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Abstract

Excessive ammonia (NH3) and carbon dioxide (CO2) in the housing of breeding
hens can cause various negative effects on the health of hens and the welfare
of the workers who care for them. The aim of this study was to evaluate the
NH3 and CO2 concentrations in the first month of housing the breeding hens
during Portuguese winter. The study was conducted on a commercial hen
breeding farm located in central Portugal. One modern building equipped with
climate control system, automatic feeding and drinking systems and minimum
transitional tunnel ridge system was selected. New litter material made with
rice hulls was used in the building, and the breeding sample comprised five
months old 6864 female and 720 male birds housed in the building on 7 Novem-
ber 2016. The outdoor and indoor environmental conditions and indoor gas
concentrations were measured continuously from 10 November to 30 November
2016. (NH3)and CO2 concentrations were measured with a photoacoustic field
gas monitor and air samples collected through 4 sampling points located indoor,
by a multipoint sampler. Results showed that the CO2 concentrations did not
exceed 3000 ppm during the first month of housing the breeding hens and under
winter environment. However, the NH3 concentrations exceed 20 ppm on most
measurement days. For a good indoor air quality, the study suggests the use of
mitigating measures for maintaining NH3 concentration below 10 ppm

Keywords: Breeding hens, CO2, Gas concentration, Mediterranean Portugal,
NH3, Poultry husbandry, Winter environment.
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I. Introduction

Excessive ammonia (NH3) and carbon
dioxide (CO2) in the housing of breeding
hens can cause various negative effects

on the health of hens and the welfare of the
workers who care for them. International and
national regulations have been published in
order to protect animals and workers health,
with short period exposure limits of 20 and
3000 parts per million (ppm) for NH3 and CO2,
respectively (CIGR, 1992; 1994; Kilic and Yasli-
oglu, 2014). Ammonia and CO2 coming from
the decomposition and fermentation of the lit-
ter and excreta can damage indoor air quality.
The nitrogen compounds (uric acid and urea)
of excreta are hydrolysed into NH3 and CO2
and consequently the concentrations of these
gases are increased at in-house (Wathes et al.,
1997; Pereira and Trindade, 2014; Alberdi et al.,
2016; Lin et al., 2017). In addition, the hens’
respiration as well as the aerobic and anaerobic
decomposition of the litter material enhances
the CO2 levels at in-house (Sommer et al., 2006;
Ni et al., 2012). High NH3 concentrations (>20
ppm) in hen buildings are related with nega-
tive health and welfare concerns (Portejoie et
al., 2002). A decrease in egg production, feed
intake and growth rate has been reported due
the presence of NH3 (Kristensen and Whates,
2000, Xin et al., 2011; Costa et al., 2012). In
terms of health, NH3 causes damage in the
respiratory tract and increases the incidence
of respiratory diseases (Nahm, 2005). Also,

high NH3 levels have also been associated with
the increase of pathogens concentrations in the
litter material and the increase of morbidity
and mortality (Kristensen and Whates, 2000;
Miles et al., 2004). It could be hypothesised
that breeding hens have high nitrogen excre-
tion rates and NH3 and CO2 concentrations are
particularly damaging to the hens during peri-
ods of minimum ventilation like winter. Thus,
the aim of this study was to evaluate the NH3
and CO2 concentrations in the first month of
housing the breeding hens during Portuguese
winter.

II. Material and Methods

The study was conducted in the commercial
breeding hen farm Quinta da Cruz (latitude:
40.024176o, longitude: -8.629285o) located in
central Portugal (Soure, Portugal) (Figure 1).
The selected building (length = 80 m, width
= 16 m, ridge = 4.0 m and sidewall height =
2.7 m) is a steel construction with insulation,
equipped with climate control system (model
F37, Fancom), automatic feeding and drinking
systems (Roxell). Ventilation was made by min-
imum transitional tunnel ridge system being
controlled with one differential pressure (0-100
Pa, Fancom), and two sensors of temperature
(model SF7, Fancom) and two sensors of rela-
tive humidity (model RHM.17 for inside and
model RHO.17 for outside, Fancom) located
indoor and outdoor the building.
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New litter material made with rice hulls
was used in the building, and the breeding
sample comprised five months old 6864 female
and 720 male birds housed in the building on
7 November 2016.

The NH3 and CO2 concentrations at indoor
building were measured continuously from 10
November to 30 November 2016. The concen-
trations of these two gases were measured with
a photoacoustic field gas monitor (model IN-
NOVA 1412i-5, Lumasense Technologies) and
air samples collected, in sequence (2 minute in-
tervals), through 4 sampling points located in-
door, by a multipoint sampler (model INNOVA
1409-12, Lumasense Technologies). Sampling
points were made using Teflon tubes (3 mm
internal diameter) equipped with PTFE-filters
(0.001 mm pore size, Whatman) to protect from
dust.

The outdoor and indoor temperatures and
levels of relative humidity were taken from the
climate control system of the building. The
average NH3 and CO2 concentrations were de-
fined as the average of the hourly mean con-
centrations measured. All data obtained from
the monitored building were analysed by Excel
spreadsheet using descriptive statistics.

III. Results and Discussion

The climate data as well as the NH3 and CO2
concentrations are shown in Figure 2. During
measurement, the outdoor temperature ranged
from 4 ◦C to 15 ◦C whereas indoor tempera-
ture was higher and varied between 17 ◦C and
20 ◦C (Figure 2A). The indoor relative humidity
varied between 64% and 78%, being observed
lower values in almost all measurement rela-
tive to indoor relative humidity (Figure 2A).

The NH3 concentration increased from 10
November to 16 November 2016, with maxi-
mum values lower than 13 ppm (Figure 2B).
Up this date (16 November 2016), NH3 con-

centration increased continuously and reached
values higher than 20 ppm until the end of
the measurement, with maximum values that
ranged from 20 ppm to 35 ppm except in 10
November 2016 (Figure 2B).

The CO2 concentration had a similar evolu-
tion than NH3 concentration, with maximum
values always lower than 3000 ppm during
whole measurement (Figure 2C).

The negative effects of NH3 on hens and
farm workers themselves begin at 25 ppm and
become very serious at 50 ppm, being more
deleterious a short period exposure rather than
a continuously exposition (CIGR, 1992, 1994).
Humans can generally smell NH3 at concen-
trations between 20 ppm and 30 ppm, be-
ing an irritant to mucous membranes (cilia
and epithelium) of the respiratory tract and
causes conjunctivitis and damages the cornea
of the eyes (CIGR, 1994; Kristensen and Whates,
2000). The damage of the mucous membranes
of the respiratory system increases the sus-
ceptibility of hens to respiration infection by
Escherichia coli (Kristensen and Whates, 2000;
Miles et al., 2004). The severity of damage
depends on the concentration of NH3 and du-
ration of exposure (Miles et al., 2004).

The indoor air humidity and temperature
could affect the NH3 concentration. The princi-
pal factors affecting indoor NH3 concentration
in hen houses are litter conditions and airflow
rate (Wathes et al., 1997; Ni et al., 2012; Lin
et al., 2017). Therefore, outdoor air humidity
and temperature affect indoor environmental
conditions. Thus, the increase of indoor air
humidity and temperature will increase the
moisture and temperature of the litter material
and consequently will enhance the NH3 volatil-
isation (Sommer et al., 2006; Pereira et al., 2010,
2012; Alberdi et al., 2016). Previous studies
recommend a limit of 20 ppm of NH3 but in
some European countries such as Sweden the
exposure limit for hens is 10 ppm (Ni et al.,
2012; Kilic and Yaslioglu, 2014).
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The harmful effects of NH3 on hens have
direct consequences on the health and welfare,
and indirectly in the economic result of the
activity, especially in the cold season. In or-
der to obtain fertile eggs, the breeding of hens
should begin when they are 20 weeks old and
end when they are 40 weeks old. The breed-
ing hens should have high excretion rates and
larger amounts of bedding material will be
accumulated on the concrete floor of the build-

ings. Hence, high amounts of NH3 and CO2
should be emitted from manure until 40 weeks
old. More studies are needed to fully evaluate
NH3 and CO2 concentrations during the whole
cycle, and are recommended the use of miti-
gating measures for maintaining NH3 concen-
tration below 10 ppm. This needs additional
research.
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IV. Conclusions

The NH3 concentrations exceed 20 ppm during
the first month of housing the breeding hens
and under winter environment, leading to po-
tential negative effects on the health of hens
and the welfare of the farm workers. How-

ever, long term studies are required to prop-
erly assess the NH3 and CO2 concentrations
during whole cycle. In addition, further re-
search is needed in order to evaluate additives
such as clinoptilolite or aluminium sulphate
as mitigating measures for maintaining NH3
concentration below 10 ppm.
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Chromium (VI) Removal By A Novel
Magnetic Halloysite-Chitosan Nanocomposite

From Aqueous Solutions

Ezgi Turkes, Yesim Sag Acikel
∗
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Abstract

A novel magnetic nanocomposite composed of halloysite nanotube (HNT) and
chitosan (CTN) was prepared for recovery of Cr (VI). Magnetic halloysite
(MHNT) nanotubes were synthesized by co-precipitation method. Magnetic
halloysite-chitosan (MHNT-CTN) nanocomposites were synthesized through
the adsorption of CTN onto magnetic halloysite nanotubes (MHNTs). The Cr
(VI) adsorption behaviour on the prepared MHNT-CTN nanocomposites was
studied under various conditions of different pH values, mass ratio of HNT
to CTN, amount of nanocomposite and initial Cr (VI) concentrations. The
optimum pH, mass ratio of HNT to CTN, amount of nanocomposite, and initial
Cr (VI) concentration were found as pH 5.0, 1:2, 6.0 g/L, and 100-150 mg/L.
At these conditions the initial adsorption rate, the amount of adsorbed Cr(VI)
per unit weight of MHNT-CTN and the adsorption efficiency were found as
0.55 mg/g-min, 2.29 mg/g, 16.94%, respectively.

Keywords: Wastewater treatment, adsorption, chromium, magnetic HNT-
CTN nanocomposite

I. Introduction

Removal of chromium pollution has been
received great attention in recent years
because of the toxicity and carcinogenic

nature of its to the ecosystem and human
health (Jinhua et al., 2010).For that reason,
wastewaters containing Cr(VI) ions must be
treated before discharging to the environment.
Chromium has two different valencies in aque-
ous media, namely Cr(VI) and Cr(III)(Krishna
Kumar et al., 2015).

Cr(VI) is highly soluble in aqueous media
and also more toxic and carcinogenic even at
low concentrations over a wide range of pH
values according to Cr(III). Cr(VI) accumula-
tion and direct contact cause serious health
problems for human included lung cancer as
well as liver, kidney and gastric damage, and
skin irritation (Duranoglu et al., 2012).

The discharge standard of Cr(VI) to sur-
face water was given as 0.1 mg L−1 for total
chromium by the United States-Environmental

∗Corresponding author e-mail:yesims@hacettepe.edu.tr
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Protection Agency (US EPA). This includes all
forms of chromium, including Cr(VI)(Yang et
al., 2016).

Waste waters containing both Cr(VI) and
Cr(III) in concentrations ranging from tens to
hundreds of milligrams per liter come from
various industrial processes, such as electro-
plating, textile and leather industry, manufac-
turing of dyes, paint industries and petroleum
refining processes (Krishna Kumar et al., 2015).
Conventional Cr(VI) treatment methods from
contaminated water comprise precipitation, re-
duction, electrolytic removal, ion exchange, re-
verse osmosis, and adsorption. Adsorption
seems to be the best removal method for Cr(VI)
removal in terms of basic design and opera-
tion using chemical or natural biological origin
materials. A wide range of adsorbents, such
as carbonaceous material (biocharc, active car-
bon), natural oxides (aluminum oxide, ferric
oxide), clays (kaolin,sepiolite, clinoptilolite), ze-
olites, microorganisms, biopolymers (alginate,
chitin, chitosan, K-carrageenan), agricultural
wastes have been reported for Cr(VI) removal
(Yang et al., 2016).

The polymer of CTN is a natural hy-
drophilic cationic polysaccharide, which is
a deacetylated biopolymer of chitin, the sec-
ond most abundant natural polymer on earth.
CTN is composed of randomly distributed
β-(1,4)-linked-D-glucosamine and N-acetyl-D-
glucosamine. Due to its outstanding properties
like non-toxicity, biodegradability, biocompati-
bility and low cost, CTN is widely used in the
fields of cosmetics, water engineering, paper
and textile industries, food processing, pho-
tography, chromatographic separations and
biomedical applications (Yao et al., 2015). CTN
contains reactive amino and hydroxyl groups
available, which generates strong adsorption
and complexation interactions and chelates
with many transitional metal ions and dyes.The
hydrogen bonding, electrostatic attractions, ion
exchange and weak van der Waals forces are
responsible for heavy metal and dye binding
of CTN (Peng et al., 2015).

CTN can be easily chemically modified or
physically blended to produce CTN compos-

ites via reactive amino and hydroxyl groups. In
this manner, mechanical properties of CTN can
be strengthened and chemical stability of its
under acidic media can be improved (Choo et
al., 2016). Nanosized inorganic materials such
as hydroxyapatite, nanoclay, carbon nanotubes,
titanium dioxide, and graphene have been in-
corporated into CTN to improve the mechan-
ical properties. HNT (Al2Si2O2(OH)4. 2H2O)
is a aluminosilicate clay with a predominantly
hollow nanotube structure(Zhang et al., 2016).
As HNTs can be mined from the corresponding
deposit as a raw mineral, they are abundant
in nature. Since HNTs have some superior
characteristics, such as large surface area, good
mechanical and thermal properties, large sur-
face/volume ratio, rich reactive groups, they
are widely used in catalytic conversions, elec-
tronics, drug delivery and the removal of haz-
ardous species(Zhai et al., 2013).To combine
the advantages of both inorganic and organic
materials, a novel, environmentally friendly
and cheap CTN-HNT hybrid materials are de-
signed. Protonated CTN under acid condition
can bind effectively to the negatively charged
outer surface of the HNTs. Recently, magnetic
separation technology (MST) is gaining grow-
ing attention. Applying an external magnetic
force, magnetic particles can be separated from
the medium easily. In this study, firstly, mag-
netic HNT nanoparticles were synthesized ac-
cording to co-precipitation method on the sur-
face of HNT; secondly, magnetic HNT-CTN
(MHNT-CTN) nanocomposites were prepared
through the adsorption of CTN onto surface of
the negatively charged magnetic HNT nanopar-
ticles. The effects of various experimental con-
ditions like different pH values, mass ratio
of HNT to CTN, amount of nanocomposite
and initial Cr (VI) concentrations on Cr(VI) ad-
sorption by MHNT-CTN nanocomposites were
studied.

II. Materials and Methods

Materials
HNTs were obtained from Sigma-Aldrich.
The characteristic dimensions of the HNTs
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range from about 1-1.3 µm in length, 30-70
nm in diameter. Chitosan powder (75-85%
deacetylated) was also obtained from Sigma-
Aldrich. Deionized (DI) water obtained from
Thermo Scientific Smart2Pure water purifi-
cation system, with resistivity of 18.2 MΩ
cm was used for preparation of all solutions.
Iron(II) chloride tetrahydrate (FeCl2.4H2O),
iron(III) chloride hexahydrate (FeCl3.6H2O)
were supplied from Sigma-Aldrich. Ammo-
nium hydroxide solution (NH4OH) (32% NH3
extra pure), potassium dichromate (K2Cr2O7)
and 1,5-diphenylcarbazid (C13H14N4O) were
purchased from MERCK.

Synthesis of magnetic halloysite nan-
otubes (MHNT)
MHNT nanoparticles were prepared by a mod-
ification of co-precipitation method(Owoseni
et al, 2016). Firstly, 0.50 g of HNTs was dis-
persed in 200 ml of deionized water in a 500
ml five necked glass reactor under vigorous
stirring. The HNTs suspension was purged
with N2 atmosphere for 20 min, to remove dis-
solved oxygen. Secondly, appropriate amounts
of FeCl3 6H2O and FeCl2 4H2O were then
added to the reactor to give a molar ratio of
Fe2+ to Fe3+ of 1:2. The mixture was further
purged with N2 atmosphere for 20 min. The
temperature of the mixture was then increased
to 80 ◦C. Then, 0.5 M NH4OH was added to
the suspension using a syringe pump by slow
addition. Then, the mixture was kept waiting
at 80 ◦C under N2 atmosphere with strong stir-
ring for 1 h. The nanoparticles were separated
by magnetic decantation and then washed 4
times with deionized water. After the magnetic
separation stage, the nanoparticles were dried
in a freeze-dryer at 24 h.

Synthesis of magnetic HNT-CTN
nanocomposites (MHNT-CTN)
Previously prepared MHNT nanoparticles
were dispersed in deionized water. CTN was
dissolved in acetic acid solution at different ra-
tios and then was added to MHNT suspension
by a syringe pump slowly. Magnetic HNT-CTN
nanocomposites were prepared with different
mass ratios of MHNTto CTN of 1:1, 1:2, 2:1,

1:3 and 3:1. To obtain magnetic HNT-CTN
nanocomposites, the final mixture was mixed
vigorously using a mechanical stirrer for 24
hours. The final product was separated from
the solution by means of a magnetic force and
then washed by deionized water several times
to remove the excess CTN and acetic acid. Af-
ter washing step, MHNT-CTN nanocomposites
were dried in a freeze-dryer at 24 h.

Adsorption experiments
All the adsorption experiments were per-
formed in 50 mL tubes filled with 25 mL aque-
ous Cr(VI) solution and after the pH of Cr(VI)
solutions was adjusted to the required values,
certain amounts of MHNT-CTN nanocompos-
ites were added to the solution. The tubes
were placed in rotator with circular motion
and shaken for 24 h at 25 ◦C. At certain time
intervals (t= 0, 5, 10, 15,30, 60, 120, 180, 1440
mins), samples were taken from the media and
then the remained MHNT-CTN nanocompos-
ites in the samples were separated using an ex-
ternal magnetic force. The unadsorbed Cr(VI)
concentrations in the supernatant were deter-
mined by UV-visible spectrophotometer using
1,5-diphenylcarbazid as the complexing agent
at 540 nm.

III. Results and Discussion

The morphology of the MHNT-CTN nanocom-
posites was observed by scanning electron mi-
croscopy (SEM). The image of SEM shows
that HNT-CTN nanocomposites have a tubu-
lar structure covered with CTN and iron oxide
nanoparticles on HNTs. Diameters of MHNT-
CTN nanocomposites show a distribution be-
tween 97.7 nm and 160.18 nm, while lengths
of tubes generally range from 404 nm to 649
nm (Fig. 1). Tube walls of MHNT nanotubes
formed nanocomposites with CTN become
more rough, compared with natural HNTs.
Tube walls of MHNT-CTN nanocomposites
seem to be thicker than those of HNTs because
its inner lumen and pores are filled with iron
oxide nanoparticles and its surface is covered
with iron oxide nanoparticles and CTN.
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Effect of pH
HNTs consist of gibbsite octahedral sheet (Al-
OH) groups on the internal surface and silox-
ane groups (Si-O-Si) on the external surface.
For that reason, outer surface of HNTs has
negative charge and inner lumen of HNTs has
positive charge in the pH range 2-8. On the
other hand, the pKa of CTN is around 6.20,
below pH 5.0 almost 90% of active sites are
protonated. For that reason, outer surface of
MHNT locally coating with positively charged
CTN may have positive and negative charged
centers depending on success of CTN coating.
Cr(VI) anion in aqueous solutions can be found
in a series of chromate anions such as H2CrO4,
HCrO4-, CrO4-, CrO4

2−andCr2O7
2− depend-

ing upon the pH of the solution. Although
the HCrO4- is the predominant form between
pH 2.0 and 6.0, HCrO4- and Cr2O7

2− are in
equilibrium. If pH is increased, CrO4

2− form
shifts to Cr2O7

2−.

At lower pH values, the outer surface of
MHNT-CTN become positively charged due to
strong protonation of CTN. Electrostatic force
between the positively-charged surface and
the negatively-charged HCrO4- and Cr2O7

2−,
as well as the interaction between positively
charged inner sides of MHNTs and HCrO4−
and Cr2O7

2−, will increase the Cr(VI) adsorp-
tion.

The initial adsorption rates of Cr(VI) ions by
MHNT-CTN nanocomposites increased when
the solution pH was increased from 2.0 to 5.0.

A bell-shaped pH dependence with highest
equilibrium Cr(VI) adsorption capacity around
pH 5.0 was obtained. At pH values lower
than 2.0, HCrO4- and Cr2O7

2− can convert
H2Cr2O7 and binding with the electrostatic in-
teraction will decrease conveniently. At pH
values higher than 6.0, the degree of proto-
nation of the CTN on outer surface of MHNT
decreases and the adsorption capacity of Cr(VI)
reduces.

The maximum amount of Cr(VI) adsorbed
per unit weight of MHNT-CTN and initial
adsorption rate at 30 mg/L initial Cr(VI) con-
centration, at 2:1 ratio of MHNT to CTN were
obtained as 1.887 mg/g and 0.298 mg/g-min,
respectively at pH 5.0 (Fig. 2).

Effect of amount of MHNT-CTN
nanocomposites
An increase in MHNT-CTN nanocomposite
concentration from 0.5 g/L to 10 g/L en-
hanced the adsorbed Cr(VI) concentration
and efficiency (Fig. 3). The adsorbed Cr(VI)
quantity qeq per unit weight of MHNT-CTN
and initial adsorption rate increased by increas-
ing the MHNT-CTN concentration upto 4 g/L,
then began to decrease because of decreasing
active surface area.The tendency for MHNT-
CTN nanocomposite aggregates to form at
higher nanocomposite concentrations results
in a decrease in active sorption area. The initial
rate of adsorption was also reduced from 0.29
mg/g-min (at 4 g/L MHNT-CTN nanocom-
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posite concentration) to 0.23 mg/g-min (at 10
g/L MHNT-CTN nanocomposite concentra-
tion) and hence more time is needed to reach
equilibrium. The adsorbed Cr(VI) quantity
qeq per unit weight of MHNT-CTN and ad-
sorption efficiency were obtained as 1.60 mg/g

and 36.07%, respectively at 6 g/L nanocom-
posite concentration, and this concentration
was assumed the most feasible, the adsorption
experiments were continued at this quantity of
nanocomposite.
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Effect of mass ratio of MHNT to CTN
To investigate the mass ratio of MHNT to CTN
on Cr(VI) removal, MHNT-CTN ratios were
chosen as 1:1, 1:2, 2:1, 1:3 and 3:1. When
CTN was added to MHNT, the Cr(VI) adsorp-
tion capacity and efficiency of MHNT-CTN
nanocomposite were significantly higher than
those of MHNT alone. It is suggested that
Cr(VI) adsorption increases with an increasing
mass ratio of cationic chitosan in the nanocom-
posite. When the mass ratio of CTN to MHNT
increased from 1:1 to 1:2, the amount of Cr(VI)
adsorbed per unit weight of MHNT-CTN and
adsorption efficiency increased from 1.38 mg/g
to 1.56 mg/g and from 30.49% to 35.0%, re-
spectively (Fig. 4). When the mass ratio of

MHNT to CTN was chosen as 2:1 and 1:2, the
adsorbed amount of Cr(VI) did not change
significantly. It can be explained that inner
lumens of HNTs with positively charged (Al-
OH) groups are effective in Cr(VI) adsorption
as well as CTN coated positive surface of HNTs.
When the amount of CTN is three times higher
than HNT the initial adsorption rates, equilib-
rium removal and efficiency began to decrease
slightly.Deterioration of MHNT-CTN nanocom-
posite structure was observed. When the mass
ratio of MHNT to CTNreached 3:1, the amount
of Cr(VI) adsorbed per unit weight of MHNT-
CTN and adsorption efficiency decreased to
1.12 mg/g and 26.96%, implying negative re-
pulsive forces of outer surface of HNT.

Effect of initial Cr(VI) ion concentration
The initial adsorption rates of Cr(VI) increased
with increasing concentration of Cr(VI) ions
up to 150 mg/L and the maximum initial ad-
sorption rate was obtained as 0.61 mg/g-min
(Fig. 5). The amount of Cr(VI) adsorbed per
unit weight of MHNT-CTN reached a max-
imum value of 2.29 mg/g with increasing
concentration of Cr(VI) up to 100-150 mg/L,
then remains constant and a saturation kinet-
ics was observed in this concentration range.

As MHNT-CTN nanocomposites have a finite
number of surface binding sites, equilibrium
uptake would be expected to show saturation
kinetics at high Cr(VI) concentrations, and this
was observed. On the other hand, the adsorp-
tion efficiency decreased continually with in-
creasing concentrations of Cr(VI). The max-
imum Cr(VI) adsorption efficiency was ob-
tained as 77.63% at 10 mg/L initial Cr(VI) ion
concentration.
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IV. Conclusions

Magnetic HNT-CTN nanocomposites were
used efficiently in the removal of Cr(VI) ions
from aqueous solutions. The maximum ini-
tial adsorption rate, the amount of adsorbed
Cr(VI) per unit weight of MHNT-CTN , and the
adsorption efficiency were found as 0.55 mg/g-
min, 2.29 mg/g, 16.94%, respectively, at pH 5.0,
the mass ratio of MHNT-CTN of 1:2, concen-
tration of MHNT-CTN of 6.0 g/L, and initial
Cr(VI) concentration in the range of 100-150

mg/L. Using magnetic HNT-CTN nanocom-
posites, separation of the metal-sorbed nano
composites from treated wastewater becomes
easy, safe and environmentally friendly process
by a permanent magnet without any down-
stream processing such as centrifugation or
filtration. As the cost of magnetic HNT-CTN
nanocomposites preparation and adsorption
process itself are very low, this methodology
can be suitable for the large scale removal of
the pollutant metals from waste water.
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Abstract

The aim of this study is to investigate the potential of magnetic halloysite
nanotube-alginate (MHNT-ALG) hybrid beads for the removal of methylene
blue (MB) from aqueous solutions. Magnetic halloysite nanotubes (MHNTs)
were obtained according to co-precipitation method based on combination of
Fe3O4 nanoparticles and HNTs. MHNT-ALG hybrid beads were produced
by extrusion dripping method. The batch adsorption experiments of MB were
performed to evaluate adsorption performance of beads. The influences of pH,
amount of MHNT-ALG hybrid beads, mass ratio of ALG to MHNT and initial
MB concentration on theirs adsorption capacity were analyzed. The optimum
pH, mass ratio of ALG to MHNT, amount of hybrid beads, and initial MB con-
centration were found as pH 5.0, 2:1, 0.50 mg/mL, and 500 mg/L, respectively.
At this conditions the initial adsorption rate, the amount of adsorbed MB per
unit weight of MHNT-ALG, and the adsorption efficiency were found as 44.39
mg/g-min, 659.92 mg/g and 67.33%, respectively.

Keywords: Wastewater, adsorption, methylene blue, magnetic halloysite
nanotube-alginate hybrid bead

I. Introduction

In recent years, the removal of dyes from
wastewater becomes an important issue. In-
dustries such as leather, textile, paper, plas-

tics, etc., are some of the sources for synthetic
dyes.Many dyes such as MB have toxic and mu-
tagenic effects(Ken Gillman, 2011). Therefore,
contamination of dyes causes serious environ-

mental problems, which affect aquatic life and
human health. Some methods such as floccula-
tion, precipitation, ozonation, membrane filtra-
tion and electrochemical techniques are not
always effective and economical(Dabrowski,
2001). Adsorption against these methods is
more effective and simple process. In addition,
this method has lower energy consumption.

Many biopolymer adsorbents have been
∗Corresponding author e-mail:yesims@hacettepe.edu.tr
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widely used in removal of dyes, as they are
biodegradable, environmentally friendly, effi-
cient and inexpensive(Crini, 2006). Among
the wide variety of adsorbents, alginate which
is mainly extracted from brown seaweed, is
a linear polysaccharide with homopolymeric
and heteropolymeric blocks of (1,4)-linked β-
D-mannuronate and α-L-guluronate. Algi-
nate may be formed to hydrogel through the
ionic interaction with divalent cations such as
Ca2+ and Zn2+. This increases its mechanical
strength and make it practical to use(Pawar
and Edgar, 2012). Besides, this hydrogel form
makes it easy to compose with materials such
as carbon nanotubes, graphene, chitosan, hal-
loysite nanotubes (HNTs), etc.

HNT is a kind of aluminosilicate clay min-
eral with layered hollow structure and has the
molecular formula of Al2Si2O5(OH)4 n H2O.
While the inner surface of tubular structure
consists of Al-O groups, the outer surface con-
sists of Si-O groups(Joussein, Petit, Churchman,
Theng, Righi and Delvaux, 2005). Due to their
structure and large specific surface area, HNTs
have been proven to be attractive adsorbents for
various metal ions and organic pollutants(Yuan,
Tan and Annabi-Bergaya, 2015).

As magnetic separation technology is more
selective, efficient and generally much faster
than centrifugation or filtration processes, it
has attracted great interest in recent years.
Moreover, the use of an external magnetic field
provided by a permanent magnet for separa-
tion is enough and power consumption is not
necessary(Gomez-Pastora, Bringas and Ortiz,
2014). The combination of Fe3O4 nanoparticles
has magnetic properties and HNTs makes it
an ideal sorbent for magnetic separation(Duan,
Liu, Chen, Zhang and Liu, 2012).

To the best of our knowledge, to date, there
are only few published studies using HNT-
ALG biocomposite beads as adsorbent to re-
move the dyes or heavy metals. However,
magnetic HNT-ALG biocomposite gels for re-
moval of heavy metals and dyes have not been
used, yet. In this study, magnetic HNTs will be
synthesized and magnetic halloysite nanotube-
alginate (MHNT-ALG) hybrid beads will be

composed with synthesized MHNTs. In this
way, while adsorption capacity of composite is
increasing, HNTs are used as the supporting
matrix for ALG andits mechanical properties
and chemical stability also improves(Liu, Wan,
Xie, Zhai, Zhang and Liu, 2012). The adsorp-
tion of MB by MHNT-ALG will be investigated
as a function of medium pH, mass ratio of ALG
to MHNT, amount of hybrid beads and initial
dye concentration.

II. Materials and Methods

Materials
HNTs were purchased from Sigma-Aldrich.
The characteristic dimensions of the HNTs
range from about 1-1.3 µm in length, 30-70 nm
in diameter. All solutions were prepared using
deionized (DI) water obtained from Thermo
Scientific Smart2Pure water purification sys-
tem, with resistivity of 18.2 MΩ cm. Iron(II)
chloride tetrahydrate (FeCl2 4H2O), iron(III)
chloride hexahydrate (FeCl3 3 6H2O), calcium
chloride (CaCl2) and sodium alginate were also
supplied from Sigma-Aldrich. Ammonium hy-
droxide solution (NH4OH) (32% NH3 extra
pure) was provided from MERCK.

Synthesis of halloysite-supported
(MHNT)
In a typical synthesis, a weighed amount of
HNTs (0.5 g) was dispersed in 200 mL of deion-
ized water in a 500 mL five-neck glass reactor
by stirring. To remove dissolved oxygen, the
HNTs suspension was treated with N2 un-
der vacuum conditions for 20 min. Weighed
amounts of FeCl2 4H2O and FeCl3 6H2O were
then added to the reactor to obtain a molar
ratio of Fe2+ to Fe3+ of 1:2. The N2 purging
to the reaction mixture was further continued
under vacuum conditions for 20 min. The tem-
perature of the mixture was then increased to
80 ◦C. The NH4OH (0.5 M) was poured slowly
to the reaction mixture using a syringe pump.
The reaction mixture was further stirred vigor-
ously at this temperature under N2 bubbling
for 1 h. The MHNTs were allocated by mag-
netic decantation and then washed 4 times
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with deionized water. The final washing step
was followed by drying of the particles in a
vacuum oven at 80 ◦C for 12 h(Owoseni et al,
2016).

Synthesis of MHNT-ALG hybrid beads
The preparation process of MHNT-ALG hybrid
beads was given as follows. Sodium alginate (2
g) and MHNT (2 g) were mixed into deionized
water (100 mL), and the mixture was kept at
room temperature for 24 h with stirring. Then
the mixture was slowly dropped into 20g/L
calcium chloride solution by syringe under
continuous stirring. The hybrid beads formed
and then were kept waiting for 24 h. To re-
move the un-reacted materials which remained
on the beads surface, the hybrid beads were
washed several times with deionized water.
Finally, the MHNT-ALG hybrid beads were
freeze-dried for 24 h.

Adsorption experiments
The batch adsorption experiments were carried
out in 50 mL tubes. Certain amount of MHNT-
ALG hybrid beads was added to the adsorp-
tion media containing various concentrations
of MB solutions. The tubes were shaken at

25 ◦C by the circular-rotator equipment. Sam-
ples were taken from the adsorption media at
certain time intervals, the MHNT-ALG beads
remained in the sample liquid were separated
using an external magnetic field. The effects
of different control parameters, such as the
solution pH, contact time, initial dye concentra-
tion,amount of hybrid beads and mass ratio of
components of the hybrid beads to each other
on the MB adsorption by MHNT-ALG hybrid
beads were investigated. The unadsorbed MB
concentrations in the sample supernatant were
measured at 668 nm using UV-visible spec-
trophotometer.

III. Results and Discussion

The SEM images of the MHNT-ALG hybrid
beads showed that MHNTs were encapsulated
in alginate gels (Fig. 1). A porous structure
on the MHNT-ALG hybrid bead surface was
observed while surface of the pure ALG bead
showed a smooth and dense structure. The
MHNTs appeared to be overlap loosely to-
gether in the interior of the MHNT-ALG hybrid
beads.

Effect of pH
HNTs includes gibbsite octahedral sheet (Al-
OH) groups on the internal surface and silox-
ane groups (Si-O-Si) on the external surface.

For that reason, the surface charge of HNTs
is negative at pH 2.0-8.0 and similar to the
surface potential of SiO2. The inner surface
of HNTs is positive representing the surface
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charge of positive Al2O3. On the other hand,
the negative carboxylic groups are the most
wide acidic functional groups in the alginate
polymer, and the sorption capacity of ALG
is associated with the presence of these bind-
ing sites. MHNT-ALG biogels have negatively
charged surface for electronic interaction with
cationic pollutants.The initial adsorption rates

of MB and the amount of adsorbed MB per
unit weight of MHNT-ALG increased with in-
creasing pH at the range from 2.0 to 4.0. At the
pH range from 4.0 to 6.0, the initial adsorption
rates, equilibrium removal capacity and effi-
ciency remained approximately constant (Fig.
2).

At pH values lower than 4.0, excess amount
of H+ ions compete with the cationic MB for
free adsorption sites on MHLT-ALG. When the
ratio of ALG to MHNT was chosen as 2:2, the
maximum initial adsorption rate, amount of
adsorbed MB per unit weight of MHLT-ALG,
and equilibrium efficiency at 30 mg/L initial
MB concentration were obtained at pH 5.0, and
determined as 2.88 mg/g min, 25.11 mg/g and
90.7%, respectively.

Effect of contact time
The adsorbed amount of MB per unit weight of

MHNT-ALG increased rapidly within a contact
time of about 15-30 min depending on initial
MB concentration, and then gradually to reach
adsorption equilibrium. When the initial dye
concentration was increased, the time required
to establish adsorption equilibrium extended.
A contact time of 60-180 min was sufficient for
reaching adsorption equilibrium. The adsorp-
tion capacities reached 148.91 mg/g (75.78%
removal)for 30 min and achieved 176.43 mg/g
(91.29%removal) for 120 min at initial MB con-
centration of 100 mg/L (Fig. 3).
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Effect of amount of MHNT-ALG
The amount of MHNT-ALG beads at 2:2 ratio
of ALG to MHNT in solution was increased in
the range of 0.1-3.0 mg/mL, the adsorbed con-
centration of MB increased up to 1.0 mg/mL
because of an increasing adsorption surface
area, then remained approximately constant.
On the other hand, the amount of adsorbed
MB per unit weight of MHNT-ALG beads de-
creased with increasing amount of beads.

Amount of MHNT-ALG of 0.5 mg/mL
appears to be an optimum adsorbent con-
centration with respect to the adsorbed MB
concentration, efficiency and process economy
(Fig. 4). Although the decrease in qeq with
increase in amount of beads is due to complex
interactions of several factors, there are two
main reasons. Firstly, the initial adsorption rate
of MB decreased from 8.22 mg/g-min to 3.23
mg/g-min with increasing amount of MHNT-
ALG between 0.1 mg/mL and 3 mg/mL, and
hence more time is required to reach equilib-
rium. Secondly, the extent of desorption of MB
can increase with enhancing amount of MHNT-
ALG beads, as a result of collision of beads,
and the potential of multilayer sorption can be

reduced. The adsorbed concentration of MB,
the amount of adsorbed MB per unit weight
of MHNT-ALG beads and the equilibrium effi-
ciency obtained at 0.5 mg/mL MHNT-ALG, at
80 mg/L MB concentration and at pH 5.0 were
determined as 74.54 mg/L, 128.21 mg/g, and
93.02%, respectively.

Effect of the mass ratio of ALG to MHNT
on MB adsorption
The effect of the mass ratio of ALG to MHNT
on MB adsorption was investigated at 2:0; 2:1;
2:2; 2;3. When the mass ratio of ALG to MHNT
was chosen as 2:0; 2:1, the initial adsorption
rate, equilibrium removal and efficiency in-
creased slightly. When the mass ratio of ALG
to MHNT was determined as 2:3, the equilib-
rium removal and efficiency of MB decreased
at negligible level (Fig. 5). It can be explained
that the dye binding sides on ALG cannot be
covered by HNTs and HNTs are also effective
MB adsorbent. At the mass ratio of ALG to
MHNT changed from 2:1 to 2:3, only initial ad-
sorption rate of MB decreased from 9.95 mg/g-
min to 5.92 mg/g-min, it was indicated that
pores of ALG were filled by HNT and diffusion
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limitations for MB increased. The maximum
initial adsorption rate, the amount of adsorbed
MB per unit weight of MHNT-ALG and the
adsorption efficiency at 80 mg/L initial MB

concentration and at pH 5.0 were obtained in
the mass ratio of ALG to MHNT of 2:1, and
were found as 9.95 mg/g-min, 124.84 mg/g,
92.85%, respectively.
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Effect of initial MB concentration
Effect of initial MB concentration was investi-
gated at pH 5.0, at 0.5 mg/mL MHNT-ALG,
and at the mass ratio of ALG to MHNT of
2:1. The adsorbed MB concentrations and spe-
cific adsorbed MB quantities per unit weight of
MHNT-ALG beads increased continually with
increasing MB concentrations up to 500 mg/L,
and were obtained as 337.52 mg/L, 659.92
mg/g, respectively at this initial MB concen-
tration (Fig. 6). This can be attributed to the
fact that increases in the initial dye concentra-

tion result in a large difference in concentration
between composite surface and dye solution
or a strong driving force and further uptake
of the MB in the solution. The maximum ini-
tial adsorption rates of MB followed the same
trend, and the maximum adsorption rate was
found as 44.39 mg/g-min at 500 mg/L initial
MB concentration. The adsorption efficiency
remained approximately constant at 91% at ini-
tial MB concentrations between 30 mg/L and
200 mg/L, then began to decrease.

IV. Conclusions

In this study, novel magnetic HNT-ALG hy-
brid beads were shown to remove MB dye
quickly and efficiently under acidic conditions
(pH 5.0) via mainly electrostatic interactions
between cationic MB and negative charged
MHNT-ALG. The maximum initial adsorption
rate, the amount of adsorbed MB per unit
weight of MHNT-ALG, and the adsorption ef-

ficiency were found as 44.39 mg/g-min, 659.92
mg/g and 67.33%, respectively, at pH 5.0, the
mass ratio of ALG to MHNT of 2:1, the amount
of hybrid beads of 0.50 mg/mL, and initial
MB concentration of 500 mg/L. Magnetism
property of MHNT-ALG hybrid beads makes
them particularly suitable for dye removal be-
cause no centrifugation or filtration (versus
non-magnetic HNT-ALG hybrid beads) of the
treated wastewater are then required.
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Abstract

Current models for predicting the transformation state of starch suspensions
define the swelling degree in terms of the mean diameter of granules, with no
information regarding the observed diversity of size and swelling onset. This
article analyzes the thermal history of 143 granules as obtained from images
captured during hot-stage normal light microscopy of droplets of a modified
waxy maize starch suspension. The evolution of 0.5 mL samples was studied
under heat treatment from 50 to 90 ◦C at rate of 5 ◦C/min. No relationship
was found between initial granule diameter and swelling onset temperature.
Changes in the starch swelling state were relatively weak below 60 ◦C and above
80 ◦C. Simultaneous occurrence of uncooked starch and swollen granules was
observed at intermediate temperatures.

Keywords: Starch, swelling, size distribution, heat treatment, thermal his-
tory, hot-stage microscopy

I. Introduction

The mechanisms driving the transforma-
tion of ingredients along the processing
pathway need to be understood as a nec-

essary step for manufacturing food products in
a reproducible manner. To predict the product
transformation and the associated rheological
evolution represents a challenging task, even
for a simple liquid product like an aqueous sus-
pension of starch granules submitted to heat
treatment.

Efforts have been devoted, since the early
1800s, in understanding the structural changes
of starch granules heated in water (Ratnayake

and Jackson, 2008). Modifications experienced
by starch under heating have been summarized
as: disruption of crystalline and molecular or-
der of starch granules, swelling and rupture of
the granules, and reorganization of the disor-
dered molecules (Matignon and Tecante, 2016).
Swelling of granules plays a major role in driv-
ing the flow behavior of dilute starch suspen-
sions (Lagarrigue and Alvarez, 2001). Current
models for predicting the transformation state
of starch suspensions define the swelling de-
gree in terms of the mean diameter of granules,
with no information regarding the diversity
of size and swelling onset. Starch phase tran-
sition processes have been studied through a

∗Corresponding author e-mail:artemio.planafattori@agroparistech.fr
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number of techniques, including: normal and
polarized light microscopy, scanning electron
microscopy, differential scanning calorimetry,
X-ray diffraction, high-performance size exclu-
sion chromatography, and confocal laser scan-
ning microscopy (e.g. Ratnayake and Jackson,
2007; Chen et al., 2011; Schirmer et al., 2013).
Some techniques allow the real-time monitor-
ing of the starch suspension while it is submit-
ted to heat treatment; they enable the assess-
ment of swelling kinetics with no additional
starch transformation between the end of the
heat treatment and laboratory analysis. This
is the case of hot-stage microscopy, a standard
technique employed since the 1960s (Carlson,
2011). The study of the granule size distribu-
tion along its thermal history constitutes the
first step towards the prediction of transforma-
tion state and flow behavior of starch suspen-
sions. This article analyzes the thermal history
of individual granules as obtained from im-
ages captured during hot-stage normal light
microscopy of droplets of a starch suspension.

II. Experimental Methods and

Data Processing

The liquid product is a 0.5 g/kg starch suspen-
sion in water. Chemically-stabilized and cross-
linked waxy maize starch (acetylated adipate
distarch, C* Tex 06205) was kindly provided
by Cargill (Baupte, France). It consisted of at
least 99% of amylopectin (less than 1% of amy-
lose). For this type of starch neither disruption
of swollen granules nor release of amylose is
expected (Matignon et al., 2014). The product
was prepared by adding the starch powder to a
0.1 M NaCl aqueous solution. Before heat treat-
ment, the resulting liquid remained at 50 ◦C
for 30 min under continuous gentle stirring.

Samples of 0.5 mL were placed on a Linkam
LTS120 stage (Linkam Scientific Instruments,
Surrey, UK) and observed under 50 X magni-
fication using an optical Olympus BX-51 mi-

croscope (Olympus Optical Co. Ltd., Tokyo,
Japan). Adhesive spacers (total thickness of
250 µm) were fixed on the microscope slides
in order to ensure free swelling of starch gran-
ules. The Linksys32 temperature control soft-
ware was used for programming the hot-stage
operation. The evolution of samples of the
starch suspension was studied under the fol-
lowing heat treatment: firstly one minute at
50 ◦C, then heating from 50 to 90 ◦C at rate of
5 ◦C/min, and finally one minute at 90 ◦C. Im-
ages were captured every second with a Basler
A102fc digital camera (Basler AG, Ahrensburg,
Germany). Images at selected temperatures
were retained for this study, namely: a) af-
ter one minute at 50 ◦C, b) at 60, 68, 70, 75,
80 and 90 ◦C during heating, and c) after one
minute at 90 ◦C. Image processing was ap-
plied only to the starch granules which were
recognized at all these temperatures. The char-
acterization of each granule was performed
through the public domain Java image process-
ing program Image-J (version 1.42q, National
Institutes Health, Bethesda, Maryland, USA),
including the plug-in component that imple-
ments the active contour method AB-Snake
(Andrey and Boudier, 2006). After manual
recognition of granules, the software automat-
ically contoured and measured them. The ge-
ometric mean of major and minor diameters
of the ellipse with the same area than the sur-
face occupied by the granule is hereafter called
granule diameter. In a final processing step,
conducted through routines written in MAT-
LAB code (Mathworks, Natick, Massachusetts,
USA), each granule was associated with the
same numbering order over the set of images
at different temperatures. In this article we
discuss the results obtained for 143 starch gran-
ules, satisfactorily monitored after submitting
17 samples to the prescribed heat treatment.
Figure 1 illustrates one of the samples at 50, 70,
and 90 ◦C, as captured by the camera coupled
to the microscope and after image processing
through Image-J and MATLAB routines.
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III. Results

All the observations considered in this study
are shown in Figure 2A. Thin lines connect
observations associated with a same thermal
/ swelling history. Selected histories are pre-
sented in Figure 2B. Firstly, starch granules
associated with quite similar diameter at 50 ◦C

(as granules 50, 80 and 110) can evolve dif-
ferently under a same heat treatment. Sec-
ondly, the final swelling state (say, the diame-
ter observed after one minute at 90 ◦C) can be
reached quite early during the heat treatment
(between 60 and 68 ◦C in the case of granule
20). Lastly, in many cases, swelling is relatively
weak above 75 − 80 ◦C.

Figure 3A presents all the observations cor-
responding to the temperatures at the start
(50 ◦C), at the middle (70 ◦C) and at the end

(90 ◦C) of the 8-min heating period (i.e. from
50 to 90 ◦C at rate of 5 ◦C/min). Observations
are ordered increasingly with the granule di-
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ameter at 50 ◦C. Observations are less scat-
tered at 90 ◦C (near the end of the heat treat-
ment) than at 70 ◦C. Figure 3B put in evidence
that there are cases where there is no starch

swelling at 70 ◦C (103 and 110), cases where
swelling is weak at 70 ◦C (102, 107, 108), and
cases where the granule diameter has almost
already reached its final value at 70 ◦C.

The granule diameter at a given temper-
atures can be presented as a function of its
value at the beginning of the heat treatment, as
shown in Figures 4A and 4B. There are a lot of
starch granules that exhibit similar diameters
at 50 and 70 ◦C; such situation corresponds to

the points situated near the line d70 = d50 on
Figure 4A. Looking for the mean relative in-
crease of granule diameter (with respect to its
value at 50 ◦C), we obtained a regression line
intercepting zero for each scatter diagram.

The regression lines shown in Figure 4 con-
stitute zero-order models for predicting the
granule diameter at a selected temperature,
provided that the diameter is known at 50 ◦C.

A higher-order predictive model might con-
sider the relative increase dT/d50 in function
of the diameter at 50 ◦C. Figure 5A presents the
diameter increase values up to 70 and 90 ◦C, or-
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dered increasingly with the diameter at 50 ◦C.
The increase d90/d50 exhibits higher average
(2.34) and smaller standard deviation (0.28)
than the increase d70/d50 (1.77 and 0.45, re-
spectively). Figure 5B displays the observa-
tions as function of the diameter at 50 ◦C, as
well as the regression lines dT/d50 = αd50 +
β. In the case of d70/d50, the standard error
of α (0.01 µm−1) is many times larger than the
α value itself (0.0006 µm−1); the probability
of null value for α is high (about 95%). The
dependence of the increase d70/d50 with the
diameter at 50 ◦C is overwhelmed by its own
variability (Figure 5A), which is associated in

a large extent with the variability of diameters
at 70 ◦C (Figures 3A and 4A). Contrarily, in
the case of the increase d90/d50, the standard
error of α (0.006 µm−1) is smaller than the α
value (0.011 µm−1) and the probability of null
value for α is relatively low (about 6 %). The
dependence of the increase d90/d50 with the
diameter at 50 ◦C is significant: on average,
larger is the granule before the heat treatment,
higher is the increase between 50 and 90 ◦C;
nevertheless, this dependence remains weak.
The variability of d90/d50 can be explained for
a small part by the initial diameter (r2 = 0.03).

Figures 6A and 6B show the cumulative dis-
tribution of granule diameters. In increasing
the temperature, the distribution of diameters
becomes progressively wider and associated
with larger median values. Early steps of the
heat treatment are summarized by the distribu-
tions at 50 and 60 ◦C; their relative proximity
indicates that, on average, starch swelling is
weak below 60 ◦C. Final steps of the heat treat-
ment are summarized by the three last distribu-
tions: they span over the last 3 minutes of the
treatment and suggest that maximum swelling
is essentially concluded at about 80 ◦C. Be-
tween these two groups of results, the distribu-
tions at 68 and 70 ◦C are clearly distinct despite

their proximity in time; following a 5 ◦C/min
heating rate, images at 70 ◦C were captured
24 seconds after than those at 68 ◦C. Starch
swelling can, for a great number of granules,
be pictured as a somewhat ’explosive’ trans-
formation phenomenon. Figure 6B employs a
logarithmic scale for granule diameters: they
can be supposed to follow log-normal distri-
butions. Observations at 50 ◦C correspond to
a mean of 14.6 µm and a standard-deviation
of 4.0 µm; observations at 90 ◦C correspond to
a mean of 34.5 µm and a standard-deviation
of 11.2 µm. Relative standard deviations are a
little different: about 27% at 5 ◦C and 33% at
90 ◦C.
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Figure 7A presents the cumulative distri-
bution of the diameter increase from 50 ◦C up
to each temperature considered. The distribu-
tions corresponding to 60, 68 and 70 ◦C start
below the unity. One may ask the influence
of experimental errors on such a finding. The
estimation of granule diameters can be affected
by random errors due to the automatic acquisi-
tion of images and to the human-made recog-
nition of the granule of interest in each image.
The occurrence of bias between samples is ex-
pected to be negligible, firstly because the pre-
scribed heat treatment was repeated to droplets
of starch suspensions which were prepared fol-
lowing the same protocol, and secondly be-
cause the same image processing method was
applied to all the available observations.

Figure 7B focus the attention on values near
to the unity. A range of diameter increase val-
ues is indicated, centered at the unity; its half-
width equals 0.14, which corresponds to the
difference between the unity and the smallest
value observed at 60 ◦C (about 0.86). Changes
in the granule size distribution of cross-linked
waxy maize starch under heating rate close
to 5 ◦C/min are not expected to be important
for temperatures below 60 ◦C (Ziegler et al.,
1993). Therefore, the shape of the cumulative
distribution corresponding to 60 ◦C cannot be
attributed to changes in starch swelling state.

A plausible explanation for these patterns
near the unity is that starch granules do not
remain immobile during the heat treatment.
Once in diluted aqueous suspension, they are
free to change their orientation with respect to
the observing device. Starch granules are not
spherical; if one granule is assimilated to an axi-
symmetrical ellipsoid, its projection becomes
an ellipse: one axis length is the equatorial
diameter, while the other varies between the
later and the pole-to-pole distance depending
on the orientation. Hence, from an image to
its following, even if no starch swelling occurs,
the visible area of a given granule can either in-
crease or decrease. Such an explanation turns
easier to understand why the diameter value
may (apparently) decrease not only between
50 and 60 ◦C but also elsewhere in the granule
history (for instance, granules 80 and 100 in
Figure 2A).

We argue that observations associated with
increase values smaller than the 1.14 corre-
spond to conditions where granule orientation,
and not starch swelling, dominates the diame-
ter increase value. The distribution correspond-
ing to 60 ◦C falls almost entirely into the range
indicated in Figure 7B; actually, only 3 obser-
vations (over 143) are associated with values
higher than 1.14 for the diameter increase from
50 up to 60 ◦C. At higher temperatures, the
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fraction of diameter increase values higher than
1.14, which can only be explained by starch
swelling, becomes significant: 78/143 ∼ 55%
at 68◦C and 123/143 ∼ 86% at 70 ◦C. The in-

fluence of granule orientation is secondary for
all the observations at 50 ◦C75 and higher tem-
peratures.

IV. Conclusions and Future Work

The study of the thermal history experienced
by 143 granules of a modified waxy maize
starch suspension, exposed to the same heat
treatment, confirmed the diversity of granule
size and temperature associated with swelling
onset. No simple relationship emerges be-
tween initial size and swelling onset. Secondly,
changes in the starch swelling state were rel-
atively weak under temperatures below 60◦C,
as well as above 80◦C. At the intermediate
temperatures, distinct populations of granules
co-existed: starch swelling can be negligible
at 70◦C for some granules but significant for
others.

Thirdly (and consequently), the diameter in-
crease from 68◦C50 up to 70◦C exhibited more
important variability than up to 90◦C; under
such conditions it appears more difficult to

predict the diameter increase from 50◦C up to
70◦C than up to 90◦C.

Lastly, the analysis of diameter increase val-
ues near the unity revealed that a great num-
ber of observations below 70◦C corresponded,
actually, to a diameter decrease. This was in-
terpreted as being due to changes of granules
orientation with respect to the observing de-
vice, the granules being not spherical. Com-
bined effects of starch swelling and granule
orientation are intrinsically included in all the
observations resulting from our experimental
approach.

Looking for the development of predictive
models for the starch granule size distribution,
ongoing efforts are devoted to the influence
of the heat treatment (both intensity and dura-
tion) as well as to the role played by granule
orientation on observations.
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Abstract

The ecdysteroid constituents of three Serratula species introduced in culture
into the Siberian Botanical Garden were studied. The ecdysteroids discovered
in S. cupuliformis for the first time include 20-hydroxyecdysone, polypodine
B, 2-deoxy-20-hydroxyecdysone, ecdysone and makisterone A. HPLC analysis
showed that both S. manshurica and S. gmelinii contained 20-hydroxyecdysone,
polypodine B, 2-deoxy-20-hydroxyecdysone and ecdysone. The unusual accumu-
lation of ecdysteroids in the studied species was investigated. The structures of
isolated three compounds were identified by spectroscopic methods (NMR, MS)
and the presence of other ecdysteroids was defined by HPLC method. Compari-
son of the composition of the ecdysteroids three species of Serratula, imposed into
culture to Western Siberia, has shown that they have high content and similar
composition of main of ecdysteroids. High intensity ultrasound can speed the
extraction flow, increase yield of ecdysteroids, and to carry out extraction at
room temperature.The application of the method of ultrasonic extraction of
biologically active compounds from plant material reduce the time and volume
of solvents. Extraction time of biologically active substances from the aerial
parts of Serratula cupiliformisis reduced to 12 times. High-intensity ultrasound
has accelerated process and increased the yield of flavonoids. Devastating effect
of ultrasound on secondary metabolites no observed, as confirmed by the UV
spectra, high performance liquid chromatography and high contents of these
substances.

Keywords: Species Serratula, ecdysteroids, flavonoids, ultrasonic extraction
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I. Introduction

Phytoecdysteroids contribute to the pro-
tection of plants against invertebrate
predators. All insects need ecdysteroids,

but they are not able to synthesize ecdysteroids
from simple compounds. The steroid pre-
cursors (for example, cholesterol, schottenol
and sitosterol) are therefore needed. Plants
synthesize steroid skeleton from simple com-
pounds. Phytoecdysteroids are hormonally
inactive and they are not toxic to mammals.
It has been established that they have an-
abolic (Syrov and Kurmukov, 1976), restorative,
adaptogenic, immunostimulative, antiradiation
(Zibareva, 2012) and haemorheological (Plot-
nikov et al., 2000) properties. Their ability to
significantly reduce the content of cholesterol
in blood serum was observed (Akhrem and
Kovganko, 1989).

The inhibition of sarcoma cell growth
and other cancers by ecdysone has been re-
ported (Akhrem and Kovganko, 1989). The
ecdysteroid constituents of S. coronata, which
is used as pharmacological raw material
for making the agents of anabolic, adapto-
genic, tonic, hepatoprotective actions, such
as Ekdifit (Adykenov, 2010) and Serpis-
ten (Volodin et al., 2006), have intensively
been studied. Flavonoids are not the com-
mon constituents of Serratula plants. How-
ever, they have been found in the follow-
ing species: S. coronata, S. gmelinii, S. lycopifolia
(S. heterophylla), S. tinctoria (S. inermis) (Bathori
et al., 1999), S. strangulata (Wang et al.,
2002). The richest ecdysteroid-producing
plant families are Asteraceae and Caryophyl-
laceae. So far it is known that ecdys-
teroids have been synthesized in the
following Serratula (Asteraceae) species:
S. algida, S. centauroides, S. quinquefolia,
S. procumbens (Novoselskaya et al., 1981),
S. coronata (Revina et al., 1986; Kholodova,
1979; Abubakirov, 1982), S. chinensis (Chen
and Wei, 1989), S. erucifolia (L.) Boriss.
(S. xeranthemoides Bieb).(Abubakirov, 1984;
Kholodova et al., 1979), S. sogdiana (Zat-
sny et al., 1971; Novoselskaya et al.,

1975), S. cardunculus, S. coriaceae, S. gmelinii,
S. licopifolia; S. radiata (Alekseeva et al.,
2003), S. lyratyfolia (Ganiev, 1980),
S. komarovii, S. manshurica (Zarembo, 2001;
Vorobyeva et al., 2006), S. marginata
(Munkhzhargal and Zibareva, 2008),
S. strangulata (Wang et al., 2002; Wang et al.,
2002), S. tinctoria L. (S. inermis Gilib.)(Bathori
et al., 1986; Bathoriet al., 1999), S. wolffii
(Akhmed et al., 1990).

Distinctive ecdysteroids for this species of
plants are 20-hydroxyecdysone, inokosterone,
makisterone A and ecdysone, which were re-
garded as chemotaxonomic markers of the
genus (Zatsny et al., 1971).

The purpose of this research is the study of
the effects of ultrasound on the extraction of
secondary metabolites, and study of the com-
position of ecdysteroids in some species of Ser-
ratula, introduced to the culture in Siberian
Botanical Garden of Tomsk State University.

II. Materials and Methods

Plant materials
Serratula cupuliformis grows in northern China
in grass areas on slopes and in open forests
(Rastitelny, 1993). The seeds were obtained
from the Botanical Garden of the city of Jena
(Germany). Serratula gmelinii is wide spread in
the European part of the USSR, Western Siberia
and Southern Urals (Rastitelny, 1993).

The seeds were obtained from the Botan-
ical Garden of the city of Cluj-Napoca (Ro-
mania). Serratula manshurica is wide spread
in Primorye and Priamurye(Vorobyeva et al.,
2006). The seeds were obtained from the Botan-
ical Garden of the city of Chita (Russia).

Processing of plant materials
The seeds plants were cultivated for the first
time in the Siberian Botanical Garden of the
Tomsk State University.

The aerial parts of plants were collected in
flowering, dried at 20 ◦C and crushed to parti-
cles 0.1 mm. S.cupuliformis is firstly introduced
as a source of ecdysteroids.
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Extract preparation
Crude extract from the raw plant material was
produced by ultrasonic extraction using 70%
aqueous solution of ethanol (Zibareva and
Yeremina, 2011) at 60 ◦C. Influence ultrasonic
of the aerial parts of S. cupuliformis, collected
in the flowering stage, was carried out with
an ultrasonic extractor Elmasonic S 60 H, at
a frequency of 37 kHz. Since ecdysteroids
are chemically labile substances and could be
destroyed at high temperatures, temperature
55 ◦C was during ultrasonic extraction.

Analysis of ethanol extracts
Chromatographic analysis and quantification
of ecdysteroids were performed using the liq-
uid chromatograph Shimadzu LC 20 (Japan).
Chromatographic column Perfect Sil Target
ODS-3 4.6 x 250 mm, particle size 5 microns.
Gradient elution was carried out with acetoni-
trile and isopropyl alcohol solvent system (3:2
v/v) -0.1% trifluoroacetic acid from 15 to 35%
from 0 to 40 min elution rate -1.0 ml/min.
Analytical wavelength λ max = 254 nm for
detecting phytoecdysteroids. Identification of
signals in the chromatogram was carried out
by comparing the retention times of compo-
nents of fractions and standard samples, and
also absorption maxima in UV spectra.

Isolation of ecdysteroids from the aerial
parts of S.cupuliformis
Air-dried raw material of S. cupuliformis (266 g)
was purified by extraction from lipophilic sub-
stances with n-hexane and chloroform. The
raw material, purified from pigments, was
extracted with ethyl acetate. Biologically ac-
tive substances (BAS) were extracted from the
dried raw materials with 70% the aqueous
ethanol solution (5300 ml). Then, in order to
remove the extractant, the combined extract
was concentrated at 50 ◦C using a vacuum ro-
tary evaporator (IKA HB 10 digital, Germany).
A yellow-brown precipitate appeared during
concentration of the extract. The filtrate was
diluted with water to the ratio 1:2 (v/v) and
filtered again. The extraction of BAS com-
plex, containing ecdysteroids and flavonoids,

from the purified filtrate was achieved by re-
peated extraction with n-butanol. The com-
bined butanol extracts were concentrated and
further fractionated by the following solvent
systems: chloroform-ethanol 9:1, 1:1 (v/v) and
70% the aqueous ethanol solution. The analy-
ses showed that the fractions 9:1 enriched in
ecdysteroids, and the fractions obtained during
dissolving the residue using the solvent system
1:1 and 70% the aqueous ethanol solution con-
sisted mostly of polar flavonoids.

The fraction which comprised mostly of
ecdysteroids (2.75 g, yield 1.03% calculated
using dried raw material) was repeatedly sepa-
rated on columns with silica gel (KSK, Russia).
The particle size of the silica gel was 0.1-0.16
mm, the column height 700 mm, the diameter
13 mm. During the process of chromatography,
the solvents systems chloroform-ethanol in the
ratios 9:1, 7:1, 5:1, 3:1 were used as eluents
and 55 fractions were obtained. The combined
fractions 30-45 (0.24 g, 0.09% yield based on
dried raw material, 8.7% using butanol frac-
tion) were once again separated on the silica
gel column (KSK) using chloroform-ethanol
in the ratios of 7:1, 5:1, 3:1. Control of BAS
content in the fractions was achieved by TLC
and HPLC methods. Recrystallization of the
isolated compounds was conducted in ethyl
acetate-ethanol in the ratios 7:1 and 5:1. As the
result, a number of ecdysteroids was isolated,
identification of which was achieved by HPLC,
NMR and MS.

III. Results and Discussion

The study of plant extracts and the dynamics
of the content of ecdysteroids in the organs
of plants Serratula

It was shown that there is no destructive
effect of ultrasound on the structure of BAS in
selected conditions, since (after ultrasound pro-
cessing ) absorption maxima of ecdysteroids
and complexes of flavonoids with aluminum
chloride are the same as those of the standards.
The flavonoid complexes with ÐŘlCl3 of the
species Serratula have absorption maxima in
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the interval 412-414 nm. The ability of plants of
the studied species to accumulate ecdysteroids,
including a new source of S. cupuliformis, is
demonstrated by the presence of the UV ab-
sorption band at 242-245 nm, which is caused
by the presence of α,β-unsaturated keto group
characteristic for ecdysteroids. The optimal
time of ultrasonic extraction, at which the lev-
els of extracted ecdysteroids reaches of control,
is 60 min. This is 12 times faster than using
the previously developed method (Yakubova
et al., 1978). Ultrasonic exposure during 120

min and with heating up to 60 ◦C enables an
increase in the level of extracted flavonoids by
20% (Zibareva and Yeremina, 2011).

The study of BAS accumulation showed
that the highest content of flavonoids in
the aerial parts was found in the flowering
stage. High levels of flavonoids are found
in all the organs, the highest being in the
leaves: S. cupuliformis (5.7%), S. gmelinii(5.0%),
S. manshurica (3.1%) whereas in the flowers the
amounts were 1.0, 1.8 and 1.5%, respectively.

The greatest accumulation of 20-
hydroecdysone (20E) in aerial parts of all
the studied species is noted during the bud-
ding period: S. gmelinii (2.3%), S. cupuliformis
(1.94%), S. manshurica (1.32%). In the flower-
ing period, the levels of ecdysteroids in the
aerial parts remain high: in S. gmelinii (1.81%),
S. cupuliformis (1.23%), S.manshurica (1.13%)
(Table 1). The highest accumulation of ecdys-

teroids is observed in the leaves and flowers.

HPLC-analysis of isolated of ecdysteroids
Identification of signals on HPL chro-
matograms was carried out by comparing the
retention times of components of extracts with
retention time of standard samples, and by
comparing their UV spectrum characteristics.
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A chromatographic study of ecdysteroids of
Serratulacu puliformis, S. manshurica, S. gmelinii
using the HPLC method showed that all
the studied plant species synthesized 20-
hydroxyecdysone, polypodine B, 2-deoxy-20-
hydroxyecdysone and ecdysone, and also, in
the case of S.cupuliformis, makisterone A too.
Good agreement was observed between times
retention of ecdysteroids standards and com-
pounds in the extracts of plants. UV-spectra
confirm that compounds with these retention
times are ecdysteroids. In UV-spectra discov-
ered characteristic absorption maxima of ecdys-
teroids in the region 240-250 nm. The highest
content of ecdysteroids is noted in S. gmelinii.
It is shown that the major ecdysteroid in the
studied species is 20-hydroxyecdysone (Table
2). The different ratio of ecdysteroids was
observed in each species. The largest ratio
between the 20 E and polypodine B, character-
ized by the presence of additional OH group
in the 5β position, were noted in S. manshurica.
The composition of isolated major ecdys-
teroids from a new source S. cupuliformis is
identical to those of other species of genus.
Makisterone A besides Serratula cupuliformis
only S.coronata synthesizes. 2 Deoxy -20-
hydroxyecdysone was detected in other
species-S. centauroides, S. komarovii, S. gmelinii,
S. manshurica.

Identification of isolated compounds
from S. cupuliformis
Isolated ecdysteroids from 70% ethanol ex-
tracts of S. cupuliformis were identified by 1H-
NMR, ESMS. Ecdysone and makisterone A
were identified by HPLC method.

20-Hydroxyecdysone: UV-spectra: λmax
247 nm. 1H-NMR (CDCl3 + CD3OD, ppm): δ
0.75 (3H, s, Me-18), 0.87 (3H, s, Me-19), 1.09
(3H, s, Me-21), 1.11 (6H, s, Me-26 and Me-27),
2.21 (1H, t-like, J= 8.4 Hz, H-17), 2.29 (1H, dd,
J = 3.7, 12.8 Hz, H-5), 2.94 (1H, t-like, J= 8.0
Hz, H-9), 3.26 (1H, m, H-22), 3.72 (1H, br d, J =
11.6 Hz, H-2), 3.86 (1H, br s, H-3), 5.72 (1H, s,

H-7). ESMS (+ve): m/z (% rel. intensity) 481.0
[M+H]+ (100).mp.233 − 234 ◦C.

Polypodine B: UV-spectra: λmax 245
nm.1H-NMR (CDCl3 + CD3OD, ppm): δ 0.73
(3H, s, Me-18), 0.76 (3H, s, Me-19), 1.06 (3H,
s, Me-21), 1.09 (6H, s, Me-26 and Me-27), 2.19
(1H, t-like, J= 8.4 Hz, H-17), 2.99 (1H, t-like,
J= 8.1 Hz, H-9), 3.22 (1H, m, H-22), 3.76 (1H,
m, H-2), 3.85 (1H, br s, H-3), 5.79 (1H, s, H-
7). ESMS (+ve): m/z (% rel. intensity) 497.2
[M+H]+ (100).mp.215 − 217 ◦C.

2-Deoxy-20-hydroxyecdysone:UV-spectra:
λmax 243 nm. 1H-NMR (CDCl3 + CD3OD,
ppm): δ 0.79 (3H, s, Me-18), 0.91 (3H, s, Me-19),
1.13 (3H, s, Me-21), 1.16 (6H, s, Me-26 and
Me-27), 2.27 (1H, t-like, J= 8.4 Hz, H-17), 2.37
(1H, dd, J = 3.9, 12.1 Hz, H-5), 3.05 (1H, m,
H-9), 3.33 (1H, m, H-22), 3.97 (1H, br s, H-3),
5.78 (1H, s, H-7). ESMS (+ve): m/z (% rel.
intensity) 465.2 [M+H]+ (100).mp.244 − 245 ◦C.

IV. Conclusion

All investigated species of the genus Serrat-
ula produce ecdysteroids. The most com-
mon ecdysteroids are 20-hydroxyecdysone,
polypodine B, ecdysone, integristerone A,
viticosterone E. Ecdysteroids were isolated
from Serratula cupuliformis for the first time.
This species is a promising source of ecdys-
teroids because the content of 20E in flow-
ers and leaves of which is higher than those
in S. manshurica,S. coronata, S. centauroides and
S. komarovii. The studied Serratula species have
synthesized 20-hydroxyecdysone, polypodine
B, 2-deoxy-20-hydroxyecdysone and ecdysone,
whereas S. cupuliformis also produced makis-
terone A as an additional ecdysteroid. Destruc-
tive effects of ultrasound on ecdysteroids were
not observed, that is confirmed by UV-spectra,
HPLC and high content of these substances.
Time of ecdysteroids extraction is reduced by
12 times, while yield of flavonoids increased by
20%.
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Abstract

Sulforaphane is considered as the most powerful anticancer compound found
naturally in food. Sulforaphane is thermo labile and therefore its preservation
in dehydrated food still remains a challenge. Fluidized bed drying is one of the
most efficient drying methods, with shorter drying time thus reducing the loss of
bioactive compounds found in the raw material. The performance of this type of
dryer is improved by incorporating a pulsed air inlet system. Currently there is
a lack of information about the effect of the drying conditions in pulsed fluidized
bed dryers on sulforaphane content of broccoli. The aim of this work was identi-
fying the operation conditions in a pulsed fluidized bed dryer that maximize the
content of sulforaphane in the dehydrated product. A central composite design
was used, whose factors were drying air temperature and plate rotational speed.
The drying time diminished with higher drying air temperature and higher plate
rotational speed. The regression model predicted that 29 ◦C and 108 rpm were
the optimal drying conditions, resulting in a sulforaphane content equal to 1.5
µmol/g in dry basis, corresponding to 1.36-fold the sulforaphane content in
fresh broccoli.

Keywords: Pulsed fluidized bed dryer, broccoli, sulforaphane, drying kinetics

I. Introduction

Sulforaphane is an isothiocyanate found
in Brassicaceae that is recognized as the
most powerful anti-cancer compound nat-

urally occurring in food (Matusheski et al.,

2004). Its precursor glucosinolate is gluco-
raphanin, which is found mainly in broccoli,
and therefore this vegetable is the main source
of sulforaphane. Since broccoli is mostly con-
sumed as a processed food, the sulforaphane

∗Corresponding author e-mail:andrea.mahn@usach.cl
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content is affected. The effect of processing
on sulforaphane content of broccoli florets has
been studied. Perez et al., (2014) proposed the
optimal blanching conditions that maximize
sulforaphane content in broccoli. Mahn and
Perez (2016) suggested to add an optimized
incubation step after blanching, achieving 94%
of glucoraphanin conversion into sulforaphane.
Once the sulforaphane content in broccoli is
maximized, it is necessary to further process
the vegetable aiming to preserve it or to fa-
cilitate sulforaphane extraction from the food
matrix. Drying is one of the most attractive
and useful food preservation method, which
presents a relatively low operation cost, and it
also results in an easy-to-handle product due to
the physical properties of the dehydrated prod-
uct. The drawback of drying sulforaphane-rich
broccoli relies on the high thermolability of sul-
foraphane, which hinders the use of hot air dry-
ing (Tanongkankit et al., 2011; Lekcharoenkul
et al., 2014; Mahn et al., 2016). Thermal degra-
dation of sulforaphane begins when the tem-
perature exceeds 40 ◦C.

Fluidized-bed drying is one of the most
efficient methods because of the excellent air-
particle contact, with high mass and heat trans-
fer coefficients (Reyes et al., 2007). The exten-
sion of the drying period is considerably lower
than in tunnel driers, thus reducing the losses
of bioactive compounds of the substrate. The
performance of a fluidized-bed dryer can be im-
proved by incorporating a pulsed air inlet, by
locating a rotational perforated disc below the
drying chamber. This modification conforms
a pulsed fluidized-bed drier (PFBD), produc-
ing the intermittent fluidization of the parti-
cles inside the chamber (Reyes et al., 2008).The
PFBD is adequate for irregularly shaped par-
ticles, fragile particles, or for particles of het-
erogeneous size distribution, since it improves
fluidization uniformity and reducing the for-
mation of channels. In addition, the PFBD
reduces the air requirement by up to 50% in
comparison with a traditional pulsed bed dryer
(Reyes et al., 2012).This opens the possibility of
using lower drying air temperatures. Since the
sulforaphane enrichment process described by

Perez et al. (2014) and Mahn and Perez (2016)
results in particles of irregular shape and het-
erogeneous size distribution, in this work we
propose that drying sulforaphane-rich broccoli
particles using a PFBD will minimize the loss of
sulforaphane in the dehydrated product. The
aim of this work was to identify the optimal
drying air temperature and rotational plate
speed that maximize the sulforaphane content
in broccoli florets.

II. Materials and Methods

Vegetal material
Broccoli (Brassica oleraceavar Italica cv.
Avenger) heads (three days after harvesting)
were purchased at the local market (Santi-
ago, Chile) from a single supplier. Broccoli
heads were washed and cut into single florets
of 5 cm length and 0.7-0.9 cm width (stem)
immediately after washing. Then, broccoli
was subjected to blanching using the optimal
conditions determined by Perez et al. (2014).
Broccoli florets (300 g) were immersed in 1.5 L
deionized water in a thermostatic bath (Stuart,
United Kingdom, Great Britain) at 57 ◦C for
13 min. After blanching, broccoli florets were
immediately put in an ice-water bath and then
crushed in the presence of 0.22 mg ascorbic
acid per gram of broccoli, to obtain 0.5-cm
broccoli pieces. Then, broccoli particles were
incubated in closed flasks in a water bath (Tri-
lab, Ciudad de Mexico, Mexico) at 38 ◦C for 3 h.

Equipment
The pulsed fluidized-bed dryer used in this
work corresponds to the equipment described
by Reyes et al., (2012). A scheme is given in
Figure 1. The PFBD was made of stainless steel,
equipped with a controllable power up to 8000
W, a 10-HP centrifugal exhauster, and a system
to collect the product (cyclone). The drying
chamber consisted of a 1-m high cylindrical
column connected to a truncated conical base
section with a 0.25 m bottom diameter and a
0.4 m upper diameter. The drying air enters
the chamber of the dryer through a perforated
rotatory plate with 6% of free section area.
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Experimental design
The system was studied through a central com-
posite design of uniform precision, whose fac-
tors (and levels) were drying air temperature
(35 − 65 ◦C) and rotational plate speed (60-100

rpm), with four axial points and five central
points. The air flow rate was fixed at 1.5 m/s.
Table 1 shows the experimental matrix, in stan-
dard order.
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Sulforaphane content
Sulforaphane content was determined by re-
verse phase HPLC, using the method proposed
by Liang et al., (2006).Broccoli samples were
homogenized in a mortar, until obtaining a
homogeneous meal. One gram of the sample
was extracted two times with 10 mL methylene
chloride (J.T. Baker, Center Valley, PA, USA),
which was combined with 0.5 g anhydrous
sodium sulfate (Sigma-Aldrich, Schnelldorf,
Germany). The equipment was a HPLC-DAD
(Shimadzu, Kyoto, Japan), and a C18 column
(5 µmparticle size, 250 x 4.6 mm) (Agilent
Technologies, Santa Clara, CA, USA) was used.
Quantification was carried out by comparison
with a sulforaphane standard curve(0.056-6.75
µg). Organic solvents (HPLC grade) were pur-
chased from Merck(Darmstadt, Germany). Sul-
foraphane content was expressed in µmolg−1

(dry weight). All determinations were made in
triplicate.

Statistical analyses
The optimization design was analyzed by re-
sponse surface methodology (at a 95% confi-
dence), using a second order polynomial model
to describe the experimental behavior (Eq. 1).
In Eq. 1, Y is the predicted response; β0, βi,
βii, and βij are the regression coefficients for
interception, linear, quadratic and interaction
effects, respectively; k is the number of inde-
pendent parameters (k = 2 in this study), and
Xi, Xj are the coded levels of the experimental
conditions.

The model quality was assessed by the
determination coefficient (R2). The optimum
drying conditions predicted by the regression
model were validated experimentally. Statis-
tical analyses were performed with JMP 9.0.1
software (SAS Institute).

III. Results and Discussion

Sulforaphane content in broccoli subjected to
PFBD is given in Table 1. Drying produced
important losses of the compound in all drying
runs, in comparison with blanched, incubated
broccoli florets, despite the drying air tempera-
tures were relatively low (29 − 71 ◦C). The low-
est sulforaphane loss resulted from drying at
35 ◦C with a rotational plate speed of 100 rpm
(R2), yielding a 17% retention of the compound.
This value, equivalent to 1.1 µmol/gd.w., is 1.4-
fold higher than the sulforaphane content in
fresh broccoli.

Our results agree with Tanongkankit et
al., (2011), who studied the evolution of sul-
foraphane content in cabbage outer leaves dur-
ing tunnel drying at 50, 60 and 70 ◦C. The
authors reported a loss of 90%of the initial
sulforaphane content, attributed to thermal
degradation. Lekcharoenkul et al., (2014) in-
vestigated the effect of a gradual change in
temperature during hot air drying on the evo-
lution of sulforaphane content in cabbage outer
leaves. The authors reported sulforaphane
losses higher than 90% in comparison with the
fresh vegetable. In both studies, the authors
attributed the sulforaphane loss to the high air
temperature and the prolonged drying period.
Mahn et al., (2016) reported a sulforaphane
loss of 46% during tray drying at 70 ◦C during
4 hours, resulting in a sulforaphane content in
the dehydrated broccoli of 4-fold the content
in fresh broccoli. These results differ from the
previous studies because of the considerable
structural differences between cabbage leaves
and broccoli florets.

In this work, the sulforaphane loss during
PFBD cannot be attributed to thermal degrada-
tion due to the relatively low drying air tem-
peratures (below 40 ◦C) and relatively short
drying periods (22-25 min) used in this study.
A possible explanation to the great losses is the
occurrence of a dithiocarbamylation between
sulforaphane and thiol-containing compounds
through a reversible redox reaction (Shibata et
al., 2011). This should be tested experimen-
tally. Another interpretation of the behavior
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observed in PFBD is the drag of sulforaphane
with the drying air flow, since the PFBD config-
uration maximizes the particle-air contact thus
promoting the compound drag. This effect is
much less marked in other types of configura-
tions, such as tray dryers and freeze-dryers.

The experimental factors had statistically
significant effect (p < 0.05) on sulforaphane
content in broccoli subjected to PFBD. An in-
crease in drying air temperature produces a sig-
nificant (p = 0.0060) decrease in sulforaphane
content, while an increase in the rotational
plate speed results in a significant (p = 0.0012)
increase. Then, low air temperature and
high rotational speed would minimize the sul-
foraphane loss in PFBD.

Eqn. (2) shows the regression model as a
function of the experimental factors in coded
levels. Here, [S] is sulforaphane content, T is
temperature and U is rotational plate speed.
This model explains 89.4% of the variability in
the response, thus representing adequately the

system behavior.

(2)

Fig. (2) presents the response surface for
sulforaphane content, showing that low dry-
ing air temperature and high rotational plate
speed favor sulforaphane content. The highest
sulforaphane content coincides with a vertex of
the experimental space, therefore it is not possi-
ble to affirm that it corresponds to a maximum.
The conditions predicted by the model to ob-
tain the highest sulforaphane content were air
temperature of 29 ◦C and rotational speed of
108 rpm, with a predicted response of 1.g Âţg
sulforaphane per g of dry weight. These condi-
tions were tested experimentally, resulting in
a sulforaphane content in dehydrated broccoli
florets equal to the predicted (1.5 ± 0.1 µg/g
d.w.). This value represents an increase of 25%
with respect to fresh broccoli.
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IV. Conclusion

Drying in a PFBD produces considerable de-
crease in the sulforaphane content in dehy-
drated broccoli. The sulforaphane losses are
minimized by using low drying air temper-
ature and high rotational plate speed. The

regression model described adequately the sys-
tem, and allowed determining the best operat-
ing conditions: air temperature of 29 ◦C and
rotational speed of 108 rpm. The highest sul-
foraphane content achieved after drying in a
PFBD were 1.5 ± 0.1 µg/g d.w., equivalent to
1.25-fold the content in fresh broccoli.
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Abstract

In this study,we focus on the plant bioelectric potential response as a low-cost
and a high sensitivity evaluation technique of plant physiological activities
for an agriculture support system. We developed a cultivation light intensity
control system using bioelectric potential response. This system contributes
to improvement of the cultivation environment and provides energy saving
effect.In addition, we introduced a field effect transistor based on silicon carbide
(SiC-FET)gas sensor and evaluated the characteristics of the sensor by changing
several parameters. The results showed that iridium gated SiC-FET sensor has
high sensitivity to ethylene,and the highest response is achieved at 200 ◦C. We
aim at the development of an agriculture support system, which combines the
plant bioelectrical potential and the SiC-FET gas sensor response.

Keywords: Field effect transistor, gas sensor, plant bioelectric potential,
plant factory, agriculture support system, cultivation environment control,
physiological activities of plant, ethylene

I. Introduction

The population in urban areas is currently
increasing, 54% of the world’s popula-
tion lives in city regions and that pro-

portion is expected to increase to 66% by 2050,
according to United Nations report (United Na-
tions, 2015). The production, distribution, and
consumption of food in and near cities have
received growing attention due to the urbaniza-

tion, and this has increased the attention to ur-
ban agriculture (Goldstein et al., 2016; Polling
et al., 2016) and precision agriculture (Stafford,
2000; Baerdemaeker, 2013).

Especially, the artificial plant cultivation fa-
cilities such as plant factories have been in prac-
tical use during several decades for ensuring a
stable amount of clean (no pesticides), safe (less
bacteria) and high quality (high in nutrition
and tasty) agricultural production of vegeta-

∗Corresponding author e-mail:yuki@ees.saitama-u.ac.jp
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bles, herbs, flowers, and fruits (Takatsuji, 1989;
Hu et al., 2014). However, these facilities have
problems with high cost and operating expen-
ditures, because they need to maintain a sta-
ble and complete environment control system
that includes air conditioner, a feed nutrient
solution line, and sensing devices for control.
Especially, the cost for electricity takes around
40% of the operating expenditure. Therefore,
various studies have been carried out to inves-
tigate how to control the optimal environment
for growing plants, reducing costs and improv-
ing the productivity of cultivation (Morimoto
et al., 1995; Ioslovich and Gutman, 2000; Raviv
et al., 2010; Srbinovska et al., 2015; Shaw et al.,
2016).

In our previous work, we focused on the
plant bioelectric potential response, which is
generated by ions inside the plant cells and
related to physiological activities such as pho-
tosynthesis,respiration and transpiration, as a
low-cost and a highly sensitive evaluation tech-
nique for an agriculture support system.Some
papers clarified that the bioelectric potential
follows the start and stop of the illumination
and that the amplitude of this variation is cor-
related with the rate of photosynthesis. It was
also stated that the characteristics of the bio-
electric potential depend on the illumination
period, wavelength, intensity, and temperature
(Ando et al., 2013; Ando et al. 2014; Hasegawa
et al., 2014). A non dispersive infrared (NDIR)
carbon dioxide gas sensor was used to eval-
uate the photosynthetic rate, however, this is
an expensive equipment and not convenient
for practical use at the agricultural field or the
plant cultivation facility. It is also necessary
to observe the influence of other gas compo-
nents such as ethylene,which is the smallest
and color less gaseous plant growth hormone,
and considered as a trigger of the ripening
process of fruits (Burg and Burg, 1962; Kader,
2003; Garcia-Salinas et al., 2016). A number of
different approaches has been used to address
ethylene detection for fruit storage and post
harvest ripening (Fonollosa et al., 2009; Steffens
et al., 2010; Esser et al., 2012; Zaidi et al., 2016).
For fruit storage, detection at low concentra-

tion level (low parts per million, ppm or even
parts per billion, ppb) is required. On the other
hand, for post harvest ripening, it is required
to detect high concentrations: several hundred
or thousand ppm. Therefore, it is necessary to
develop a wide range sensor device.

In this study, we constructed the cultivation
light intensity control system using bioelectric
potential response. Generally, the condition of
an optimal light intensity varies from kind of
plants and growing stage. Especially, a photo
inhibition effect was found to be caused by too
strong light illumination, which suppressed the
photosynthetic activity (Taiz and Zeiger, 2010).
The light intensity control system contributes
to improvement of the cultivation environment
and has an energy saving effect.

In addition, we employed afield effect tran-
sistor based on a silicon carbide (SiC-FET)
device as an ethylene gas sensor to evaluate
fruit ripening. The SiC-FET gas sensors have
been widely studied and proven as reliable,
high performance and cost-efficient chemical
sensors for high-temperature applications in
harsh environments (Andersson et al., 2013)
as well as for room temperature applications
for highly sensitive and selective detection of
trace amount of different target gases (Bur et
al., 2015). The selectivity and sensitivity of
SiC-FET sensors can be tailored toward one or
a few target gases by changing the operating
temperature, gate material and material struc-
ture (Bastuck et al., 2016; Darmastuti et al.,
2013; Bur et al., 2015; Puglisi et al., 2015).We
report the sensing characteristics of an iridium
(Ir) gatedSiC-FET sensor with different ethy-
lene (C2H4) concentrations in 20% O2 mixed
with N2 as the carrier gas at different operating
temperatures and discuss the possible use for
fruit storage and post harvest ripening.

II. Experimental

Light intensity control system using the bio-
electric potential response of plant
We constructed a system for detecting the bio-
electric potential and controlling the light in-
tensity (Figure 1 (a)). The required condi-
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tions for this system are potential measure-
ment, feedback functions and convenient prac-
tical use. Therefore, we prepared a micro-
computer (H8/3664),LED light source panel
capable of light quantity adjustment, elec-
troencephalogram (EEG) needle type elec-
trodes (NE-224S, Nihon Kohden Corp.), hydro-
ponic equipment andsample plant: cabbage
seedlings(Brassica oleracea var. capitata). The
sample plants have seven to nine leaves, and
a leaf not being in shadow of other leaves was
used for the measurement. To detect the po-
tential response induced by photosynthetic re-
actions, an electrode was inserted to the base
of the leaf as a reference electrode and another
electrode was inserted to the vein in the center

of it, where photosynthesis takes place. The mi-
crocomputer amplified and analyzed the bio-
electric potential, and transmitted a control
signal to the light source. Figure 1 (b) shows
the pattern of LED light source panel,which
consisted of blue (450nm), red (660nm) and
white (based on a blue LED and a yellow phos-
phor coating) LEDs, because the chlorophyll of
plants has light absorption peaks in the wave-
length of blue and red. The photosynthetic pho-
ton flux density (PPFD, µmolm−2s−1) which is
an index of the illumination intensity, was mea-
sured at the measured leaf surface. The PPFDs
of blue, red and white LEDs during 100% light
irradiation were 60, 310 and 30 µmolm−2s−1

respectively, and totally 400 µmolm−2s−1.

Gas sensor fabrication and measurement
system
Ann-channel depletion type metal insulator
semiconductor field effect transistor (MISFET)
device was fabricated from 4H-SiC. A porous
iridium thin film was deposited by DC mag-
netron sputtering to a total thickness of 30 nm
on top of the device as gas sensitive gate con-
tact. The SiC-FET gas sensor chip was mounted
on a 16-pin TO8 header and glued on a ceramic
heater with a Pt100 temperature sensor (Figure
2 (a)).The measurement set up is shown in Fig-
ure 2 (b). The gas testing equipment consisted

of several mass flow controllers operated by a
gas mixing system program. Different concen-
trations of ethylene were injected to the sensor
chamber by adjusting the flow of the ethylene
and the carrier gas: 20% O2 and 80% N2. The
ethylene concentration ranged from 0.5 to 2.5
ppm in steps of 0.5 ppm. The operating temper-
ature was changed between 150 ◦C and 350 ◦C
in steps of 50 ◦C. The exposure to the target
gas was performed during 300 s and recovery
in carrier gas was allowed for 300 s. Gas re-
sponse characterizations have been obtained
using a source meter (2601, Keithley Instru-
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ments Inc.) keeping a constant drain-to-source
voltage (VDS = 4 V) and measuring the drain
current (ID). Puglisi et al., 2016 reported that
the Ir gated SiC-FET sensor’s current-voltage

curve saturated at VDS = 4 V and the sensor
response in saturation region was higher and
more stable than that in linear region.

III. Results and Discussion

Light intensity control using plant bioelec-
tric potential response
Figure 3 (a) shows an observed plant potential
response by our system and the definition of
the parameters for the feedback signal. The
light intensity was controlled from 20 to 100%
in 10% intervals depending on the feedback
signal.In this figure, the potential responses
changed immediately when switching between
light (ON) and dark (OFF) period. Some pa-
pers reported that the amplitude of the poten-
tial variation when starting the illumination
has a strong correlation with the photosyn-
thetic rate (Ando et al., 2013).Therefore, it is
considered that the amplitude can be used to
evaluate the plant physiological activity as a
control parameter.

In this system, when the system changes
the light intensity at time 0 on the x-axis in Fig-
ure 3 (a), we defined the potential difference of
the last light illumination as Von, and the po-
tential difference of the previous illumination

as pre Von. Specifically, we used the difference
between Von and pre Von as the parameter to
be studied (Hasegawa, et al., 2015).

Figure 3 (b) shows an example of the ex-
ecution of the automatic light intensity con-
trol system using the cabbage plant bioelec-
tric potential. This figure includes the bioelec-
tric potential, the value of Von, and auto con-
trolled light intensity. The light intensity was
increased from time A to time B depending on
the previous operating conditions and the dif-
ference between Von and pre Von. We observed,
though,that the variation of Von at B did not
increase and at C the light intensity decreased
again. These results showed that our devel-
oped system can operate correctly depending
on the feedback signal from the plant bioelec-
tric potential, therefore offering the possibility
of improving the cultivation environment con-
trol system. A more detailed investigation of
the usefulness of this system concerning,e.g.,
the energy saving performance and plant grow-
ing rate,will be carried out in future work.
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Gas sensor response to ethylene
We studied the sensing characteristics with dif-
ferent ethylene concentrations in 20% O2 and
80% N2 as carrier gas at different operating
temperatures (150 − 350 ◦C). The sensor re-
sponse, ∆ID, is defined as the change in drain
current,ID, in presence of ethylene gas as com-
pared to ID in only carrier gas at a constant
drain-to-source voltage, VDS(= 4 V). Figure 4
(a) shows the sensor signals at different ethy-
lene concentrations (0.5, 1.0, 1.5, 2.0, 2.5 ppm)
at 200 and 300 ◦C. This figure indicates that
the sensor responds to all concentrations of
ethylene at both temperatures but the sensor re-
sponse is significantly higher at 200 ◦C whereas
at 300 ◦C its hows sharp peaks for both gas ex-
posure and recovery. The sensing mechanism
of the SiC-FET sensor to ethylene was not stud-
ied, however, the ethylene is a small molecule
and probably quite easily decomposes on the
catalytic sensor surface at high temperature,
possibly followed by oxidation reactions with
absorbed oxygen, which may consume the gas
more quickly at higher temperature. Figure
4 (b) shows the change in sensor response vs.
ethylene concentration at different operating
temperatures. As shown in this figure, the max-
imum response was achieved at 200 ◦C and the
response increased almost linearly with increas-
ing ethylene concentrations.Thus, it indicates

the possibility to detect both lower and higher
concentrations. The response at 150, 250 and
300 ◦C had similar characteristics while that
at 350 ◦C was significantly lower. This result
is important for the optimization of the sen-
sor’s operation in dynamic mode employing
temperature cycles.

The obtained results show that the Ir gated
SiC-FET sensor has high sensitivity to ethy-
lene and can potentially be used to control
fruit storage and post harvest ripening. In our
future work, the response to ethylene at the
higher concentration range up to 200 ppm and
measurement of ethylene emissions produced
by climacteric fruits will be carried out. In
the latter case, it will also be needed to in-
vestigate what other gas molecules that may
be produced when fruit get damaged. This
may be performed e.g. by combined gas
chromatography-mass spectrometry, GC-MS.
With knowledge about this, it is possible to use
a combination of temperature cycled and gate
biascycled operation of the SiC-FET sensor to-
gether with advanced data evaluation (Bur et
al., 2014; Bur et al., 2015) to enhance the se-
lectivity to ethylene in presence of other gases
produced from fruits. When using the temper-
ature and gate bias cycled operation mode of
the sensor on line measurement are possible at
a sampling rate of 1 min.
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IV. Conclusions

In this paper, we studied and evaluated the
plant bioelectric potential and the performance
of a SiC-FET gas sensor for use in an agricul-
ture support system.We constructed and eval-
uated a cultivation light intensity control sys-
tem using the bioelectric potential response
and we used a SiC-FET gas sensor to de-
tect ethylene in the low ppm concentration
level.We showed that the plant bioelectric po-
tential through a microcomputer could give a
feedback signal to the light intensity controlled
light source.We suggest that the bioelectric po-
tential contributes to the improvement of the
cultivation environment control system and
that it has an energy saving effect, since photo

inhibition from too high intensity light can be
avoided. Moreover, a gas sensor based on sili-
con carbide field effect transistor was used to
study the sensitivity to ethylene.Our results
showed that the Ir gated SiC-FET sensor oper-
ated from 150 to 350 ◦C detect small concentra-
tions (0.5 to 2.5 ppm) with a linear dependence,
indicating a much larger dynamic range.The
maximum sensor response was achieved at
200 ◦C. These results suggest that the Ir gated
SiC-FET sensor can potentially be used to con-
trol fruit storage and post harvest ripening.
In the future, we aim to develop an agricul-
ture support system e.g. for optimized plant
growth or fruit ripening control by combining
the information from the SiC-FET sensor and
the plant bioelectrical potential.
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Abstract

Lycopene is a carotenoid intermediate of the β-carotene biosynthetic pathway.
It is obtained from vegetable source and chemical synthesis. It has roused
considerable interest due to its beneficial effect on human health, e.g. cancer
and tumor prevention, cardiovascular protection and antioxidant activities.
Due the increasing interest of this bioactive molecule, it is necessary to develop
alternative methodologies to produce it in higher amounts, for example, the
microbial production. In the present study, the lycopene production by the yeast
Rhodotorula glutinis P4M422 was evaluated. R. glutinis was inoculated in
YM broth at 30 ◦C and 130 rpm. Incubation time optimization and imidazole
effect in the specific accumulation of lycopene were evaluated. On the other
hand, the antioxidant and thermal stability of lycopene capsules (GNC Mexico)
were evaluated. The effect of imidazole at different concentrations (0, 1.5, 3, 6
and 12 mM) was studied, however, the results show that the highest biomass
production and the major carotenoids concentration was obtained in absence
of imidazole. Also, different organic solvents were evaluated in carotenoids
extraction; we found that the use of methanol allowed the highest lycopene
extraction (0.01 g/L). Carotenoids are a pigments with antioxidant activity, in
the present study, ABTS, FRAP and DPPH(78.9, 71.19 and 44.77 mg/L Trolox
equivalent, respectively) assays showed this property.

Keywords: Lycopene, imidazole, cell disruption, antioxidant activity, TGA
assay

∗Corresponding author e-mail:cristobal.aguilaar@uadec.edu.mx

52



International Journal of Food and Biosystems Engineering, August, 2017 Vol 5(1): 52-59

I. Introduction

Carotenoids are an important group of
natural pigments founds in plants and
microorganisms, contain a series of con-

jugated double bonds, which are sensitive to
oxidation modifications. Carotenoids are a
class of lipophilic compounds with a poly-
isoprenoid structure(Bone et al., 2001; Ceron-
Garcia et al., 2010).

Lycopene is a carotenoid intermediate of
the β-carotene biosynthetic pathway (Choud-
hari et al., 2009; Frengova and Beshkova, 2009)
obtained from vegetable source and chemical
synthesis. It is an unsaturated lipophilic iso-
prenoid pigment, of 40 carbon atoms, with
a molecular weight of 536.8 g/mol, contain-
ing 11 conjugated and 2 non-conjugates double
bonds in an all-trans form (Agarwal et al., 2014;
Honda et al., 2015; Kim et al., 2011; Omoni and
Aluko, 2005).

Lycopene is the primary carotenoid found
in human serum. It has roused consider-
able interest due to its beneficial effect on hu-
man health, e.g. cancer and tumor preven-
tion, cardiovascular protection, antiprolifera-
tive and antioxidant activities (Heber and Lu,
2002; Hsiao et al., 2004; Marova et al., 2012).
Due the increasing interest of this molecule,
alternative methodologies to produce higher
amounts have been developed. However, oxi-
dation and isomerization from all-trans to cis-
isomer are the main forms of degradation of
lycopene (Colle, 2013; Che et al., 2009). Ly-
copene stability is affected by different factors
such as heat, light, certain chemical reaction,
pro-oxidant conditions and other environmen-
tal conditions.

Despite of its instability, lycopene is widely
used as a supplement in functional foods,
feeds, nutraceuticals and pharmaceuticals, and
as an additive in cosmetics(Chen et al., 2013),
then the total loss of lycopene may vary de-
pending on temperature of heating and the
method of heating matrix. The aim of this
study is to evaluate theproduction conditions,
extraction and stability of lycopene.

II. Material and Methods

Microorganism
The yeast Rhodotorula glutinis P4M422 was in-
oculated in YM broth and incubated during 48
h at 30 ◦C, 130 rpm.

Imidazole optimization
Imidazole effect in lycopene production was
evaluated a different concentration (0, 1.5, 3,
6 and 12 mM). Briefly, 200 µL of pre-culture
were inoculated into 20 mL YM broth and
biomass production and lycopene extraction
were evaluated after 120 h of fermentation at
30 ◦C and 130 rpm. The biomass production
was evaluated by optical density at 600 nm.

Incubation time optimization
Once the effect of imidazole was evaluated,
the incubation time optimization was per-
formed. R. glutinis P4M422 was inoculated
in YM medium at 30 ◦C, 130 rpm during 144
h. Kinetic growth was evaluated by sampling
each 24 h.

Cell disruption and carotenoids extrac-
tion
For the extraction of pigments produced by
R. glutinis P4M422, different solvents were em-
ployed. Tubes containing biomass in 1 mL of
acetone, hexane, ethanol, methanol or ethyl
acetate were agitated using vortex agitator
and freeze during 2 h. concentration of total
carotenoids was measured spectrophotometri-
cally at 470 nm.

For the TLC analysis, 6 µL of the sample
was loaded in plate of silica gel, the mobile
phase was a mixture of acetone and ethyl ac-
etate 5:4. The plate was dried and irradiated at
254 and 365 nm. Subsequently, the sample was
analyzed in FT-IR spectra (FT-IR 7000, Lambda
Scientific, Australia).

Antioxidant activity of carotenoids
The antioxidant activity of carotenoids pro-
duced by R. glutinis was determinate by FRAP,
ABTS and DPPH assay.
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Thermogravimetric assay (TGA)
In the present study the stability of lycopene
capsules (GNC Mexico) under high tempera-
tures was evaluated. The samples were ana-
lyzed at temperatures 0 to 800 ◦C in presence
of oxygen and in an inert atmosphere employ-
ing a Thermogravimetric analyzer (TGA Q5000
TA Instruments).

Statistical Analysis
The experimental data were compared with
the control by calibration curve. All experi-
ments were performed in triplicate. Statistical
significance was determined with p< 0.05.

III. Results and Discussion

Imidazole optimization
The lycopene is a precursor of cyclic
carotenoids into biosynthetic pathway (Mant-
zouridou and Tsimidou, 2008). Theimidazole

can be used to inhibit the lycopene cyclase en-
zyme; this enzyme is responsible of cyclization
of terminal group on lycopene molecule. In
this study the effect of imidazole at different
concentrations were evaluated, however, the re-
sults (Figure 1) show that the highest biomass
production and the major carotenoids concen-
tration was obtained in absence of imidazole.
Wang et al., (2012) studded the lycopene accu-
mulation by Blakeslea trispora NRLL 2895 and
2896 with addition of piperidine and creatinine
like cyclase inhibitors and the highest lycopene
production (98.1 mg/L) was obtained with
creatinine at 6 g/L. On the other hand, Lopez-
Nieto et al., (2004)reported that the imidazole
addition at 0.6 g/Lallowed 100% of lycopene
production by B. trispora F-816 and F-744. In
this study imidazole addition reduced the ly-
copene accumulation, it may be due imidazole
acts like antifungals agent and can to inhibit
the microorganism growth.
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Incubation time optimization
The Figure 2 indicate that the highest biomass
accumulation is at 96 h of fermentation, af-
ter this time the yeast growth is in stationary
phase. The next steps were performed at this
fermentation time. Different organic solvents
were evaluated in carotenoids extraction, in the
Figure 3 appears the results obtained. The use

of methanol allowed the highest lycopene ex-
traction (0.01 g/L). Yoo et al., (2015) evaluated
the production and characterization of antibac-
terial carotenoids produced by R. mucilaginosa
AY-01 and reported that the use of methanol
only for carotenoids production was the best
technique compared with other.
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Antioxidant activity
Carotenoids are a pigments with antioxidant
activity, however, in this study the extracts ob-
tained showed low antioxidant activity (Table
1). This results could be due the instability of
compounds or the presence of other molecules.

Thermogravimetric assay (TGA)
On the other hand, some studies indicate that
the degradation reactions of lycopene are in-
fluenced by various factors, such as exposure
to oxygen, water, light, heat, metals, as well
as environmental conditions such as tempera-
ture and humidity, physical state, among oth-
ers (dos Santos et al., 2016; Mahfoudhi and
Hamdi, 2015). The Figure 4 shows the behavior
of lycopene capsules under high temperatures
and under oxygen absence and presence. The
weight of lycopene starts to degradation about
180 ◦C in both cases. However, the derivative
weight of lycopene shown that major degra-
dation of lycopene weight was about 400 ◦C,
under inert atmosphere (Figure 5).
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There are some reports about degrada-
tion and storage of lycopene and other
carotenoids, however, these studies were based
in carotenoids into matrix, for example, tomato
sauce, tomato puree, carotenoids encapsulated
or biomass of carotenoid-producer microorgan-
isms.

Ceron-Garcia et al., (2010) evaluated the sta-
bility of carotenoids in Scenedesmus almeriensis
biomass and extracts under various tempera-
tures (ambient temperature, at 4 and −18 ◦C
) and solvents (acetone and olive oil). They
found the olive oil extracts was stable for 5
months at temperatures of 4 and −18 ◦C, show-
ing no significant change. On the other hand,
Mayeaux et al., (2006) studied thermal stabil-
ity using pure lycopene standard at 100, 125
and 150 ◦C during 10, 20, 30 and 60 min. The
authors indicated that after 10 min of heating,
the pure lycopene was degraded with approxi-
mately 90%, 70% and 30% of the original pure
lycopene content remaining at temperatures of
100, 125 and 150 ◦C, respectively. The proposed
pathway of lycopene degradation consists of 2
stages: isomerization and auto-oxidation due

to the unsaturated double bonds. The isomer-
ization of lycopene increased at a temperature
above 75 ◦C (Mayeaux et al., 2006; Srivastava
and Srivastava, 2015). However, the studies
about lycopene stability shows that the degra-
dation is influence by factors such as time of
exposition, temperature, additives, specially by
the matrix in which lycopene is dissolved or
stored.

IV. Conclusion

Rhodotorula glutinis has been employed to
carotenoids production, but the production is
intracellular type and cell disruption is neces-
sary. In this study we found that methanol is
the best agent to carotenoids extraction, how-
ever, the 100% of disruption was not possible.
On the other hand, the low antioxidant activ-
ity compared with lycopene standard could be
because the pigments produced by R. glutinis
P4M422 are unstable and the study of special
techniques to recovery these compounds is im-
portant.
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Abstract

The nematode larvae of the Anisakidae family are one of the main health hazards
for consumers of raw fish or marinated products. The effects of high-pressure
were investigated to observe the efficacy of non-thermal process on Anisakidae
larvae in ready-to-use and ready-to-eat mackerel fillets (Scomber scombrus).
Live and vital larvae were collected from the viscera of heavily parasitized fish
and inoculated in raw fillets with the aim to reproduce infection by larvae.
Raw and marinated samples were submitted to different process conditions
(100 and 200 MPa for 5 and 8 minutes respectively and 300 MPa for 5 min)
to evaluate the viability of the larvae and some quality aspects of minimally
processed mackerel fillets. Treatments at pressures higher than 200 MPa, were
able to devitalise all the larvae present in the both raw and marinated fillets,
even if a pressure above 300 MPa can also give to seafood an opacity similar to
that obtained by a very light cooking. The muscles of mackerel become opaque
and showed higher values of luminosity (L*), following HP-treatment. Results
showed that the a application of a pressure of 200 MPa for 8 min could be
sufficient to devitalise living larvae only in marinated mackerel fillets. Both the
pressure levels and pressure holding time affected the content of moisture, ash,
and lipid in pressurized samples, improving their nutritional values in terms of
total PUFAs content, especially in marinated samples.

Keywords: High pressures, Anisakidae larvae, mackerel fillets, minimally
processed fish, inactivation, quality
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I. Introduction

The seafood products play an important
role in human nutrition, since they are
considered as a significant source of im-

portant nutrients. For many centuries, fish
has been one of main foods and nowadays
accounts for almost 17% of the global popu-
lation’s intake of animal-origin proteins; this
proportion is much higher in developing coun-
tries, where fish may be the only source of
animal protein (FAO, 2014). Nevertheless, the
great importance from the nutritional point of
view is attributed to the lipid composition of
the fish, that constitutes an excellent source
of n-3 polyunsaturated fatty acids (n-3 PU-
FAs), predominantly EPA and DHA known to
their important role in immune system regula-
tion, blood clots, neurotransmitters, cholesterol
metabolism, and structure of membrane phos-
pholipids in the brain and the retina (Abedi
and Sahari, 2014). Nowadays, the increased
consumer information towards healthier as-
pects of the foods, has led to a higher demand
of fresh and natural products. However, due
to its high value in proteins and lipids, fish is a
very perishable food. Since degradation of cer-
tain nutritive constituents, in particular lipids,
begins during handling and it may increase
during industrial processing, the nutritional
content of raw seafood products could signifi-
cantly reduced. For these reasons, convenience
foods, minimally processed with characteristics
closer to that of the fresh products are gaining
importance and have led to new interventions
in the fish-processing for extending the shelf
life with minimal use of preservatives or severe
heating procedures.

Nevertheless, the development of new mild
technologies, could increase the risk of expo-
sure of the consumer to pathogens consid-
ered autochthonous in certain fish products,
as the third larval stage of Anisakidae fam-
ily. The majority of larvae in fish are found in
the viscera and internal organs, with a lesser
extent in the muscle. The genera of Anisaki-
dae family implicated in case of human infec-
tion (i.e. Anisakis) represents a hazard to con-

sumer health, since it may cause pathogenic
diseases like gastric or intestinal anisakiasis
(Lopez-Serrano et al., 2003; Nawa et al., 2005),
and gastro-allergic disorders (Audicana and
Kennedy, 2008; Hochberg and Hamer, 2010).
The effects of anisakids on the reduction of
commercial value of fish (Vidacek et al., 2009)
and its impact on human health has given these
parasites a public health concern, which was
recently recognized by the Panel on Biological
Hazards of the European Food Safety Author-
ity (EFSA, 2010).

Freezing, thermal processing, salting, and
high hydrostatic pressure (HHP) treatments
can be used to kill Anisakidae larvae. Among
these methods, freezing and thermal process-
ing are proved to be effective. According to the
Food and Drug Administration (FDA, 2001),
raw or undercooked fish products should be
frozen at −35 ◦C for 15 h. European Food
Safety Authority supports the effectiveness
in controlling parasites by freezing at −20 ◦C
(−4 ◦F) at the centre of the product for 24 h
and underlines to cook fish at 60 ◦C for at
least 1 min to kill Anisakis larvae (EFSA, 2010).
The current European Union, ruling on food
hygiene (Hygiene Package), permits the con-
sumption of raw products only when they have
been made safe through freezing (−20 ◦C in all
part of the product) or with other methods of
proven efficacy, such as smoking at over 60 ◦C
or marinating treatments sufficient to devitalise
any parasites present (EU, Reg. 853/2004, Sec-
tion VIII, Chap. III, point D). Recently, ef-
fects on the inactivation of Anisakis larve by
high-pressure process (Molina Garcia and Sanz,
2002; Dong et al., 2003; Brutti et al., 2010) were
investigated. Brutti et al., (2010) reported that
HP-treatment at 300 MPa for 5 min was suffi-
cient to completely inactivate Anisakis larvae
located in whole mackerel (Scomber scombrus).
Although high hydrostatic pressure was effec-
tive in killing A. simplex larvae in raw fish fil-
lets, its significant and negative effect on color
and overall appearance of the fillets may limit
its application to the processing of fish for raw
fish markets (Dong et al., 2003).

The aim of this work has been to evaluate
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the efficiency of time and pressure applied on
the inactivation of Anisakidae larvae in raw
and marinated mackerel fillets and their effects
on quality of processed fish.

II. Material and Methods

Preparation samples
Live Anisakidae larvae were collected from the
viscera of heavily parasitized fish. Live larvae
adhering to the viscera tissue were collected,
immediately placed in saline (0.85% NaCl), and
stored at 4 ◦C. To standardize the conditions
of each pressurized treatment, 20 live larvae
were inoculated in the cavity produced in the
raw mackerel fillets and, before marinating, in
marinated samples. Each sample was under-
vacuum sealed in a high-density polyethylene
(HDPE) bag. Following packaging, raw and
marinated samples were stored at 4 ◦C for 2
h to let the larvae adapt to the changed con-
ditions. Live larvae isolated from viscera of
parasitized fish were kept in saline and stored
at 4 ◦C for control. Mackerel (Scomber scombrus)
were purchased within 24-48 h post-caught,
from a local seafood market in Foggia, Italy, in
January 2017. The average length and weight
of the samples was of 31 ± 1.5 cm and 160 ±
5 g, respectively. Raw fishes were eviscerated,
headed, washed, gutted, skinned and filleted
into two sides (80 ± 7 g each one) in a cold
room at 4 ◦C. Then each fillet was marinated
by immersion in a pre-chilled (4 ◦C) solution
patented in Italy (n. 0001394882, Severini and
Fiore, 2012) having a pH of ∼ 2.16. The high
pressure treatments were carried out through
high pressure pilot autoclave (Quintus Food
Press 35L-600, SSICA Parma, Italy), operating
at 100, 200 for 5 and 8 minutes and 300 MPa
for 5 min at 4 ◦C.

Measurement of viability
All experiments were carried out in tripli-
cate. Live larvae recollected from each sample
in saline were counted. In the absence of
spontaneous movement, larvae in saline were
gently touched with a sharp wooden stick
approximately 5 times to observe movement.

If movement of the larvae was not observed
shortly after touching, the experiment was
repeated. All larvae that showed movement
either spontaneously or by the stimulating
tool were recorded as ’live’. If there was no
movement after being stimulated 5 times, the
larva was recorded as ’dead’. Following the
observation, viability was calculated. Values of
viability were shown as %.

Color
Color measurements were performed on fish
fillets with a Minolta Chromameter 2 Re-
flectance (Minolta, Japan) equipped with the
measurement head CR 300, according to the
standard conditions of the Commission In-
ternational d’ Eclairage (CIE). Results were
expressed as L* (brightness), a* (red index) and
b* (yellow index).

Proximate composition analysis
Moisture content was determined using the dry
oven method (AOAC, 1995) - method 954.01.
Ash content was determined from the loss in
weight that occurs during incineration of the
sample at 525 ± 25 ◦C, according to AOAC,
(1995)-method 942.05. Crude protein was de-
termined by the Kjeldahl methods (AOAC,
1995)-method 954.01. Crude protein was de-
termined by multiplying the nitrogen value
by the conversion factor of 6.25. Crude fat
was determined using AOAC (1995)-method
920.39. Fatty acids were analyzed by GC after
from mackerel fillets by hydrolytic methods
(AOAC, 1995)-method 996.06.

Statistical analysis
Results are presented as mean values and stan-
dard deviation. All experimental data were
analyzed by using the one way ANOVA with
a Fisher post hoc tests with a p-level of 0.05.
Descriptive analysis of data were performed
using the software package Statistica ver 10.0
(StatSoft, Tulsa, USA).
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III. Results and Discussion

The effects of pressure level and pressure hold-
ing time on the Anisakidae larvae viability in
raw and marinated mackerel fillets are shown
in figure 1.

No significant differences (p > 0.05) in the
viability of larvae were found in raw and mari-
nated fillet samples. According to the data re-
ported in literature marinating is an inadequate
treatment to kill the nematodes in seafood. The
mortality rate of the nematodes is a function
of time and dependent mainly by salt and acid
concentrations in the aqueous phase of the fish
tissue. It is reported that traditional marinat-
ing procedures (water phase 6% salt and 2.4%
acetic acid) for marinating herring fillets re-
quire a storage time of at least 35 days, for all
the larvae are killed (Karl et al., 1995). However,

the relatively high concentrations of salt and
acetic acid make undesirable acidified products
that may not be accepted by the consumers. In
this study, mackerel fillets showed an average
value of pH ∼ 4.25 ± 0.03 after marinating
(data not shown), sufficiently low to prevent
bacterial growth of some pathogens, but not
sufficiently to devitalize Anisakidae larvae. It
is known that parasite (i.e. Anisakis) are very
resistant to the acidic conditions of the gastric
juice of the host (Adams et al., 1999). When
hyperbaric treatments were applied the via-
bility of larvae in raw and marinated fillets
showed a different behaviour as a function of
both pressure and pressure holding time (fig.
1). A significant (p < 0.05) reduction of lar-
vae viability in raw pressurized samples at 200
MPa in comparison to untreated samples was
observed.

However, the great variability indicated that
the applied pressure is still inadequate for the
complete larvae devitalisation. On the contrary,
the pressure of 300 MPa was significantly effec-
tive to kill all larvae present in raw mackerel
fillets, in agreement with the data obtained by
other authors (Brutti et al., 2010). At 200 MPa
of pressure, time process significantly (p < 0.05)
affected the larvae viability in marinated fillets,
reducing the percentage from 94.33% ± 9.81 of
untreated sample to 20% ± 28.28 after 5 min
of process. Extending the time of process until

to 8 min, the larvae viability significantly (p <
0.05) decreased to 0%. This result was not ob-
tained in raw processed fillets in the same con-
ditions. The C.I.E. L* a* b* color values before
and after pressure treatments are presented in
table 1. HP-treatment affected significantly (p
< 0.05) the color of pressurized (raw and mar-
inated) mackerel fillets. At 100 MPa the fillet
luminosity decreased significantly (p < 0.05)
as well as both a* and b* parameters. When
pressure increase to 200 MPa, any difference in
L* values was not show between treated and
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untreated fillets. Applying a pressure of 300
MPa for 5 min the significant (p < 0.05) in-
crease of L* in the raw pressurized fillets could
be attributed to a reduction of red index (a*).
They particularly appeared as cooked. These
changes were attributed to the denaturation of
the myofibrillar and sarcoplasmatic proteins
(Ledward, 1998). Raw and marinated fillets not
submitted to hyperbaric treatments, showed
significant (p < 0.05) difference in L*, a* and b*
values. It is evident that marinating changed
significantly the appearance of the fillets that
can be visually observed.

The higher L* index of marinated fillets
could be attributable to a balance between the
decrease of red (a*) and increase of yellow (b*)
indexes, which made the marinated fillet simi-
lar to that cooked. High hydrostatic pressure
affected significantly (p < 0.05) the color of
marinated mackerel fillets only in terms of lu-
minosity.

No significant (p > 0.05) changes in a* val-
ues appeared for the pressurized marinated
fillets, while a significant decrease of b* values
(p < 0.05) was noticed when marinated fillets
were pressurized at 200 MPa for 8 min. Ta-
ble 2 illustrates the effect of pressure level and
pressure holding time on the proximate compo-
sition and PUFAs content of the untreated and
pressurized mackerel fillets. Both the pressure
level and pressure holding time significantly
(p< 0.05) influenced the decrease in water con-
tent of pressurized raw fillets in comparison
with untreated samples. Reasonably, this could
be caused by the water loss of fish tissue as
a consequence of the physical and chemical
changes induced by the processing. High pres-
sure can affect protein conformation leading to
protein denaturation, aggregation or gelation,
as a function of processing conditions (Gross
and Jaenicke, 1994).
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For instance, Marcos et al., (2010) reported
that the denaturation of sarcoplasmatic pro-
teins, induced by high pressure treatment, in-
creased the water loss in pressurized meats.
This was confirmed by ash values of pressur-
ized samples that decrease significantly (p <
0.05) when pressure and time of process in-
crease (table 2). The protein content didn’t
show any significant (p > 0.05) difference
among treated and untreated samples. As for
protein fraction, as well known, the pressuriza-
tion produces both the denaturation of the con-

tractile proteins of meat (myosin and actin) and
solubilization of the connective tissue (colla-
gen) (Gomez-Guillen et al., 2005). It is possible
to hypothesize that a balance between contrac-
tile proteins denaturation (myosin and actin)
and the solubilization of collagen induced by
high pressures would occur. Total percentage
of lipid of raw fillets showed a significant (p
< 0.05) increase with the increase of pressure
level and pressure holding time, due to the
significant water loss that occurred.

Even if 100 MPa for 5 min didn’t show
any significant (p > 0.05) effect in the proxi-
mate composition, theirs content in total PU-

FAs decreased significantly (p < 0.05) as fast as
in other pressurized samples. Regarding this
important nutritional components our results
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showed significant (p < 0.05) changes influ-
ence as a function of pressure and time condi-
tions. The lowest value of total PUFAs (4.82
+ -0.01) was observed at 100 MPa of pressure
for 8 min (3.5 ± 0.03), while the highest was
shown by samples treated at 200 MPa for 5 min
(5.1 ± 0.09). The extension of treatment time
significantly increase the total PUFAs content
in all pressurized raw fillets. Regarding the
marinated samples, changes in the proximate
composition are shown in table 2. Comparing
raw and marinated untreated fillets, the loss
in water content was the most effect that oc-
curred after marinating. For this reason other
nutritional compounds increased significantly
(p < 0.05) than non-marinated fillets. The same
effects of pressure levels and pressure hold-
ing time on untreated sample were observed
for the marinated fillets submitted to high
pressure, with exception for time of process
that negatively affected total PUFAs content if
prolonged from 5 to 8 min. Combined high-
pressure and marinating treatments led to the
highest value in total PUFAs.

IV. Conclusions

The application of high hydrostatic pressure
was an effective technology to devitalize lar-

vae belonging to the Anisakidae family in raw
and marinated fish. The results confirm those
already known in literature regarding whole
mackerel fillets. Marinating is not common
for fish species as mackerel, but at low concen-
trations of salt and organic acids this practice
exerts a synergistic effect if combined with high
pressure to inactive Anisakidae larvae. Pres-
sure of 200 MPa for 8 min were sufficient to de-
vitalize 100% of larvae inoculated in mackerel
fillets, while 300 MPa for 5 min were required
for raw samples compromising its appearance
similar to the cooked product. The changes in
color, particularly in the raw pressurized fillets
were gradual with both the pressure level and
pressure holding time. From a nutritional point
of view, raw and marinated pressurized sam-
ples didn’t show significant variation in protein
composition, while a significant influence was
reported for PUFAs that were more sensible at
lower pressure adopted in both raw and mar-
inated samples. The combined effect of high
pressure and marinating were able to reduce
pressure level required to inactivate Anisaki-
dae larvae from 300 MPa to 200 Mpa in min-
imally processing mackerel fillets, improving
other qualitative aspects as appearance and
nutritional value.
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Abstract

In the last years, has been a sudden and increased interest by scientists in
producing creating plant origin food products. This is explained by their
polyphenolic content, to which has been attributed a large scale bioactivity as
described in many studies. Foods that have beneficial effects due to their high
content in polyphenols are olive oil, wine, cocoa, coffee, fruits and vegetables
with intense color, whole grain products, tea and other herbal beverages. The
purpose of this study was the enrichment of olive oil with olive polyphenols
and specifically with hydroxytyrosol, tyrosol, and oleuropein aglycones in or-
der to produce a final product with increased bioactivity and official health
claim. Initially, we developed a fast and accurate method of total polyphenols
analysis by UV-VIS method, in order to evaluate the degree of enrichment of
olive oils, by three specific chosen methods. Also, the UV-VIS method was
used to examine and to measure the commercial olive polyphenols compared
with cold pressed olive oil. The three alternative oil enrichment methods with
olive polyphenols are: I) Addition of encapsulated polyphenol derivatives into
liposomes, II) Extraction of polyphenols from olive oil using an organic solvent
and then incorporating them with cryogenics sublimation with another olive
oil, III) Extraction of polyphenols in the body olive oil from olive leaves using
ultrasound at a controlled low temperature. Consequently, based on the results,
the first two methods are effective. The final product combines nutritional and
medical benefits in the prevention of diseases and can be used by the industry,
for food and pharmaceutical products improvement.

Keywords: Olive oil, natural polyphenols, functional Foods
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I. Introduction

Since ancient times, it is known that olive
oil in our diet is important to our health.
Olive oil was used for skin care and mus-

cle luster, abrasion therapy, burn healing, and
dehydration caused by the sun. It is a product
with equally spectacular properties for both
health and beauty. The body cells incorpo-
rate the valuable fatty acids of olive oil, mak-
ing the arteries and the skin smoother. Today,
modern medicine continues to recommend the
widespread use of olive oil in the nutrition of
adults and children, health, thanks to its valu-
able ingredients that provide health, well-being
and longevity.

The Mediterranean diet derived from the
olive oil producing countries of Greece, Spain
and south Italy is famous all over the world for
its beneficial properties. The beneficial effect of
olive oil is due to its high content of substances
with antioxidant action, combining effectively
and effectively reducing the destructive action
of free radicals, enhancing the defense of the
body and shielding the heart and vessels (Dew
et. al., 2005; Visioli et al., 1998; Visioli and Galli,
2001; Visioli and Galli, 1998a; Visioli and Galli,
1998b; Visioli and Bernardini, 2011).

In the last years, has been an increased in-
terest in producing natural food additives orig-
inated by plants. One of them are polyphenolic
compounds, attributing a large scale bioactivity
as described in many studies showing multiple
benefits for human health captivating strong
interest of the scientific community (Bulotta et
al., 2014). The three polyphenols with the high-
est concentrations in olive oil are the glucoside
elephrophin, hydroxytyrosol and tyrosol.

Studies have shown that the composition of
polyphenols in olive oil depends on many fac-
tors such as the altitude of the area where the
olive trees are grown, the maturity stage of the
fruit, soil and climatic conditions (height of pre-
cipitation, temperature) (Cinquanta et al., 1997;
Ryan and Robards, 1998). In the case of olive
oil, the olive oil is also used for the production
of olive oil. Concentration of polyphenols in
olive oil varies from 50 to 1000µg / g (ppm) of

oil, depending on the olive variety and extrac-
tion system, and this amount of antioxidants
in olive oil is only 1-2% (Rodis et al., 2002;
Tsimidou et al, 1992).

The most important properties of the
polyphenols are their antioxidant activity, their
effect on the digestion of macronutrients and
absorption of metal elements, their anticancer
and antibacterial effect and their antiallergic
properties. Furthermore, studies done by Leon-
topoulos et al., (2015); Leontopoulos et al.,
(2016) have demonstrated the antimicrobial
activity since studies done by Kokkora et al.,
(2015); Kokkora et al., (2016) demonstrated the
possible effect on maize production and soil
properties.

Other ingredients of the olive oil are caffeic,
vanilla, syringic and coumaric acids. Other an-
tioxidant compounds present in olive oil are
various flavonoids and anthocyanins (Visioli et
al., 1998; Benavente-Garcia O et al, 2002; Scal-
bert et al., 2005). Several recent research works
have been studied the extraction and absorp-
tion of polyphenolic compounds (Petrotos et
al., 2015; Petrotos et al., 2016).

Foods that have beneficial effects due to
their high content in polyphenols are olive oil,
wine, cocoa, coffee, fruits and vegetables with
intense color, whole grain products, tea and
other herbal beverages.

The aim of this study was the enrichment of
olive oil with olive polyphenols and specifically
with hydroxytyrosol, tyrosol, and oleuropein
aglycones in order to produce a final product
with increased bioactivity for human health.

II. Material and Methods

In this work the measurement of total polyphe-
nols in olive oils (derived from different
sources) was studied. Studies of olive oil
enrichment with olive polyphenols included
addition of encapsulated derivative of polyphe-
nols in lecithin liposomes, addition of polyphe-
nols that extracted from olive oil incorporated
with cryogenic sublimation with other olive oil.
And extraction of polyphenols, in the ’body’
olive oil, from olive leaves using ultrasound at
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controlled low temperature.

Measurement of total Polyphenols in
olive oil Pure polyphenols extracted from
olive oil using a centrifuge followed by spec-
trophotometric determination of the extract
using Folin-Ciocalteu reagent and measure-
ment at 725nm (Tsimidou, 1998; Tsimidou,
2005).

Olive oil enrichment with encapsulated
derivative of polyphenols in lecithin lipo-
somes
Encapsulation of liquid polyphenol in lecithin
using Freeze Dryer was used in this study.
Then, Mix powder (lecithin with polyphenol)
with olive oil at three different concentrations
(200, 500 and 1000 ppm) to increase antioxidan-
tâĂŹs activity was examined enriching olive
oil by adding liquid polyphenol (200, 500, 1000
ppm). Funally, samples were measured with
RANCIMAT method for their resistance to oxi-
dation.

Extraction of olive oil polyphenols using
organic solvent followed by a cryogenic sub-
limation technique to add polyphenols into
other olive oil samples

Extraction of olive oil and collection of hy-
dro alcoholic phase was the first step at this
stud followed by adding hydro alcoholic phase

into a sample of olive oil. Then, evaporation of
methanol in Freeze Dryer and determination
of total polyphenols using UV-VIS method was
used.

Extraction of polyphenols, in the ’body’
olive oil, from olive leaves at controlled low
temperature using ultrasound technique

Collection, washing and slicing of olive
leaves was the first step of this study followed
by incorporation of chopped olive leaves to the
sample of olive oil at three different concentra-
tions (1%, 5% and 10%). The placement of olive
oil samples in an ultrasonic probe for 5 minutes
and the determination of total polyphenols us-
ing UV-VIS method in the originals and the
enriched samples of olive oil were the final
steps.

III. Results and Discussion

Observing the Figure 2, we conclude that both
standardized and bulk olive oil producers have
a lower total polyphenol concentration than
cold pressed olive oils due to the heat treat-
ment they present in the oil mills. It is therefore
confirmed that the processing temperature of
olive oil plays an important role in its quality
as it also affects its polyphenol content.

Figure 3 shows the concentration of total
polyphenols (ppm) in the original olive oil sam-
ple and after enrichment. It was observed that
the concentration of total polyphenols after en-
richment almost doubled. This method is there-
fore considered effective.

Figure 4 shows the results of the concen-
tration of polyphenols (ppm) in the olive oil
sample before and after enrichment with the
olive leaves. It was observed that the olive leaf
enrichment method did not give satisfactory
results. There was not a large increase in the
total polyphenols (6% increases).
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In Figure 5 appeared that sample 4 enriched
with encapsulated polyphenol in lecithin (1000
ppm) exhibits greater oxidative strength than
that of the samples enriched with liquid
polyphenol. Lecithin retains polyphenols in

the oil which in turn protects it from oxidation.
Therefore, this particular enrichment process is
effective as an increase in polyphenol concen-
tration of 40% is achieved.
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IV. Conclusions

The ’cold’ pressed oil samples contained signif-
icantly higher amount of polyphenols. The
use of ultrasound in olive oil with olive
leaves dipped showed increased percentage of
polyphenols in the treated oil samples. How-
ever, did not show remarkably high concentra-
tion (6%). Encapsulation in lecithin produces
polyphenols soluble powder in the oil (1000
ppm) which enhances the antioxidant proper-

ties of the oil, increasing by a high proportion
(40%) the resistance to oxidation as demon-
strated by the RANCIMAT test. It can be also
achieved that the increase of the content of the
extracted olive oil polyphenols and their incor-
poration to the process of sublimation of the
solvent under high vacuum is possible. This
technique can be also used for olive oils with
high levels of polyphenols showing beneficial
properties for human health.
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Abstract

The bacterium Pseudomonas oryzihabitans symbiotically associated with the
entomopathogenic nematode Steinernema abbasi, is particularly effective against
root-knot nematodes. The ability of P. oryzihabitans to colonise the root system
was also investigated. Determination of chemotactic movement of the bacterium
and second stage juveniles (J2) of Meloidogyne javanica toward to a higher
concentration of favourable chemicals secreted by tomato roots and away from
an unfavorable source was investigated. The bacterium was found to have
colligative stimulation in the simultaneous presence of tomato root tip exudates
and J2 of M. javanica. Positive chemotactic effects in the presence of root tip
exudates near the J2 were seen and neutral chemotactic response was seen when
nematodes or root tip exudates was applied away from cells. Soil pre-inoculated
with bacterial cells was found to affect the movement and behaviour of J2, obser-
vations 4 months later

Keywords: Biological control, nematodes, bacteria, chemotaxis, tomato

I. Introduction

Despite all therapeutic measures that
can be applied nowadays, plant dis-
eases and pests still exist and be-

come the limiting factor in tomato produc-
tion in many parts of the world. In Greece,
diseases caused by soil borne fungi and

bacterial-caused diseases such as bacterial
wilt (Ralstonia solanacearum) and bacterial can-
cer Clavibacter (Corynebacterium) michiganense
subsp. michiganense affect tomato plants and as
a result can cause important economic losses
(Rezzonico et al., 2017).

Among the pests that affect tomato plants,
one of the most important are nematodes
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which are a part of the complex of root prob-
lems. Fusarium oxysporum and other Fusarium
spp., Verticillium spp. and Pythium spp. are
examples of fungi that interact with nema-
todes, mainly Meloidogyne spp., Pratylenchus
spp. and Rotylenchulus reniformis, with syn-
ergistic effect on plant damage (Vagelas and
Gowen, 2012; Vagelas and Leontopoulos, 2015;
Rezzonico et al., 2017). Interactions are also
known to occur between the disease caus-
ing bacteria Clavibater spp., Pseudomonas spp.
and Agrobacterium spp., and species of the
nematode genera Meloidogyne, Pratylenchus,
Anguina and Ditylenchus (Dash et al., 2017;
Lamovsek et al., 2017). A well-known exam-
ple of nematode-bacteria interaction is that
of Meloidogyne spp. and Ralstonia solanacearum
causing bacterial wilt of many crops including
tomato (Bridge and Williams, 2001). Particu-
larly Meloidogyne incognita (Kofoid and White)
Chitwood, M. javanica (Treub) Chitwood, and
M. hapla Chitwood, are the most widely dis-
tributed nematode pathogens of tomato (Jones
et al., 1991).

Thus, according to Leontopoulos et al.,
(2015) Greek farmers are seeking for alterna-
tive crops such as energy crops in order to
increase their income despite the development
of resistant varieties (Stevens and Rick, 1986).

Control of plant parasitic nematodes
The term ’control’ strictly refers to specific
acts designed to reduce the numbers of pest
or disease organisms and keep the disease
level below the economic threshold of damage
(Hooper and Evans, 1993). This term comes in
contrast with that of the farmers, who refer to
control as meaning the complete elimination
of pest or disease on their farms.

When a crop is cultivated on a large scale
conditions will favour the multiplication of
pests and as a result the decrease of the pro-
ductivity of the crop. These processes result in
the establishment of an unstable equilibrium,
which is called the natural balance. Hence the
need for crop protection. Nowadays, several
methods of effectively controlling nematodes
are available (Agrios, 1988; Yawson et al., 2017).

Heald, (1987) divides them into the two broad
categories of chemical and non-chemical, with
a number of subdivisions within each. The
alternatives for control are perhaps best con-
sidered as chemical control, use of resistant
cultivars, cultural practices, physical methods
and biological control (Hooper and Evans,
1993).

Biological control
Biological control sensu stricto refers to the use
of one living organism to control another, the
latter being a pest (Kerry and Hominick, 2001).
Micro-organisms that can grow in the rhizo-
sphere are ideal for use as biocontrol agents,
since the rhizosphere provides the front-line
defence for roots against attack by pathogens
(Weller, 1988). Cobb, in 1920, seems to be
the first to consider using parasites and preda-
tors of nematodes as biological control agents
although his results were not so encourag-
ing. Oorganic substances such as phenazines
(Kavitha et al., 2005) and plant exudates are
used to control plant parasitic nematodes and
soil borne fungi (Gravanis et al., 2011; Leon-
topoulos et al., 2016; Skenderidis et al., 2017).
Nowadays, fungi, bacteria, viruses, nematodes,
insects, mites and miscellaneous invertebrates
can act as biological agents for plant para-
sitic nematodes. However, biological control
of soil-borne pathogens by introducing micro-
organisms has been studied for over 85 years
(Baker, 1987; Leontopoulos et al., 2004; Gra-
vanis et al., 2011; Leontopoulos et al., 2011;
2015; 2016; Hu et al., 2017; Nile et al., 2017)
and it has not yet been considered as com-
mercially feasible (Weller, 1988) with a very
few exceptions in which successful formu-
lation of Trichoderma spp. used as biologi-
cal control agents against soil borne disease.
Also a formulation of the quite promising bac-
terium Pasteuria penetrans has been produced
and it has been used to control plant para-
sitic nematodes in Japan. The most studied
endoparasites of plant parasitic nematodes are
Drechmeria coniospora, Nematoctonus leiosporus
and Verticillium balanoides. They tend to be ob-
ligate parasites because of their small sized
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spores, which have insufficient reserves to es-
tablish mycelium in soil (Stirling, 1991) and
cannot so far be cultured on laboratory media
(Kerry and Hominick, 2001).

Among fungi that are signifi-
cant pathogens of root-knot and cyst
nematodes, Paecilomyces lilacinus and
Pochonia chlamydosporia are the most impor-
tant and can be parasites of nematode
eggs (Rodriguez-Kabana and Morgan-Jones,
1988). Another two well-studied nema-
tode destroying fungi are Phytophthora and
Pythium species (Li et al., 2005). The mode
of parasitism of Phytophthora palmivora and
Pythium aphanidermatum was found to be the
same as that of P. monospermum. P. monospermum
and it does parasitize apparently viable ne-
matode eggs by unspecialised hyphae. The
infected eggs are eventually consumed and
destroyed (Tzean and Estey, 1981). However,
the use of the fungi as biological agents has
various limitations such their non-specific na-
ture in predation, their slow growth and their
requirement for high amounts of, and some-
times highly specific, nutrients. This can be
a drawback to their success a full develop-
ment as candidates for commercial production
(Jatala, 1986).

The second group of plant parasitic nema-
todes, are the bacteria. Despite the fact that
they are present in most soils in prodigious
numbers, there have been remarkably few at-
tempts to investigate the relationships between
them and plant parasitic nematodes (Sayre and
Starr, 1988; Abd-Elgawad, 2015; Aballay et al.,
2017; Lamovsek et al., 2017). Although a wide
range of bacteria may be antagonistic to ne-
matodes, only one genus (Pasteuria) contains
species, which are obligate mycelial and en-
dospore forming parasites that actually prolif-
erate in the nematode (Kerry and Hominick,
2001). There are three species, P. penetrans
on Meloidogyne spp., P. thornei on Pratylenchus
spp., and P. nishizawae on cyst nematodes have
been distinguished in this genus (Chen et al.,
1996; 2000). However, Stirling (1991) considers
the obligate nature of its parasitism may limit
the biological control potential of P. penetrans.

So far, attempts to culture Pasteuria in vitro
have failed and this prevents it from being
used commercially (Tzortzakakis and Gowen,
1994; Tzortzakakis et al., 1997). Apart from
P. penetrans which is the most researched and
the most promising biological agent (Vagelas et
al., 2007; 2011a; 2011b; 2012a; 2012b; Kamran et
al., 2014; Kokalis-Burelle, 2015; Abd-Elgawad
and Vagelas, 2015; Timper et al., 2016; Thakur
et al., 2016), there are some other bacteria and
rickettsia-like organisms (RLO) that have been
observed in some plant parasitic nematodes.

Another potential bacterium for use in
nematode control is Pseudomonas oryzihabitans.
Currently, Pseudomonas spp. are receiving
much attention as biocontrol agents (Samaliev
et al., 2000; Leontopoulos et al., 2003; Vagelas
et al., 2007; Leontopoulos et al., 2011; Dyson et
al., 2015) inhibited the potato late blight disease
caused by the fungus Phytophthora infestans
(Thomson, 1999). It has also protected cucum-
ber plants against bacterial wilt caused by the
bacterium Erwinia tracheiphila (Luz, 2000) and
being antagonistic to Fusarium oxysporum f.sp.
lycopersici, it has suppressed the incidence of
wilt caused by this fungus in tomato plants
(Vagelas et al., 2000). However, more research
needs to be done in the use of P. oryzihabitans
as a biological control agent. P. oryzihabitans
is a widely distributed bacterium having been
isolated in the UK, USA, Germany Malaysia,
Thailand, Japan and Switzerland. (Holmes et
al., 1987). The natural habitat of P. oryzihabitans
is thought to be water, soil or other damp en-
vironments (Gomez et al., 1986). Moreover, it
has been found that it can remain viable in
water at room temperature for several months
(Elawad, 1998). On the basis of their biochemi-
cal characteristics, Pseudomonas spp. were ini-
tially classified as Chromobacterium typhiflavum
by Pickett and Pedersen before being assigned
to CDC (Centers for Disease Control, Georgia,
USA) group Ve-1 and Ve-2 by Tatum et al.,
(1974). However, because they share features
with Pseudomonas, Xanthomonas, and Er-
winia spp., their taxonomic position remained
uncertain (Freney et al., 1988).

Although the role of nematodes in vector-

77



International Journal of Food and Biosystems Engineering, August, 2017 Vol 5(1): 75-100

ing plant viruses was established many years
ago, the existence of viruses that cause disease
in plant parasitic nematodes has not yet been
conclusively demonstrated (Stirling, 1991). The
major problem using viruses involved in sam-
pling and examining large numbers of individ-
uals from soil and roots. Also another problem
is that the nematode’s cuticle is likely to pro-
vide an effective barrier to the entry of virus
particles (Hess and Poinar, 1988).

Finally, another group, which can act as a
biological agent against plant parasitic nema-
todes, are nematodes themselves. Predatory
nematodes are found in four main taxonomic
groups. Each group has quite different feed-
ing mechanisms and food preferences (Stirling,
1991; Abd-Elgawad, 2016).

Although the prolonged effects in the use
of micro-organisms as biological agents, bi-
ological control techniques are very slow to
develop and probably they are going to be
an option giving poor results compared with
chemical treatment. The control is never abso-
lute, as some pest population must be present
to support the biological agent population.

Nematodes and the role of root exudates
Nematodes have been described as being
widely distributed organisms which attack a
numerous of plants (Sasser and Freckman,
1987). To locate these food sources they are
equipped with sensory organs which are lo-
calised mainly in their anterior (amphids, papil-
lae) or in their posterior regions (phasmids).

Although, the stimuli may originate from
plant roots, physical stimuli such temperature,
chemical stimuli may also originate from other
live organisms in the rhizosphere (Cohn and
Spiegel, 1991).

However, the most important stimuli for
plant parasitic nematodes are the plant root
and its exudates, to which the nematode re-
sponds by a process known as chemotaxis
(Prot, 1980; Baiocchi et al., 2017). Root exu-
dates usually originate from the breakdown
of sloughed root cap cells or others leak from
points where soil microbial organisms try to
penetrate it and enter into plant (Stirling, 1991).

Most of these substances secreted by roots, con-
tain sugars and aminoacids and when present
in sufficient quantities, can overcome fungista-
sis or cause stimulation of hatching nematodes
by stimulating egg hatch (Bruehl, 1987; Griffin
and Elgin, 1977; Perry, 1997).

However, it is well known that J2 of root-
knot nematodes are attracted to the roots by
the root exudates and the newly formed epi-
dermis, which is thin and is penetrated quite
easily.

According to their diffusion rates, root exu-
dates may be divided into three categories. In
the first one, volatile or gaseous compounds
such as carbon dioxide, ethylene etc. are re-
sponsible for nematode stimulation. Among
those compounds carbon dioxide is the most
important since it is detectable even 1 m away
from a single long root and 2 m from a plant
root mass (Dusenbery, 1987). In the second
category, soluble and highly diffusable com-
pounds were recorded as attractants to differ-
ent nematode species. Finally, non-diffusable
materials may cause attraction or repulsion to
nematodes.

Bacterial chemotaxis and the role of root
exudates
Flagellated bacterial cells occurring in a chem-
ically uniform environment typically adopt a
randomized movement due to their flagella. In
that chemical environment the presence and
the concentration of those chemical contents
may play a critical role in movement of the
cells overall and that will be towards the higher
concentration of nutrients. Attractants and re-
pellents affect special protein sensors located in
the cell envelope that cause anticlockwise (less
tumbling) or clockwise (more tumbling) flagel-
lar rotation. This attraction or repellent bacte-
rial movement to an enriched environment of
nutrients or away from harmful substances is
called chemotaxis (Singleton, 1991).

Therefore, bacterial chemotaxis is impor-
tant because this may contribute to the ability
of that organism used as a biological agent to
colonize and adapt the root system effectively.
Moreover, it may be especially important when
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the biological agent (e.g. bacteria) is added
to soil, and thus initially not in contact with
the plant. One of the major constraints in the
development of an effective biological agent is
the poor colonisation of the rhizosphere by the
introduced organism (Deacon, 1997; Walker et
al., 2002; Baker, 1987). For that matter, the us-
age of pseudomonads as effective biocontrol
agents may result in part because of their abil-
ity to colonise the rhizosphere and produce
substances which are toxic and inhibit other
potential rhizosphere colonists including root
pathogens (Weller, 1985; Vagelas, 2002).

Sher et al., (1985) demonstrated chemotaxis
of fluorescent pseudomonads to soybean ex-
udates in water saturated soil, while Weller
(1988) concluded, that chemotaxis toward seed
or root exudates may contribute to the ability
of bacteria to colonise roots.

Studies done by Scher et al., (1985) show
the ability of P. putida RW1 to move 1 cm
toward a soybean seed in 12 h. Likewise,
Azospirillum lipoferum, Pseudomonas fluorescens
and Azospirillum brasilense showed evidence of
chemotaxis to wheat root exudates moving less
when wheat roots were absent (Heinrich and
Hess, 1985; Basham, 1986).

The endmost purpose of a biological agent
such as the bacterium P. oryzihabitans should
not only be the ability to affect and successfully
suppress a plant parasite be it either a fungus
or a nematode, but it should also provide good
root colonization and stability to its sites of
colonization. For these reasons a proper bac-
terial root colonizer is a bacterium that when
introduced to a system of a natural soil be-
comes distributed along the root, multiplies
and survives in the presence of competition
by the indigenous rhizosphere microflora for
several weeks. The ability of a bacterial strain
to colonize, or establish a large population in
the rhizosphere is a critical factor determining
its importance as a root associate.

According to Howie et al., (1987) the pro-
cess of colonization in all biocontrol systems,
occurs in two phases. In phase I, the bacteria
becomes attached to the root system by their
exudates or by other stimuli and are then trans-

ported on the elongating root tip. In phase
II the bacteria will spread locally and antag-
onize the indigenous rhizosphere microflora
and survive.

However, root tips do not always become
colonized. Generally losses of introduced bac-
teria by the root tip may occur from physical
removal due to processes such as absorption to
the soil particles, the displacement of the tip or
due to competition from indigenous bacteria as
result of bacterial inability to multiply rapidly
enough and extend rapidly through the soil
(Bahme and Schroth, 1987; Baker, 1987).

It is crucial if we are ambitious, to de-
velop an effective microbial biological agent
to understand how an externally introduced
microorganism acts in a system and how abcit-
tious factors such as physical factors or the
indigenous microflora are likely to influence
the introduced organism.

Aims and objectives of this study
The aim of this study was the determination of
chemotactic movement of P. oryzihabitans and
M. javanica toward to a higher concentration of
favorable chemicals secreted by tomato roots
(root exudates) and away from an unfavorable
source.

II. Material and Methods

The bacterium Pseudomonas oryzihabitans was
isolated from the entomopathogenic nema-
tode Steinernema abbasi and cultures of the bac-
terium were incubated in an incubator (LMS)
adjusted at 28 ± 2 ◦C. Steinernema abbasi iso-
lates were taken from soil samples from fields
of alfalfa in Oman (stored at the University of
Reading cryogenic storage sample bank) using
the larvae of Galleria mellonella.

The root-knot nematode Meloidogyne javanica
originated from greenhouse soil cultivated
previously with tomato plants in Larissa’s re-
gion was used in these studies. The variety of
tomato c.v. ’Majeo S1’ was used in all the exper-
imental work and to multiply the population
of the nematode M. javanica. The experiments
were replicated 3 times.
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Mass production and extraction of
M. javanica
A very reliable tomato variety (Majeo S1),
which produces heavy crops of medium, sized
tomatoes indoors or out was used. The nema-
tode population was received as egg masses
attached in the tomato root system. The tomato
plants were used for the multiplication of
the initial population for all further experi-
ments. The plants were grown in 10 x 10 x
12cm pots filled with a mixture of high peat
Potgrad P, suitable for propagation of hor-
ticultural seedling obtained from Company
Klassman-Dolmann GmbH Germany as im-
ported in Greek market from Agrochoum SA.
Tomato roots infested with root-knot nematode
Meloidogyne javanica were taken from the pots
and gently washed free of soil.

The clean roots were placed in a jar with 1%
sodium hypochlorite (NaOCL) and shaken for
4-5 minutes (Southey, 1986). To separate the
organic debris from the eggs, the bleach sus-
pension was poured through a series of sieves.
Then the eggs were collected on a 38 µm-pore
sieve, washed carefully with tap water in order
to get rid of the remaining bleach and then
finally poured into a beaker.

The washed egg suspension was poured
onto a double tissue paper supported in a
dish and then tap water added to the level
of the tissue paper. The extraction dish was
covered with another inverted dish to prevent
water evaporation and kept in an incubator at
28 ◦C for a maximum of 3-4 days until eggs
hatched. Hatched J2s were collected daily and
only freshly hatched J2 were used for the ex-
periments. To determine the number of J2/ml
of water, the number of hatched nematodes
were observed with a dissecting microscope at
a magnification of 25x. Three samples of the
nematode suspension were counted and their
means and SDS calculated.

Four samples of the nematode suspension
were counted and means calculated, in order to
avoid highly significant error. All nematodes
were sterilized according to method describ-
ing by Sawhney and Webster (1975) and the
total number of nematodes applied in each

treatment was 200 ±18J2 of M. javanica / ml
of sterile distilled water (SDW).

Production and incorporation of freshly
egg masses of M. javanica
Beside J2 of M. javanica, five egg masses in each
subplot were used to determine the chemo-
tactic effect to cells of P. oryzihabitans. Using
forceps, egg masses were hand-picked from a
heavily infested root system of a tomato plant
and surface sterilized in NaOCl and mixed
into the soil to be tested.

Extraction of nematode’s eggs
According to method described previously,
roots of root-knot nematode infected tomato
plant were washed gently to remove any of the
remaining soil particles without any possible
damage.

The roots were cut in to pieces of 2-3 cm in
length and placed in a bottle containing 10%
sodium hypoclorite.

After 3-4 minutes of vigorous shaking,
sodium hypochlorite dissolves the gelatinous
material covering the egg masses, and the eggs
were dispersed into the suspension. A 150
µm sieve was used to collect the pieces of root
while was placed below a 35 µm sieve which
was used to collect the extracted eggs. When
the entire quantity of the bottle was emptied,
a quick rinse of the roots remaining on the
upper sieve was applied with distilled water
to remove any eggs from their surface. After-
wards, the eggs trapped on the lowered 35 µm
sieve, were washed over the top of the sieve
and placed in a clean bottle. To ensure that
the final amounts of NaOCl were eliminated,
froth created by earlier agitations must have
completely disappeared from the surface of the
sieve. Also the absence of the smell of chlorine
is a good indicator that it has been removed.

Finally, samples of 1 ml of the suspension in
the bottle was added in a 2.5 cm diameter Petri
dish which was previously grid marked at the
bottom to enable counting under a microscope
at a x 35 magnification. A volume containing
200 ± 18 eggs were used for soil application in
treatments to be examined.
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Nematode sterilisation
Streptomycin sulphate (0.1%) was used to ster-
ilise mature egg masses of M. javanica. The egg
masses were picked off the roots and sterilised
for 45 min. (Sawhney and Webster, 1975). Fi-
nally all the nematodes were rinsed in sterile
distilled water before being used in the experi-
ments.

Bacterial Techniques
In this study the bacterium P. oryzihabitans
was used as biological agent against root-
knot nematodes. An infected larva of
Galleria mellonella was used to isolate from its
oozoning haemolymph the bacteria cells onto
a Petri dish containing 30% of nutrient agar
(NA).

To enable selective isolation of the bac-
terium from soil, a semi selective medium con-
sisted of a basal medium of Nutrient agar to
which antibiotics and a fungicide added was
used. The basal medium was autoclaved first
at 121 ◦C for 20 min. and then allowed to cool
before adding antibiotics and fungicide in 10
ml of sterile water.

Fungicide and antibiotics were first filter-
sterilised before adding. Basal medium in 1L
of distilled water contained 37 g of Nutrient
agar. Where antibiotics and fungicides applied
50 µm of Ampicillin or Spectinomycin or Benz-
imidazole was added.

Culture of S. abbasi
Instars larvae of G. mellonella were used to cul-
ture the entomopathogenic nematode S. abbasi
using the technique described by Elawad
(1998). Five to six last instars larvae of
G. mellonella were placed on the bottom of a
Petri dish that had been previously lined with
two filter papers. Approximately 400 S. abbasi,
infective juveniles were applied to the filter pa-
per and surrounded the larvae in a suspension
of 1 ml of distilled water. The Petri dish was
then sealed with Parafilm and incubated for
three days at 28 ◦C.

It was noticed that the bacterium symbiot-
ically associated with S. abbasi turned the ca-
daver of G. mellonella larvae very dark brown

to black within 14 to 18 hours after infection.
After that time of infection the dead larvae
were transferred from the Petri dish to a modi-
fied White trap (White, 1927) which consisted
of a 9 cm diameter plastic closed container. In-
side the container a small Petri dish was placed
upside down and a filter paper was placed on
top of the Petri dish. To ensure that the filter
paper was touching the bottom of the trap, 10
ml of distilled water were added.

After that the dead insect larvae were
washed with distilled water and placed on the
top of the filter paper. After 2-3 days stored
at 28 ◦C the infective juveniles (IJs ) started
emerging and swimming at the bottom of the
trap.

The emerged IJs were poured into a 100 ml
beaker and left to settle down for about half an
hour. Fresh distilled water was added into the
beaker after the surplus water was decanted.
To prevent contamination of the nematode cul-
tures by fungal or other pathogens 2-3 drops of
0.1% formalin were added into the containers.
The harvest was repeated every 2 days until the
larval cadavers were depleted of their contents.
The cultures were kept at 15 ◦C and they re-
newed the latest every six months to avoid loss
of the primary stock. Moreover, stock of the
bacterium P. oryzihabitans was stored at −80 ◦C
in Animal and Microbial Science laboratory
(Vagelas et al., 2000).

Isolation of P. oryzihabitans
Dead last instars larvae of G. mellonella killed
by the entomopathogenic nematode S. abassi,
were washed in distilled water, surface ster-
ilised in 70% alcohol for 5 min and left to dry
in a laminar flow cabinet. Sterilised larvae were
opened carefully with a pair of sterile scissors
and a needle, and a drop of the haemolymph
was poured onto NBTA agar containing 37 g
nutrient agar, 25 mg bromothymol blue pow-
der, 4 ml of 1% 2,3,5 triphenyl-tetrazolium chlo-
ride, in 1 l of distilled water, (Akhurst, 1983).

The agar plates were incubated in the dark
at 28 ◦C for 24 h and single colonies were se-
lected for sub-culture onto NBTA agar plates.

The process was continued not more that

81



International Journal of Food and Biosystems Engineering, August, 2017 Vol 5(1): 75-100

twice until uniform colonies of the bacte-
ria were obtained. To test the purity of
the colonies, bacteria were inoculated into
G. mellonella larvae.

In all cases larvae were killed (the data are
not presented) and the bacterium obtained
from the haemolymph was the same as origi-
nally inoculated.

Preparation of bacterial suspensions
A pure colony of P. oryzihabitans was added in
Nutrient broth No2 (NB2) and shaken for 24 h
at 28 ◦C (150 rpm. min−1 in the dark). Then
the bacterial suspension was added in 250 ml
tubes and was centrifuged at 3100 for 17 min.

After that procedure a bacterial pellet was
formed at the bottom of the centrifuge tube.
The supernatant solution was drained off until
at least 30 ml of this suspension remained in
the tube. Then sterile tap water was added
to the pellet and mixed thoroughly to form a
concentrated suspension of the bacteria cells.

Finally, to determine the required concen-
trations for the experiment, the concentrated
suspension was diluted with sterile tap water
and bacterial concentrations were determined
by estimating the optical density (OD) of the
suspension using a spectrophotometer ad-
justed to the 600-nm wavelength. The formula
used to calculate the bacterial dose concentra-
tion for the experiments was Y = 5237 X-5609;

where X= OD600 values and
Y= cells/ml,
i.e. X = OD280 so Y = 1.4 x 106 cells/ml−1.

The bacterial concentration used in this
study was 106 cells ml-1 and prepared ac-
cording to methods described before. In each
treatment 100 Îijl of the tested bacterial suspen-
sion was added.

Application of P. oryzihabitans to soil
and tomato plants
Bacterial suspensions were applied either by
making four 4 holes around the stem of the
tomato plant to be inoculated and applying the
inoculum with a pipette in a depth of 2-3 cm

or through soaking the root system of plants
in the inoculum for 3 min. In both application
methods care was taken to avoid over watering
and flushing the inoculum in the first few days
after inoculation.

Preparation of root tip exudates from
tomato seedlings
For preparation/collection of root tip exudates
and border cells from tomato seedlings the be-
low method as described by Zhao et al., 2000
was used. Tomato seeds were surface sterilized
in 95% ethanol for 10 min followed by 10 min in
1% sodium hypochlorite (NaOCl). Afterwards,
seeds were rinsed in sterilized distilled water
six times followed by immersion for about 2
h to remove any remains of the bleach. At
that time of immersion, 1% water agar was
prepared and imbibing seeds were transferred
to a Petri dish laid with this agar. Each Petri
dish contained about 20 tomato seeds to be ger-
minated and was incubated at 24 ◦C for about
4 days. Before incubation, according to the
method by Hawes and Lin (1990) the imbibed
seeds were overlaid with a sterilized Whatman
paper.

After 4 days, groups of 20 germinating
seeds with root tips up to 25 mm long lengths
were immersed in 1 ml of SDW for 2 min.
Border cells and associated exudates were re-
moved by agitating the water suspension gen-
tly using a pipette. Border cells were cen-
trifuged and pelleted at 7000 rpm for 10 min
and the supernatant solution used in this ex-
periment is defined as the root tip exudates
(Zhao et al., 2000).

However, some chemicals may have been
secreted by cells of the root tip and some chem-
icals from border cells may have diffused into
the germination paper or the water agar dur-
ing the period of germination. Therefore, it is
important to collect and process root seedlings
as soon as they have germinated.

Soil type, application of root-knot
nematodes, P. oryzihabitans and root tip exu-
dates
Two different types of soil were used to de-
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termine the effects of tomato root exudates
on nematodes and P. oryzihabitans. A mixture
of loam-sandy soil 3:1; v:v (pH 7.2) and pure
sandy soil were sieved through a 2 mm mesh
and air dried at 105 ◦C for 24 h. The matric
potential was determined to be high (-0.03
MPa) and thus, known amounts of air-dried
soil were mixed with the appropriate amount
of sterile distilled water (18 g of SDW in 100
g of oven dried soil). Sterilised distilled water
and soil placed in sealed plastic bags were mas-
saged gently to mix the contents thoroughly
and achieve the required matric potential. Af-
terwards, a soil with the appropriate amount of
water was incorporated in a plastic oblong box

and was separated into three subplots within
dish using 20-micron opening mesh screens.
Each mesh screen was placed vertically with a
1.5-cm middle section and 2-cm wide sections
on each side. The plastic oblong plate was sep-
arated into two main plots and each main plot
was divided with mesh screens as described
above in order to decrease numbers of plates
needed for the experiment. Between two sites
in each plate, there was an empty gap sup-
ported by a plastic piece of unused Petri dish.
Nine treatments were used in this study to
assess interactions of root-tip exudates, type of
soil, P. oryzihabitans and root-knot nematodes.

The following treatments were applied:
Treatment 1. A 100 µl sample of root tip ex-
udates (20 seedlings) was added to one side
of the main plot and an equal volume of
P. oryzihabitans was added on the other side.
A 1 ml sample of 200 ± 18 /ml J2s was added

in the middle sub-plot. The same amounts of
root tip exudates, nematodes and bacteria cells
were applied at the other side of plate (main
plot 2.) where sandy soil was applied.

Treatment 2. Root tip exudates applied to
one side of the main plot and bacteria cells on
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the other side. The middle subplot inoculated
with root-knot nematodes + 100 µl of root tip
exudates.

Treatment 3. Root tip exudates applied to
both sides of the main plot and the middle
section inoculated with root-knot nematodes +
100 µl of bacterial cells.

Treatment 4. Root tip exudates applied to
one side of the main plot and on the other side
was applied a combination of an equal volume
of root tip exudates and bacterial cells. The
middle sub plot contained only the juveniles
of root-knot nematodes.

Treatment 5. Root-knot nematode J2 only
added to middle sub-plot.

Treatment 6. A 100 µl sample of root tip ex-
udates was added in the sub-plot at the one
side of the main plot and 200 J2 in the middle
one. The other side of the main plot remained
untreated.

Treatment 7. 1 ml of 200 ± 18 nematodes
was added in both sides of the main-plot and
100 µl of bacterial cells in the middle one

Treatment 8. A 100 µl sample of root tip
exudates was added to one side of the main
plot and 1 ml sample of 200 ± 14 /ml J 2s was
added in sub-plot on the other side of the main
plot. An equal volume to root tip exudates of
bacterial cells was added on the middle sub-
plot.

Treatment 9. Nematode suspension applied
at the centre of the main plot and root tip exu-
dates at both sides in equal volumes.

After 4 days of incubation at 28 ◦C, soil in
each side of the treatments was removed sepa-
rately and second stage juveniles of M. javanica
in each subplot was collected into suspension
by washing the soil in 50 ml of water three
times. The nematode suspension was then
passed through a 10-micron opening sieve and
residues above the sieve were placed on glass
slides. With this method, the number of J2s
could be counted directly in each section with
the use of a light microscope and evaluation
of possible effects of root tip exudates and bac-
teria cells on nematode behavior could be de-
termined. The whole test was repeated twice
and treatments were replicated ten times which

five were used to inoculate 20 plates of selective
media of NA to assess the movement and the
behaviour of P. oryzihabitans in the soil. Finally,
the nematode J2 treatments were substituted
with egg masses or eggs to assess the cause
of stimulation for P. oryzihabitans beside appli-
cation of J2 of M. javanica, five egg masses in
subplots were applied. Root-knot egg suspen-
sion of 200 ± 14 eggs in of SDW were used.
The subplots where the egg masses and eggs
of M. javanica applied were the same as in ap-
plication of J2.

The chemotaxis ratios were calculated
based on the relative numbers of J2s and colony
forming units (cfu) of P. oryzihabitans in each
sub plot of the plate. Thus, a 1:1 ratio rep-
resents a neutral response; a +4:1 ratio repre-
sents a positive chemotaxis response having
four times more J2 or cfu and finally a negative
chemotaxis response when a ratio of -4:1 J2s or
cfu represented at subplots of the plate (Zhao
et al., 2000)..

To isolate the bacterium from a soil sample
and determine colonization of P. oryzihabitans
in soil, 1 g of soil was diluted in 9 ml of a
washing buffer (0.1 M phosphatase buffer, pH
7.0 supplemented with 0.1% w/v peptone).
The suspension was then shaken vigorously
for 30 sec and serially diluted twice. Studies by
Andreoglou (2001) have shown that an increase
in time of shaking did not increase the number
of cells collected. Finally 50 µl of the diluted
suspension were streaked with a glass rod
onto a semi selective selective medium. The
inoculated plates were incubated for 72 h at
28 ◦C and the number of P. oryzihabitans colony
forming units (cfu) appeared, were expressed
as P. oryzihabitans cfu/g soil.

Effect of pre-inoculated soil with
P. oryzihabitans on the movement and attrac-
tion of second stage juveniles of M. javanica
to newly germinated tomato seedlings
Loam based compost soil was sieved to remove
all big soil particles. The sieved soil was mixed
thoroughly with sandy soil at v:v 3:1 and ster-
ilised by autoclave. Afterwards, the sterilised
soil was placed in a photographic tray, which
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had been previously sprayed with alcohol in
order to eliminate any possible contamina-
tion, by other microorganisms. The mixed soil
was inoculated with cells of P. oryzihabitans
at a concentration of 106 cells ml−1 and the
tray was sealed with aluminium kitchen foil
after application. The tray then was placed
at room temperature and remained in this
environment for about 4 months. After that
period of time, 500 ml of 2% NA (3.71g/L of
SDW) was autoclaved, allowed to cool and
then mixed with 150 g of loam:sand soil (3:1)
inoculated previously with bacterial cells of
P. oryzihabitans. The soil, incorporated into
the 2% NA and was shaken using a sterilised
magnet in order to mix the two thoroughly
before adding to the Petri dishes. As a control
treatment, 150 g of soil without bacterium
cells was used and mixed with another bot-
tle containing 2% of NA. This untreated soil
was first heated-sterilised in a microwave for
5 min before adding into the agar. In each
Petri dish, 8 germinated tomato seedlings were
placed after the mixture of agar and soil was
added. The tomato seedlings were placed
on the top of the agar surface. Four tomato
seedlings were placed on one side of the Petri

dish and another four on the other side. The
distance between them was 5 cm and 1 ml of
approximately 130 J2 of M. javanica was added
between them (Plate 4.3.1). The tomato seeds
used in this study, were previously surface ster-
ilised in 95% ethanol for 10 minutes followed
by 10 minutes in 1% sodium hypochlorite and
finally they were rinsed in SDW 6 times, fol-
lowed by immersion for about 2 h in order
to remove bleach. Afterwards, the surface
sterislised tomato seeds were germinated in
1% water agar (WA) according to the method
described by Hawes and Lin (1990). The treat-
ments were replicated 10 times and movement
and number of J2 collecting around the root
tip were determined at 2, 12 and 24 h after
nematode inoculation. All plates were placed
in an incubator at 28 ◦C for the required period
and nematode behaviour (positive or neutral)
to the bacterium cells or tomato seedlings
were examined. As positive nematode be-
haviour was defined as the attraction of J2 to
the tomato roots while neutral behaviour, was
if the nematodes did not move. The number of
nematodes around the root of tomato seedling
was counted in each root separately.
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Statistical analysis
Statistical analysis was performed using the
software SPPS and Genstat statistical pack-
ages. Significant differences were determined
at P<0.05. The graphs were created in Excel us-
ing means and standard error of differences as-
sessed from the SPSS. Mean separation was as-

sessed when significant differences were found
and was made using Tukey’s multiple range
test expressed the differences with different
letters next to the presented values. In some
cases the number of observations were log10(x)
transformed before analysis occurs.
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III. Results

Chemotactic responses of J2 of M. javanica
to tomato root tip exudates and cells of
P. oryzihabitans
When the root tip exudates were applied as
a stimulus in a chemotaxis assay on one side
of the main plot and P. oryzihabitans applied at
the other side in both soil types, loam/sand
(3:1; v:v) and sandy soil (block), negative at-
traction of J2 to root-tip exudates and bacterial
cells was observed on both soil types with a
ratio from -2.1 to -24.2 respectively. Near identi-
cal responses occurred at the second treatment,
when root tip exudates applied at the same sub-
plot with nematodes with a ratio of -30.9 (in
loam/sand 3:1 v:v) nematodes repelled from
P. oryzihabitans.

However, root tip exudates applied on other
side of the main plot elicited no response from
the nematodes applied in the middle one with
a ration of -1.4 (P<0.05). Similar results with
lower ratio were observed when nematodes ap-
plied at the same subplot with bacteria cells
surrounded with root-tip exudates in both soil
types. In contrast, root tip exudates had a
positive chemotaxis ratio of +2.1 when only
root-tip exudates were applied on both sides
of the main plot. Neutral nematode chemo-
taxis was observed when untreated soil was
applied around the nematode subplot in both
loam/sand 3:1 and sandy soil.. Moreover, no
statistical differences were observed between
the different types of soil and type of applica-
tion (P<0.05).

However, positive nematode chemotaxis
to root tip exudates was observed while a
negative chemotaxis response was detected on
the other side where root tip exudates plus
P. oryzihabitans cells was applied. Similarly,
positive nematode chemotaxis was detected
to root tip exudates in treatment six while a

neutral response was detected to that of un-
treated soil. Finally, root tip exudates elicited
no response from the nematodes when bacte-
rial cells were applied among them (Figure 5).

Bacterial cells respone to root tip exu-
dates and presence of second stage juveniles
of M.javanica
It is a general observation that cells of
P. oryzihabitans were found in all treatments,
independent of the presence of stimuli such as
root-tip exudates or J2 of M.javanica in both soil
types used. This observation can be explained
as natural movement of bacterial cells due to
the existence of flagellum; a natural movement
for a few centimetres. In treatments where
tomato root tip exudates or untreated soil was
applied, the presence of P. oryzihabitans was
neutral and it could be said that this caused
its natural movement through the soil particles
in time. Moreover, in treatments 5 and 6 there
was no significant difference between soil type
or in number of cfu from subplots inoculated
to selective media.

Although the number of cfu observed in se-
lective media when nematodes were applied to
the bacteria cell subplot was statistically differ-
ent to those with the initially inoculation point
(P<0.05).

Moreover, it could be said that the +1.4
chemotaxis ratio was not significantly differ-
ent according to Zhao et al. (2000). However,
the simultaneous presence of root tip exudates
and nematodes caused a colligative stimulation
of P. oryzihabitans cells to that source of food
and the bacterium responses with a positive
chemotaxis ratio of +20.1 and +18.1 at mixed
loam/sand 3:1 v:v: and sandy soil respectively.

Finally, the occurrence of root tip exudates
near nematodes cause positive chemotaxis but
not as great as when they were applied at the
same inoculation point (Figure 6).
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Bacterial cells response to root tip ex-
udates and presence of egg masses of
M. javanica
Where egg masses were applied in subplots
instead of J2 of M.javanica , similar results as
the application of J2 were observed indicating

that there is no difference in different stimuli
caused by root-knot nematode. However, in
treatment 8 where, root tip exudates applied
in one side of the main plot, egg masses of J2
on the other side and the bacterial suspension
in the middle subplot, statistical analysis show
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differences in all type of application in sandy
soil while in mixed loam/sand 3:1 soil differ-
ences were observed only in subplots applied
with root tip exudates or inoculated with bac-

terial cells shown no difference among them
in mixed soil but they differ form those inoc-
ulated with egg masses of M.javanica (Figure
7).
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Bacterial cells response to root tip exu-
dates and presence of eggs of M.javanica
When eggs of M.javanica were applied in sub-
plots instead of J2 or egg masses, there were
slightly different observations in number of cfu
counted in semi selective media after 3 days
at 28 ◦C. In treatment 1 (A) and 2 (B) a highly
significant difference was observed not only
among the different applications in subplots

but among the soil types as well. However,
in treatment 4 (D), 7 (G), and 8 (H) there was
a statistical difference only between the appli-
cation types and no difference at all between
soil types. Finally, number of cfu counted in
selective media did not differ statistically in
soil types nor in types of application (Figure
8).
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Effect of pre-inoculated soil with
P. oryzihabitans on the movement and attrac-
tion of second stage juveniles of M. javanica
to newly germinated tomato seedlings
It is clearly demonstrated from the plates
showed below that the tomato seedling placed
on the top of the Petri dish which contains 5%
NA and loam:sand soil (3:1), previously inocu-
lated with bacteria cells of P. oryzihabitans did
not attract second stage juveniles of M. javanica
even after 24 h of exposure. Moreover, in the
soil inoculated with bacterium cells, nematode
movement was convulsive and in most of the
observations nematodes were paralysed after
24 h. However, J2 were attracted by tomato
seedlings in the control treatment where no
bacterium cells had been applied in the soil.

The nematode response to the root of tomato
seedlings was determined as positive and was
observed even from the first observation, which
took place 2 h after inoculation in the Petri dish.
The J2 were quite active searching the zone of
root elongation and after 24 h many of them
tried to penetrate it by repeating jabs of the
stylet. Differences in number of J2 surrounding
the roots of tomato seedlings occured during
the time of observations. After 24 h of expo-
sure there were about 12 second stage juveniles
of M. javanica around roots of tomato seedlings
in untreated soil. However, the number of J2
at the same time of observation was only one,
for the roots that have been placed on the top
of the agar containing soil pre-inoculated with
106 cells ml−1 of P. oryzihabitans.
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IV. Discussion

Over the last few decades considerable efforts
have been undertaken to understand and iden-
tify the role of root exudates in nematode be-
haviour and thereby offer alternative avenues
in crop protection. It is generally assumed that
soil microorganisms use soluble compounds,
which have been released into the rhizosphere
by plant roots. Many bacteria such as those of
the genus Pseudomonas are motile due to the
possession of flagella, the importance of which
has been studied and debated by many authors
(Soby and Bergman, 1983; Weller, 1985). Under
examination by light microscopy it was found
that P. oryzihabitans is also motile by means of a
single polar flagellum (Andreoglou et al., 2001;
Elawad, 1998; Vagelas et al., 2000).

Components of plant root-exudates are not
only complex, serve as a source of nutrients
for microbial growth but also contain chemical
molecules which attract and promote chemo-
tactic effects to soil microbes to the rhizosphere.
As the bacterium P. oryzihabitans is a soil mi-
croorganism, stimulation of root exudates or
other organisms is not uninterested and the oc-
currence of these nutrient sources is the basis
of rhizosphere colonization. Nutrient sources
like root exudates could result in positive, neg-
ative or neutral chemotaxis responses to an or-
ganism depending on the conditions of the as-
say (Griffin, 1977; Viglierchio, 1961). Although
Zhao et al., (2000) demonstrate that a rapid at-
traction of J2 to the root tip periphery occurred
only when border cells were present. Obser-
vations in this study have shown that there
was a positive chemotactic ratio to that points
were root tip exudates occurred despite the fact
that root tip exudates have usually repellent
activity. This could be explained by different
sources of root exudates produced by tomato
plant which was used in this assay or due to
alteration of root exudates by the bacterium
P. oryzihabitans , making roots less attractive
to nematodes (Oostendorp and Sikora, 1990).
According to Lugtenberg et al., (1999) the ma-
jor exudate, sugars, detected in tomato seeds,
seedling and/or root exudate were glucose,

93



International Journal of Food and Biosystems Engineering, August, 2017 Vol 5(1): 75-100

fructose, xylose, maltose, sucrose and ribose;
sugars commonly found as major exudate com-
ponents (Vancura and Hanzlicova, 1972). Over
and above, chemical responses and production
of antibiotics, hormones, siderophores etc., pro-
duced by pathogen-antagonistic bacteria may
affect pathogen-host interactions.

Moreover, results from this study indicate
that cells of P. oryzihabitans have a significant
repulsive chemotactic effect on J2 of M. javanica
in loam/sand 3:1 and sandy soil. This obser-
vation may indicate that P. oryzihabitans pro-
duces toxic metabolites as a result of cellular
metabolism, with nematostatic effects against
hatched or unhatched J2 of M. javanica. Some
of the toxic metabolites produced by symbiotic
bacteria from entomopathogenic nematodes,
have been characterised (Bowen, et al., 1998)
and has shown to have the ability to inhibit egg
hatching and immobilise J2 (Hu et al., 1999).
However, hatch inhibition varies among nema-
tode species which indicates that the bacterium
might have a bimodal effect on the root-knot
nematodes besides killing hatched J2, it may at-
tract substances produced by root tips or from
the nematodes preventing subsequent hatch-
ing of root-knot nematodes. According to An-
dreoglou and Gowen (2000), temperature is a
factor which limits this production of possible
toxic metabolites as total hatching of nema-
todes exhibited comparatively slowly at 17 ◦C
than 25 ◦C ± 1 ◦C.

When J2 of M. javanica was applied si-
multaneously at the same inoculation point
with root tip exudates, the number of cfu of
P. oryzihabitans grown in a selective media, was
significantly greater than that at the initial in-
oculation point of the bacterium, showing an
additive effect. That ability of P. oryzihabitans
around root rhizosphere to allow the plant to
grow in a field which could be sufficient to
tolerate to any subsequent invasion. Similar
results were found when eggs or egg masses
of M. javanica were applied instead of hatched
J2, indicating that the difference in source of
nutrients such as eggs, egg masses or hatched
J2 did not affect bacterial chemotaxis. However,
exudates from second stage juveniles, eggs or

egg masses may serve as energy sources for soil
bacteria while exudates from fungal propag-
ules have already been shown to affect bacterial
movement (Dickinson and Coley Smith, 1970).

It is believed that P. oryzihabitans is able to
attach to and colonise the root system due to its
natural movement or stimulated by substances
produced either by roots, like root tip exudates
or by other soil microorganisms secretion. The
production of these metabolites from the bac-
terium affect normal movement of nematodes
and perhaps interfere with their orientation
to host roots. Studies done by Andreoglou
and Gowen (2000) have shown that the nemato-
static/nematicidal effect appeared very soon
after the plants were exposed to the nematodes
and were longer than 24 days. This reaction is
crucial, since root-knot nematodes are able to
find a host and penetrate its roots within the
first 1-2 days after invasion. Thereby to this
effect, the presence and the good attractability
of bacteria to the root system in an early stage
could protect the plant from invasion. How-
ever, repulsion from root cells or bacteria in
one region and attraction to another, could con-
tribute to localised infection patterns. Studies
of nematode behaviour that have been con-
ducted during the last several decades have
discovered many kinds of responses by highly
diverse species to a wide range of environmen-
tal stimuli.

When soil was treated with bacterium cells
for 4 months, studies in nematode behaviour
show that the J2 of M. javanica were not at-
tracted by the tomato roots, possibly due to
the high levels of bacterium cells that built up
in the soil throughout this period. The results
from incorporation of cells into the soil for 4
months suggest that the bacterium can remain
for long periods even with the absence of pos-
sible source of nutrients provided by plants
or other microorganisms and so be capable of
affecting movement and behaviour of J2 in the
rhizosphere. This could be partially explained
by studies made by Molina et al. (2000) in
which that the metabolic versatility of pseu-
domonads species, was demonstrated through
the use of organic compounds such as C-, N-,
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P- and S- sourced.
Overall, the results indicate that

P. oryzihabitans can have a nematicidal action
in vitro and is effective in soil as well. The
combination of bacterial cells with root tip
exudates could give promising results to sup-
press nematode populations and increase the
ability of P. oryzihabitans to colonize better the
plant rhizosphere. However, longer times of
exposure of nematodes in bacterium should be
tested to reinforce these conclusions. Through
its prolonged effect the bacterium could pro-
tect the plants from the invading juveniles
when is applied near to rhizosphere and it also
might provide protection against the nema-
tode’s second generation, thereby contributing
to an even smaller overall infection of the plant.
However, absolute control of the nematode is

very difficult since a small nematode infection
could result in yield loss. Even a very small
inoculum of around 200 J2 may affect plant
growth since a female can produce up to 2000
eggs (Tzortzakakis and Trudgill, 1996).

V. Conclusions

The pre-inoculated soil with cells of
P. oryzihabitans affects movement and be-
haviour of J2 even after 4 months from the ini-
tial bacterial inoculation into the soil. Tomato
seedlings affected nematode behaviour possi-
bly by secretion of root exudates where bac-
terium cells were not applied. Nematode
chemotactic effects to the tomato root are lim-
ited by the presence of bacterium cells.
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