotene oocytes, but characterized by a 
more clearly defined and localized chromatin. A 
distinguishing feature of the zygotene oocytes being the 
increase in size and density of chromatin strands. 
Oocytes of the zygotene stage had prominent nucleoli   
on the opposite side of the conspicuous chromatin within 
the nuclei.  

Post-pachytene oocytes were surrounded by a 
monolayer of somatic (granulosa) cells, indicating the 
onset of ovarian follicle organization (Figure 2d). These 
oocytes had increased cytoplasmic volume, were larger 
than early meiotic oocytes (30 - 117 m) with their nuclei 
being central and contained two to four relatively large 
basophilic nucleoli. Cytoplasmic RNA in post-pachytene 
oocytes was basophilic when stained with haematoxylin, 
and deep blue when stained with toluidine blue (Figure 
2c), while a less basophilic cytoplasm and an increased 
number of nucleoli in the nucleus characterized late post-
pachytene oocytes. Accumulation of cytoplasmic RNA 
was coincident with the formation of multiple nucleoli in 
the oocyte nucleus.  
 
 
Gonads with altered morphology (inverting gonads) 
  
At 45 to 49 dpf, two types of gonads were identified. 
Typical gonads were common and exhibited asyn-
chronous oocyte development similar to those observed 
in the previous stage of development. The other type of 
gonads contained only post-pachytene oocytes, (Figure 
2d and e) and mitotically dividing "gonial" germ cells 
(Figure 2f). Oocytes with unusual shapes showed 
morphological features similar to degenerating cells and 
lacked the clear structure of a normal growing oocyte. It 
appeared that many of these oocytes begun to 
degenerate accompanied by various degrees of 
abnormalities.  

The most prominent feature observed in degenerating 
oocytes was a marked distortion in the overall 
appearance of the oocytes accompanied by the 
disintegration of cytoplasm. An interesting feature 
observed in some gonads at 45 days of development was 
the occurrence of empty follicles (spaces) in histological 
sections. The area around the empty follicles or 
degenerating oocytes was characterized by the presence 
of densely packed stromal (epithelial) cells believed to be 
either blood cells or phagocytes. Post pachytene oocytes 
in inverting gonads had unusual shapes and their 
cytoplasm stained intensively with Haematoxylin.  

In contrast to the appearance of degenerating oocytes 
in these gonads, numerous small "islets" of quiescent and 
clusters of  proliferating “gonial" germ cells were seen   in  
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parts of the gonads in some fish at 49 dpf. Quiescent and 
proliferating germ cells were seen along the slit-like 
openings (ovarian lamellae) within gonad sections 
(Figure 2e). The formation of these slits was a 
characteristic feature of these gonads at this 
developmental stage. The number of mitotically dividing 
germ cells observed at this stage of development 
outnumbered those observed during the initial ovarian 
differentiation stages of development.  

At 49 dpf, typical ovaries exhibited asynchronous 
oocyte development wherein ovaries possessed oocytes 
in the post-pachytene and pre-vitelogenic stages of 
development. Inverting gonads remained smaller in size 
possessing "gonial" germ cells and fewer growing 
oocytes.  
 
 
Gonads of immature zebrafish 
 
In the subsequent stages of development (55 to 60 dpf), 
normal ovaries showed typical patterns of sexual 
development for asynchronously spawning fish (Tyler and 
Sumpter, 1996), where gonads contained oocytes at 
various stages of development. From 55 dpf onwards, 
male and female gonads could be distinguished clearly 
as maturing testes or ovaries.  In Immature testis the 
number of germ cells, now termed spermatogonia, 
spermatocytes and spermatids had increased in number. 
In some individuals, large cysts of spermatocytes at the 
various stages of the meiotic prophase could be 
recognized in sections as well as spermatids (Figure 3c 
and d). In addition, testicular tissues were arranged 
almost completely in lobules.  

Ovaries contained numerous large post-pachytene and 
a few early pre-vitellogenic oocytes (Figure 3a and b). An 
increase in the number of cortical alveoli was noted in 
pre-vitellogenic oocytes. The nuclei of the later oocytes 
contained numerous small nucleoli. Cortical alveoli were 
in a thin ring between the germinal vesicle or seen all 
over the cytoplasm of the pre-vitellogenic oocytes. There 
were no signs of testicular tissues in all gonads.  

Maturing ovaries were formed of rows of post-
pachytene, early as well as late pre-vitellogenic and early 
and late vitellogenic oocytes. Late pre-vitellogenic 
oocytes were similar to early pre-vitellogenic oocytes but 
were larger measuring 98 - 264 m in diameter with 
multiple cortical alveoli situated in a thick ring between 
the germinal vesicle and the vitelline membrane or filling 
the whole cytoplasm. The nuclei of the later germ cells 
were lobed and contained numerous nucleoli. Early 
vitellogenic oocytes were large (117-314 m).  

Late vitellogenic oocytes were very large (151 - 361 
m) with yolk granules distributed homogeneously in the 
cytoplasm. The nuclei of oocytes in the advanced stages 
of vitellogenic stages of development were slightly 
displaced from the center to the oocyte membrane. A 
thin,   but   distinguishable   granulosa  and  thecal  layers
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Figure 3. Selected histological sections of maturing zebrafish gonads stained with H & E. a and b, shows oocytes at the cortical alveoli 
stage of growth at 55 dpf. c and d,  shows maturing testis in fish at 55 and 60 dpf.  a.ooc, atretic oocyte; n, nucleus; nu, nucleoli; ca, 
cortical alveoli; spc, spermatocyte; sg, spermatogonia; spt, spermatids. 

 
 
 
surrounded these oocytes. Vitellogenic oocytes were the 
most advanced stage of oocyte development observed 
therefore no mature stage oocytes has been described 
here. 
 
 
DISCUSSION 
 
This study, examined the sequence of events leading to 
the formation of oocytes including secondary gonado-
genesis (testicular differentiation) in zebrafish. It has 
been confirmed here that gonad development follows the 
general pattern described by Takahashi, (1977), but there 
are other aspects that differ, specifically the timing of 
events. 

It is believed that differences are related to rearing 
conditions, and differences  in studied strains rather  than 

differences in gonad development. Primordial germ cells 
(PGCs) were identified with certainty at 8 dpf. Although 
not labeled with lineage markers, the PGCs were 
identified by their common morphological characteristics: 
Irregular outlines, a high nucleus to cytoplasm ratio, a 
relatively large cell in relation to surrounding somatic 
cells, by their location and age of fish. The appearance of 
some germ cells at the intestinal level in the present 
study led to the assumption that the PGCs in zebrafish 
settle first at the gut (intestinal) level before spreading out 
to other parts of the gonadal anlage. Some investigators 
consider PGCs segregation at the sub-intestinal yolk part 
as their initial site of colonization of the genital ridge prior 
to their settlement to other parts of gonadal anlage 
(Mezhnin, 1978). PGCs observed at the intestinal level in 
the present study, were possibly still in the process of 
migration  to  the dorsal mesentery. In teleost fish studied 



 

 
 
 
 
to date, primordial germ cells migrate to the genital ridges 
before hatching (Satoh and Egami, 1972; Hamaguchi, 
1982; Parmentier and Timmermans, 1985). In the present 
study, and at 13 days post fertilization, the initial 
development of gonadal anlage had commenced, sug-
gesting that the PGCs in zebrafish migrated to the 
gonadal ridges prior to its formation. This would be in 
accordance with the findings of Parmentier and 
Timmermans (1985) and Timmermans and Taverne 
(1987) in other cyprinid fish. In contrast, in other verte-
brates, PGCs migrate to the previously formed genital 
ridges (Nieuwkoop and Sutasurya, 1979).  

In most teleosts fish, the number of PGCs at hatching 
is small. The average number in carp for example, is 23 
per larvae (Parmentier and Timmermans, 1985). The 
number remains low for six weeks after which a rapid 
proliferation occurs, resulting in a mean number of 130 at 
seven weeks and 250 at nine weeks. Proliferating germ 
cells were seen for the first time in the present study at 
16 dpf. Initially the germ cell numbers remained low for 
up to two weeks, after which a rapid increase in the 
number of germ cells was noticed. However, their exact 
number was not known and no information was found in 
the literature about their exact number at this stage in 
development. 

The increase in the proliferative activity of germ cells at 
19 dpf signified the transition from gonadal primordia to 
differentiating gonads. The beginning of this develop-
mental period corresponds with the transition from larval 
to juvenile life stages in the zebrafish (Brown, 1997). Day 
19, therefore, marked the end of the indifferent period of 
gonad development. 

At three weeks of age, a cavity was recognized and 
identified as the future ovarian cavity in females. In some 
teleosts, the development of associated somatic cells, 
such as the ovarian cavity is helpful in the following 
ovarian differentiation besides the morphology of the 
cells. The proliferative activity of germ cells at 19 dpf 
appears to be the strongest indicator of ovarian differen-
tiation in zebrafish followed by the presence of an ovarian 
cavity at 22 dpf. Based on this finding from this stage 
onwards, gonads were called ovaries and the period 
marked the end of the indifferent period of gonad 
development and the onset of morphological sex 
differentiation. 

Ovarian differentiation (transformation of an oogonium 
into an oocyte) and the commencement of meiosis in 
zebrafish as in other teleost fish are characterized by 
changes of nuclear structure. One of the ultrastructural 
characteristics of oocytes at the early meiotic prophase is 
the formation of synaptonemal complexes, which appear 
in meiotic germ cells of animals and plants generally. 
These structures have been identified in oocytes at 
zygotene and pachytene stages ovarian development in 
the medaka (Hamaguchi, 1982), the amago salmon 
(Nakamura and Nagahama, 1993) and in the channel 
catfish  (Patino et  al., 1996).  According  to  Selman  and 
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Wallace (1989), oogenesis commences when oogonia 
transform into leptotene oocytes at the initiation of 
meiosis. The process is preceded by DNA replication and 
begins with the pairing and condensation of homologous 
chromosomes in the first meiotic division (leptotene-
zygotene). At pachytene, the homologous condensing 
chromosomes form synaptonemal complexes. Sooner or 
later, oocytes arrest in the lamp brush (diplotene) stage 
of growth. According to Takahashi (1977) oogenesis is 
said to begin when cysts of germ cells originating from 
the mitoses of pre-existing PGCs appear to be in initial 
phases of the meiotic prophase as evidenced by the 
formation of "auxocytes" (Stage IB oocytes). In the work 
by Takahashi (1977) no mention is made of the criteria 
used in identifying the various stages of germ cell 
development making comparisons difficult.  

Examination of the zebrafish larval gonads during the 
mitotic/meiotic transition in the present study led to the 
identification of four cell types. "Transforming" oogonia 
being the smallest germ cells (7 - 10 µm), which give rise 
to primary oocytes, which eventually pass through the 
leptotene, zygotene, pachytene and the diplotene stages 
of the meiotic prophase, diplotene oocytes being the 
largest germ cells (30-117 µm). The most distinctive 
difference among the first three stages of the primary 
oocyte is the pattern of chromatin condensation. 
mitotic/meiotic transition is a gradual process and is 
distinguished by active gene transcription that results in 
the production of vast amounts of RNA species. 
Accumulation of cytoplasmic RNA is coincident with the 
formation of multiple nucleoli in the oocyte nucleus or 
germinal vesicle. In the current study, cytoplasmic RNA in 
post-pachytene oocytes was basophilic when stained 
with haematoxylin, and deep blue when stained with 
toluidine blue. 

The presence of synaptonemal complexes, which 
represents the condensed, homologous chromosomes in 
synapses, identifies oocytes in the pachytene stage of 
the first meiotic prophase (Grier, 2000). This implies that 
during this developmental period, germ cells were in the 
meiotic phase of development and that germ cells 
identified in some gonads prior to this stage of develop-
ment were definitely oogonia. Thus ovarian differentiation 
in some zebrafish had begun. Initially, clusters of early 
meiotic oocytes formed a smaller proportion of germ cell 
composition in gonads.  

By 31 to 35 dpf, clusters occupied extended areas of 
the gonads still enveloped by follicle cell processes. In 
adult ovaries (Selman et al., 1993), the number of 
oogonia and early meiotic oocytes appear to be relatively 
low compared to those observed in juveniles in the 
present study; moreover, transformation of oogonia into 
meiotic oocytes is rare event in adult ovarian sections 
(Selman et al., 1993). The low number of early meiotic 
oocytes, in adult ovarian sections implies a fast 
development from oogonia via oocytes in chromatin 
nucleolus stage to oocytes in early post-pachytene phase 
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in adult females. In most teleosts, oogenesis (Bromage 
and Cumaranatunga, 1982) appear to occur cyclically 
with an accelerated development just after spawning 
making it difficult to observe oogonia and early meiotic 
oocytes in adult ovarian sections.  

As oocytes of the early meiotic prophase continue to 
develop, they become completely enveloped by pre-
follicle cells disrupting the organization of the cells nests. 
The mechanisms leading to the separation of germ cells 
from the "nests" could not be established from the 
observations of the present study. However, it has been 
suggested elsewhere that the thin cytoplasmic digitations 
that stromal cells develop around the clustered oocytes 
play a role in this process (Andreucceti, et al., 1990). The 
newly formed oocytes continue to differentiate indepen-
dently and asynchronously, enveloped by a monolayer of 
squamous follicle cells and eventually transform 
themselves into growing post-pachytene (diplotene) 
oocytes.  

This is the last stage at which the last events of meiotic 
prophase are completed, after which the oocyte enters 
the diplotene stage.  

In the current study, post-pachytene oocytes were seen 
for the first time between days 31 and 35 post 
fertilization. In the study of Takahashi (1977) oocytes of 
the first phase of growth or auxocytes were observed by 
14 days post hatch (dph). In this study, characteristic 
features of germ cells were not provided making compa-
risons difficult. The present view is that germ cells labeled 
as auxocytes by Takahashi (1977) at 14 dph may have 
been oogonia. Consequently, his previous report of 
occurrence of meiotic oocytes at 10 dph is doubtful. 
Oogonia may have been erroneously described as stage 
I ocytes, since there are strong similarities between 
oogonia and oocytes when they first enter diplotene 
especially before the onset of cytoplasmic RNA 
accumulation so that basophilic cytoplasm would confer 
unequivocal similarity.  

According to the findings of the current study, gonads 
of nearly all fish examined between days 45 to 49 post 
fertilization contained degenerating or atretic oocytes. 
This may have been indicative of impending sex reversal. 
In various mammalian (Byskov, 1978) as well as fish 
species (Coward and Bromage, 1998), atresia 
(resorption) is a common phenomenon. Atresia can be 
found throughout the reproductive cycle in fish, but has 
only been clearly shown to affect vitellogenic oocytes at 
the post-spawning periods. According to Takahashi 
(1977), "the atretic disintegration of auxocytes is the most 
general and legible feature representing the initiation of 
sex inversion in gonads. Histological observations of sex 
inversion of zebrafish juveniles in the present study 
reveal that sex inversion from ovaries to testes begins 
with a degeneration of oocytes as stated above. Here, 
the presence of slit like openings (ovarian lamellae) was 
one of the features associated with the onset of oocyte 
degeneration  and   eventual   sex   inversion.  "Islets"   of  

 
 
 
 
"gonial" germ cells seen along gonad periphery and 
along slits within the gonad wall were considered to be 
spermatogonia although it was not possible to distinguish 
resting oogonia from spermatogonia, as both are of 
similar size and appearance.  

The occurrence of numerous degenerating oocytes as 
well as a relatively larger proportion of "islets" of 
proliferating "gonial" germ cells was considered the first 
outstanding indication of spermatogenic activity in these 
ovaries. The formation of the future testis was thought to 
start from these peripheral “male nests", when the first 
indications of ovarian degeneration appeared. Gonads 
with numerous "islets" of "gonial", degenerating as well 
as mitotic germ cells, were termed inverting gonads 
(presumptive testes).  

The process of oocyte degeneration and resorption in 
juvenile zebrafish ovaries appear to depend on the size, 
differentiation level and specific features of the individual 
germ cells. Lysis of the post-pachytene oocytes is 
preceded by an intensification of cytoplasmic staining and 
change in shape of the oocytes probably indicating 
degeneration (Kobayashi and Hishida, 1985). The 
resorption of larger pre-vitellogenic oocytes that have 
cortical alveoli is preceded by active participation of cells 
of the follicular epithelium.  

The invasion of the shrunken degenerating oocytes by 
aggregations of phagocytes or blood cells as observed in 
the present study may indicate phagocytic mechanisms, 
which could lead to the removal of the nuclear and 
ooplasmic contents with the phagocytes being probably 
derived from the follicle cells. Whether the migrating cells 
absorbed residual degenerating cells phagocytically or 
not could not be determined with certainty. Interestingly, 
disintegration of cytoplasm of germ cells and follicular 
atresia also occurs in normal adult female fish (Guraya, 
1986).  

The first indication of the sex inversion as observed in 
the present study was the degeneration of female germ 
cells (post-pachytene oocytes). As degeneration of 
female germ cells proceeded, stromal somatic cells 
invade the gonad. Sooner or later, spermatogonial 
proliferation ensued. The presence of spermatogonia was 
the first indication of spermatogenic activity in the gonad, 
whether PGCs were involved in spermatogonial 
proliferation or not could not be detected in histological 
preparations. Shortly afterwards, the gonads became 
testes; female germ cells having disappeared.  

It can be said here that the strongest indicators of pre-
maturational sex change in juvenile zebrafish was the 
presence of transitional individuals whose gonads contain 
degenerative ovarian tissues and developing testicular 
tissues. The presence of degenerating ovarian tissues 
simultaneously with a large number of developing 
spermatogonia in the same gonad strongly supports 
protandrous hermphroditism in juvenile zebrafish. 
Juvenile inter-sexuality has also been reported in male 
and female yellow eels  of  Anguilla anguilla by Kuhlmann  



 

 
 
 
 
(1957), cited in Colombo and Grandi (1995). The 
coexistence of both germinal tissues in zebrafish 
juveniles is probably exclusive to the juvenile period, 
since functional female germ cells were not seen in active 
male gonads confirming previous indications of protogyn 
in juvenile zebrafish (Takahashi, 1977).  

The duration of sex change in zebrafish juveniles could 
not be determined definitely from the results of the 
present study, but in specimen examined, sex change 
occurred in fish at 16 to 22 mm total length (TL), a quite 
different size range from the 12 to 26 mm (TL) range 
reported by Takahashi (1977). This difference could be 
attributed to differences in growth rate of individuals or 
other social and/or genetic variation among individuals 
(Wang et al., 2007). Molecular factors initiating and 
regulating the processes of oocyte degeneration or 
atresia and sex inversion in zebrafish could not be 
determined in the present study. While mechanisms of 
this phenomenon in normal ovaries are also not well 
addressed (Guraya, 1986), here, it can be seen in the 
context of an apoptotic regulation.  

In conclusion, the present work presents a description 
of the morphology of early gonad differentiation in 
zebrafish. The exhaustive stage analysis conducted in 
this study has integrated and interconnected the findings 
of Selman et al. (1993) for the adult ovary and has also 
extended the study of Takahashi (1977). From results 
presented in this study, the possible involvement of 
primordial germ cells in secondary gonadogenesis (male 
testicular differentiation) could not be determined. The 
mitotic/meiotic transition was a gradual process. This 
work was necessary for other works to follow. 
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Table 1. Mathematical models applied to drying curves. 
 

Model Model description 

Approximation RX = a ∙ exp (- k ∙ t) + (1 - a) ∙ exp (- k ∙ b ∙ t) 
Two-term RX = a ∙ exp (- k0 ∙ t) + b ∙ exp (- k1 ∙ t) 
Two- term exponential RX = a ∙ exp (- k ∙ t) + (1 - a) ∙ exp (- k ∙ a ∙ t) 
Handerson & Pabis RX = a ∙ exp (- k ∙ t) 
Logarítmo RX = a ∙ exp (- k ∙ t) + c 
Midilli RX = a ∙ exp (- k ∙ tn) + b ∙ t 
Newton RX = exp (- k ∙ t) 
Page RX = exp (- k ∙ tn) 
Thompson RX = exp ((- a - (a2 + 4 ∙ b ∙ t)0,5)/2 ∙ b) 
Verma RX = a ∙ exp (- k ∙ t) + (1 - a) ∙ exp (- k1 ∙ t) 
Wang & Singh RX = 1 + a ∙ t + b ∙ t2 

 

Where, t: drying time, h; k, ko, k1: drying constants h-1, and a, b, c, n: model coefficients. 
 
 
 

To meet Pequi market during the offseason, the 
conservation of Pequi pulp is basically by freezing and in 
the form of acidified canned products. The use of other 
conservation techniques such as dehydration/drying can 
provide other ways of use and application, preserving the 
pulp and increasing the life of the product, in addition to 
promoting the development of differentiated products 
(Lewicki, 2006). 

Dried fruits and vegetables have gained commercial 
importance and its growth on a commercial scale has 
become an important sector of the agricultural industry. 
The lack of adequate treatment causes considerable 
damage and waste of seasonal fruits in many countries, 
which is estimated at 30-40% in developing countries. It 
is necessary to remove the moisture content of the fruit to 
a certain level after harvest to prevent the growth of mold 
and bacterial action (Azharul Karim and Hawlader, 2005). 

Oven drying is an inexpensive process, but often leads 
to degradation of labile compounds and/or oxidizable 
substrates such as carotenoids and lipids. To overcome 
these limitations, drying is generally carried out at 
moderate temperature (40-60°C) (Durante et al., 2014). 

The drying process consists of the removal of most of 
the moisture content of a product, causing unfavorable 
conditions for the continuity of metabolic activity and 
growth of microorganisms (Martinazzo et al., 2007). The 
study on the required parameters of drying kinetics is 
important in order to improve the drying process and 
obtain a quality product that meets consumer demands 
(Cano-Chauca et al., 2004). 

The use of mathematical models for the representation 
of the drying process is crucial, considering that the 
information generated is of great value for designing, 
development and improvement of processes and equip-
ment, as well as for the prediction of drying times. 
 
 
MATERIALS AND METHODS 
 
Pequi fruits were purchased  from local market of Rio Verde,  Goiás 

State, Brazil, and transported to the Laboratory of Fruits and 
Vegetables - Federal Institute Goiás - Rio Verde Campus, Goiás, 
Brazil. In the laboratory, they were received and sanitized in 150 
ppm chlorine solution for 15 min and subsequently dried. Then, 
Pequi fruits were sliced with an average thickness of 2.33 mm, 
vacuum packaged, and stored in low-density polyethylene bags 
until time of drying in oven. 
 
 
Drying the Pequi pulp  
 
Pequi samples were dried in a Marconi oven model MA 035 - 
Piracicaba - Brazil, with forced air ventilation and air flow rate of 
7.728 kg.(m2s)-1 at three temperature conditions: 40, 50 and 60°C. 
During drying in perforated trays, samples were weighed from 20 to 
20 min up to obtaining water content of 0.111 (decimal, db), 
determined at 105 ± 1°C for 24 h (AOAC, 2000). The entire drying 
process was carried out in three replicates. 

Temperature and relative humidity of the environment external to 
the drying chamber were monitored using a thermohygrometer, and 
the internal temperature was monitored by a thermometer placed 
inside the drying chamber. The relative humidity inside the drying 
chamber was obtained by means of the basic psychrometric 
principles, using the GRAPSI software. 
 
 
Drying kinetics 
 
The following expression was used to determine the moisture 
content in the Pequi pulp during drying: 
 

RX
X X
X 	X

 

 
Where, RX is the humidity ratio, dimensionless; X is the moisture 
content at time t, decimal dry basis (kg water, kg-1 dry matter); Xe is 
the equilibrium water content of the product, decimal dry basis (kg 
water, kg-1 dry matter); and Xi is the initial moisture content, decimal 
dry basis (kg water, kg-1 dry matter). 

The modeling is intended to adjust one or more models 
throughout the studied range of this variable (Corrêa et al., 2010). 
The experimental drying data of Pequi pulp were fitted to 
mathematical models often used to represent the drying of 
agricultural products, as presented in Table 1. 

The liquid diffusion model for flat plate geometry with known 
thickness  (Fick's law  and eight-term  approximation  equation) was 



 
 
 
 
fitted to experimental Pequi pulp drying data in accordance with the 
following expression: 
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Where, N is the number of terms; Deff is the liquid diffusion 
coefficient, m2s-1, and L is the half the sample thickness, m. 

The relationship between the effective diffusion coefficient and 
the increase in the drying air temperature was described by the 
Arrhenius equation. 
 

exp  

 
Where, Do is the pre-exponential factor; Ea is the activation energy, 
kJ.mol-1; R is the universal gas constant, 8.134 kJ.kmol-1.K-1, and T 
is the absolute temperature, K. 
 
 
Thermodynamic properties 
 
The thermodynamic properties of Pequi pulp drying process were 
obtained by the method described by Jideani and Mpotokwana 
(2009). 
 

∆H 	E RT 
 

∆S R	 lnA ln
k
h

lnT  

 
∆G 	∆H T∆S 

 
Where, ∆H = enthalpy, J mol-1; ∆S = entropy, J mol-1; ΔG = Gibbs 
free energy, J mol- 1; kB = Boltzmann constant, 1.38 x 10-23 J K- 1, 
and hp = Planck's constant, 6.626 x 10-34 J s - 1. 
 
 
Statistical analysis 

 
Mathematical models were fitted using nonlinear regression by the 
Gauss-Newton method using a statistical program. Determination of 
the investigated components was carried out in three replicates. 
The models were selected considering the magnitude of the 
determination coefficient (R2), relative mean error (P) and estimated 
mean error (SE). Relative mean error values lower than 10% were 
considered as a criterion for the selection of models, according to 
Mohapatra and Rao (2005). 
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Where, Y is the value experimentally observed; Ŷ is the value 
estimated by the model; N is the number of experimental 
observations; GLR is the degrees of freedom of the model (number 
of experimental observations minus the number of coefficients of 
the model). 
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RESULTS AND DISCUSSION 
 
Drying kinetics 
 
Pequi pulp showed initial water content of 1.25 dry basis 
(decimal db) when submitted to the three drying 
temperatures that promoted relative humidities of 25.96; 
15.30 and 9.80%, respectively. Table 2 shows the R², SE 
and P values for each model considered in this study for 
different drying temperatures. 

The determination coefficient R² is one of the main 
criteria for choosing the model that best fits the drying 
process; however, besides R², parameters SE and P are 
used for determining the adjustment quality (Doymaz, 
2012). The choice of the most appropriate model was 
given by R² > 98 %, SE < 10 % values (decimal) and 
lower P values. 

It was observed that for all temperatures, the models 
were satisfactory to describe the drying process, except 
for the model of Wang and Singh. At 60°C, the model of 
Midilli (RX = a exp (- k tn) + b t) showed satisfactory R², 
SE and P values, so, based on the results obtained for 
other temperatures, this model was chosen to represent 
the drying process of Pequi pulp. 

Radunz et al. (2011), in his work with carqueja, found 
that the model of Midilli et al. presented adequate fit to 
the experimental data for the entire temperature range 
studied (40-90°C). Lima et al. (2007) dried facheiro pulp 
and concluded that among the models fitted to the drying 
kinetics data, the equation of Midilli showed the highest 
determination coefficient and the lowest mean squared 
deviation values, corroborating this work. Resende et al. 
(2010) recommends the model of Midilli for drying 
processes for presenting simple mathematical 
operations. 

 Figure 1 shows the moisture content versus Pequi pulp 
drying time curves studied at different temperatures (40, 
50 and 60°C) in oven drier with air circulating. 

The longest drying time was at temperature of 40°C, 
about 5.67 h, while for temperature of 50°C, the drying 
time was around 5.33 h and at 60°C, it was 4.67 h. The 
drying curves were well-defined, that is, without floating 
point throughout the process, indicating homogeneity in 
the dryer. 

It was observed that increased temperatures decrease 
the drying time of Pequi pulp, since it results in rapid 
evaporation of water present in the solid. Silva et al. 
(2009) reported that the increase in temperature causes 
an increase of the drying rate, which suggests the 
moisture diffusion from within the product to its surface as 
the physical mechanism predominant throughout the 
drying process, with no periods of constant drying rate. 
Silva et al. (2014) concluded that the drying of whole 
bananas also occurred exclusively during the period of 
decreasing rate for all temperatures evaluated. Togrul 
and Pehlivan (2004) found no periods of constant rate 
throughout the drying process of apricots, grapes, figs,

 
GLR

ŶY
SE

2 




3446          Afr. J. Biotechnol. 
 
 
 

Table 2. Values of the determination coefficient (R²), estimated mean error (SE), relative mean 
error (P) for mathematical models used in the drying of Pequi pulp (Caryocar brasiliense 
Cambess) at 40, 50 and 60°C. 
 

Model description R2 (%) SE (decimal) P (%) 

40°C 
Approximation 99.96 0.0062 2.3054 
Two-term 99.96 0.0064 2.3154 
Two- term exponential 99.94 0.0070 2.5640 
Handerson & Pabis 99.90 0.0092 3.0179 
Logarithmic 99.93 0.0076 2.5614 
Midilli 99.96 0.0062 2.3031 
Newton 99.84 0.0110 3.9719 
Page 99.96 0.0059 2.3253 
Thompson 99.94 0.0069 2.4894 
Verna 99.96 0.0062 2.3054 
Wang & Singh 98.31 0.0371 14.23 

  

50°C 
Approximation 99.97 0.005092 1.3392 
Two-term 99.98 0.004905 1.2547 
Two- term exponential 99.95 0.006570 2.4539 
Handerson & Pabis 99.88 0.010360 5.6170 
Logarithmic 99.98 0.004828 1.0532 
Midilli 99.98 0.004393 1.5906 
Newton 99.87 0.010176 5.8201 
Page 99.91 0.008733 3.9863 
Thompson 99.95 0.006792 2.5855 
Verna 99.97 0.005092 1.3393 
Wang & Singh 98.54 0.035443 16.267 

 
60°C 

Approximation 98.78 0.0321 7.8128 
Two-term 99.91 0.0092 3.3070 
Two- term exponential 99.86 0.0103 3.4578 
Handerson & Pabis 99.30 0.0234 4.7387 
Logarithmic 99.42 0.0221 5.7471 
Midilli 99.93 0.0080 2.3108 
Newton 98.78 0.0297 7.8126 
Page 99.76 0.0138 5.1096 
Thompson 99.52 0.0193 6.6302 
Verna 99.91 0.0088 3.3069 
Wang & Singh 96.31 0.0537 17.911 

 
 
 
peaches and plums, confirming the drying curve obtained 
in this work. 

To maintain the microbiological safety level of the 
product, that is, to reduce the risk of contaminants, it is 
desirable to dry the product to obtain moisture ratio less 
than 0.15 (decimal db) (Krokida and Philippopoulos, 
2005). 

Figure 1 shows that constant k of the model of Midilli 
increases in absolute values with increasing temperature, 

since higher temperatures lead to higher drying rates; 
however, the other coefficients of the model of Midilli (a, n 
and b) did not show a clear trend as a function of drying 
temperatures. Reis et al. (2012) also reported increased 
k constant with increasing temperature when drying basil 
leaves. 

The use of kinetic models is a way to predict the drying 
process at different temperatures, making mathematical 
models an interesting tool to be used during the kinetic 
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Table 4. Values of the enthalpy and entropy variation and the Gibbs free energy for the drying 
process of Pequi pulp (Caryocar brasiliense Cambess) at temperatures of 40, 50 and 60°C. 
 

Thermodynamic properties 
Temperature (°C) 

40 50 60 

Enthalpy (J.mol-1) 5091.41 5008.27 4925.13 
Entropy (J.mol-1.K-1) -251.01 -250.38 -250.05 
Gibbs free energy (J.mol-1) 83693.70 85919.44 88229.35 

 
 
 
activation energy for agricultural products ranged from 
12.7 to 110 kJ mol-1. In the present work, the activation 
energy value found was lower; however, it was higher 
than that reported by Faria et al. (2012), for the drying of 
crambe (4.97 kJ mol-1). 

Thermodynamically, activation energy is defined as 
how easy water molecules overcome the energy barrier 
during migration within the product (Corrêa et al., 2007). 
It is noteworthy that for drying processes, the lower the 
activation energy, the higher the water diffusivity within 
the product (Faria et al., 2012), indicating a facilitated 
drying process. 
 
 
Thermodynamic characteristics 
 
Table 4 shows the values of the enthalpy and entropy 
variation and the Gibbs free energy. The calculation of 
these energies is relevant, since entropy and enthalpy 
result in Gibbs free energy, which is a thermodynamic 
state function representing the maximum amount of 
energy released in a process occurring at constant 
temperature and pressure that is free to perform the 
useful work (Ascheri et al., 2009). 

This study shows lower enthalpy values for higher 
temperatures during the drying process, indicating a 
smaller amount of energy required for the drying to occur 
at higher temperatures, that is, enthalpy decreases with 
increasing temperature. Oliveira et al. (2010) explained 
that lower enthalpy values indicate lower energy required 
by the drying process to remove water within the product. 

In absolute scale, entropy decreased with increasing 
temperature. Reduced entropy values can be explained 
by the fact that when the product is being dehydrated, 
there is a reduction in the moisture content and the 
movement of water molecules in the product becomes 
more difficult (Corrêa et al., 2011). Moreira et al. (2008) 
explained that negative entropy values are assigned to 
the existence of chemical adsorption and / or structural 
modifications of the adsorbent. 

Positive values for the Gibbs free energy mean that the 
drying phenomenon is not a spontaneous process, that 
is, it requires an energy source for the process to occur. 
This was expected, since the samples were in an 
environment with higher humidity (harvest), being subse-
quently submitted to a process to reduce the humidity 

values. Corrêa et al. (2011) dried corn cobs and obtained 
the same trend of increased Gibbs free energy values 
with increasing process temperature, also observed in 
this study, which indicates a greater amount of energy 
with increasing temperature. 
 
 
Conclusion 
 
Based on experimental data, it was concluded that the 
removal of water from Pequi pulp occurred during periods 
of decreasing rate for all temperatures. Among the 
models investigated in this study, the model of Midilli 
showed satisfactory data to explain the drying process of 
Pequi pulp. The constant k of the model of Midilli 
increases with increasing temperature, as also observed 
for the diffusion coefficient. 

In the drying of Pequi pulp, enthalpy decreases with 
increasing temperature. The entropy was negative for the 
entire temperature range studied. The Gibbs free energy 
was positive for all temperatures, and increased with 
increasing temperature. 
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