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ABSTRACT

effects of T-3/2 and exp [– (EF – EA) / kT], we take

125 µm-breath sensor with high sensitivity and
rapid response was prepared by using n-type Si:
Au material. Its sensitivity coefficient and time
constant were 4 V.sec/L and 38 msec, respectively. Its working principle was based on anomalous resistance effect, which not only increased the sensitivity, but also reduced its time
constant greatly. Its signal processing system
can select the breath signals and work stably.
Therefore, the small changes of breath system
can be measured and, especially, patient’s breath
rate can be monitored at a distance.
Keywords: Breath sensor; Signal processing
system; Deep impurity; Anomalous resistance effect

1. INTRODUCTION
For semiconductors containing shallow impurities, including n-type silicon, the variation of its resistance Rs
with temperature obeys T-3/2 rule, i.e.

Rs = CT-3/2

(1)

where C is proportional constant. For single crystal
n-type silicon doped with deep impurities, near room
temperature, the relationship between its resistance Rd
and temperature T satisfies [1-3]
Rd = C exp [ – (EF – EA) / kT ]

(2)

where k is Boltzmann constant, EF Fermi level and EA
the deep acceptor level in the band gap of silicon containing deep acceptor impurities. For n-type Si: Au (ntype silicon containing deep acceptor impurities of gold),
the anomalous resistance effect of exponential term in
Eq.2 can increase the sensitivity greatly. To compare the
Copyright © 2010 SciRes.

dRd
dRd / dT

 2T 1 / 2 ( E F  E A ) B (T )
dRs
dRs / dT

(3)

B (T )  exp [ ( E F  E A ) / kT ] / 3k

Fermi level and the deep acceptor level of gold impurity
are equal to 0.57 eV and 0.54 eV, respectively, below the
conduction band in the band gap of our n-type Si: Au
material and, thus, EF – EA = 0.03 eV. At room temperature (T = 300 K), we have
dRd
 1.3  10 3
dRs

(4)

Our experimental measuring value is 1.5  103 . Therefore, the sensitivity of 125 µm-breath sensor, made by
Wheatstone bridge using n-type Si: Au material as bridge
arms, can be increased by 103 times, comparing with containing shallow impurities [4].
Our 125 µm-breath sensor can be used to monitor different breath flux and frequencies. In the Wheatstone
bridge of our 125 µm-breath sensor, the variation of the
offset voltage will play a vital role to the circuit. Generally speaking, the offset voltage is not a constant, but rather a function containing several unknown parameters.
It varies according with the changes of ambient temperature and brightness, service voltage and current, even
the technical defects during manufacturing. Another factor affecting the offset voltage is the asymmetry between
the bridge arms, especially the relevant resistors’ temperature coefficient, which depends on the deep impurity.
If the offset voltage remains constant, the voltage output
of 125 µm-breath sensor only depends on its flux. In order
to eliminate the offset voltage drift, some compensation
methods and auto-adjusting circuits are adopted. Thus, the
sensor with such signal processing system can be used as
Openly accessible at http://www.scirp.org/journal/NS/
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the breath sensor to monitor the patient’s breath rate.

2. EXPERIMENTS
In n-type Si, the concentration of doped phosphorus
(shallow donor impurity) was equal to 1.0  1015 cm-3
and in n-type Si: Au material the concentration of gold
(deep acceptor impurity) was equal to 1.1  1015 cm-3.
The doped Au element was diffused in Si substrate by
deep doping method [5]. The main part of 125 µmbreath sensor, made of n-type Si: Au material, was a
Wheatstone bridge using anisotropic etching n-type Si:
Au resistors. The length of each bridge arm was 125 µm.
In terms of electrostatic method, the bridge was bonded
to a borosilicate grass substrate, which had high thermal
isolation capacity. The structure and photograph of the
integrated fabrication of the 125 µm-breath sensor were
shown in Figures 1 and 2, respectively.
The schematic diagram of monitoring system of 125
µm-breath sensor was shown in Figure 3. A resistor R
was connected in series with the power supply circuit to
protect the sensor. The measurement was carried out in a
6 mm-radius tube with the measuring range from 0 to 27
L/min. Before measuring, the circuit should be supplied

Figure 1. The structure of the 125 µm-breath sensor.

Figure 3. The schematic diagram of monitoring system of the
125 µm-breath sensor.

with power to preheat for 30 minutes. The static and transient characteristics of 125 µm-breath sensor were measured, including the output voltage as well as time constant of 125 µm-breath sensor.

3. RESULTS AND DISCUSSION
3.1. Working Principle of 125 µm-breath
Sensor
Except for using n-type Si: Au material instead of hot
wires to form the electric bridge arms, this 125 µm-breath
sensor shares the same principle with the hot wire flow
meter. When air flows through the electric bridge, the
temperature variation between the two arms perpendicular to the air flow direction is much more than that between the two arms parallel with the air flow direction.
Thus, the temperature difference lead to the resistance
change of each bridge arm, and then lead to the change
of output voltage related with the flux at the output ends.
The sensitivity of the sensor depends on the resistance
variation of the electric bridge arms when air flows
through the sensor. The more the resistance varies, the
higher the sensor’s sensitivity is. When the sensor size
decreases to micro dimensions, the contact area between
the air and bridge arms is also largely reduced. So selecting materials which have high sensitivity toward
temperature is the key problem. The sensitivity of 125
µm-breath sensor was increased greatly by using n-type
Si: Au material, because deep doping method can increase the temperature sensitivity of the electric bridge’s single arm resistance, as shown in Eq.3 and Eq.4.

3.2. The Static Characteristics of the
Monitoring System of 125 µm-breath
Sensor
Figure 2. Photograph of integrated fabrication of 125 µm-breath
sensor.

Copyright © 2010 SciRes.

Suppose the measurand is x , output is y and the response time is zero, the function between the measurand
and the output should be
Openly accessible at http://www.scirp.org/journal/NS/
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(5)

where C is a constant.
If the measurand varies dx , then the output’s variation should be
dy  [ df ( x) / dx] dx  K ( x) dx,

(6)

where K ( x) is the sensitivity coefficient. Took x and y as
flux and output voltage of 125 µm-breath sensor, respectively, their relation was measured, as shown in Figure 4.
When the flux was more than 8 L/min, it had the linear
relation with the output voltage. In other words, their
slop could be used to represent the sensitivity coefficient of 125 µm-breath sensor. The sensitivity coefficient K  4V  sec/ L was obtained when we took the
stable supply voltage across bridge to be equal to 7 V
and the stable total supply current to be equal to 30 mA.

Figure 5(a). Definitions of the time constant and the response
time for 125 µm-breath sensor.

3.3. The Transient Characteristics of the
Monitoring System of 125 µm-breath
Sensor
Suppose the output voltage of breath sensor’s electric
bridge is Vab , the relation between Vab and time can be
measured by the digital oscillograph (for example, HP
54501). The horizontal scanning time base of such oscillograph could varies from 50 ns to 5 s. The relation
between Vab and time can be represented
Vab   Vm [1  exp (  t / m)], m  1.2.3...n...,

(7)

m

where V1 , V2 ,...Vn are the amplitudes of output voltage
variations caused by different factors. 1, 2 ,... n are the
time constants. Usually when m > 2 and Vm is too
small to negligible, the Eq.7 can be simplified to:
Vab  V1 [1  exp (  t /  1 )]  V2 [1  exp (t /  2 )] ,

(8)

where  1 is the time constant depending on electric
bridge arms and  2 the time constant depending on the
substrate. The measuring result was shown in Figure 5,
which indicated that the time constant (  1   2 ) of our

Figure 4. The relation between the sensor’s flux and the output
voltage of the 125 µm-breath sensor.
Copyright © 2010 SciRes.

Figure 5(b). The response of output voltage versus time for
125 µm-breath sensor.

125 µm-breath sensor can be as small as 38 ms.

3.4. Signal Processing Circuit
The breath monitoring system can display the flux
from 1 to 27 L/min and the frequency from 1 to 200 /min.
Their normal values vary against different people. For
example, infants breathe about 44 times per minute and
adults breathe about 18 times per minute. So the system
must be adjustable, which could enable the doctors and
nurses to adjust the critical values to serve different people. The critical adjusting parameters include the minimal and maximal flux per minute, and the minimal and
maximal flow frequency per minute. When the system
detects breath state parameters exceeding the critical
values, the alarming circuit of the system starts to work
by lightening a red LED and sounding a buzzer to inform doctors and nurses. Due to its micro-size, this sensor is very easily to install in the tubes which are used to
monitor the breath state.
The input signal from breath sensor is divided into
two paths after going through the buffering section of
the signal processing circuit. One is sent to the operaOpenly accessible at http://www.scirp.org/journal/NS/
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tional amplifier 1; and the other is sent to operational amplifier 2. The signal through operational amplifier 2 is
also divided into two paths. One is fed to the A/D converter to display breath flow speed; and the other is fed
to the Schmidt circuit to calculate the breath frequency.
The breath flux matrix and frequency matrix are used to
identify the breath state. If the breath flux or frequency
is either too high or too low, those circuits will send corresponding signals to the alarming circuit. Then the
alarming circuit will sound the piezoelectric ceramic
speaker and lighten the LED to notify doctors and nurses
to set those critical parameters.
Because other interfering signals, including doctors or
nurses’ walking, will destabilize the interface circuit, the
control circuit of interfering signals is necessarily installed to eliminate their effects. The operational amplifier 1 is used to amplify those interfering signals. When
the input signal is small (＜ 10 mV), the potentiometer
in amplifier will let the Schmidt flip-flop to output a up
lever which can then let the A/D converter and the
counter to output null. In such case, even the small interfering signal exists, the value shown on the flux and
breath frequency display will be null. When normal
breath signals input (＞ 10 mV), they will be sent to the
amplifier 2 after buffering. Then the signals will be sent
to the A/D converter to detect the flux and to the counter
to calculate the breath frequency.
The interfering signals, including doctors and nurses’
walking, will be sent to amplifier 1 and then fed to the
control circuit of interfering signals. After being digitized, the characteristics of those signals will be stored in
storage systems. Some possible interfering waveforms
can also be prestored. When the system works, the input
signal will be compared with those already stored ones.
If they have the same characteristics, the control circuit
will send another signal to stop the breath flux and frequency circuits working.
Sometimes the offset variation and drift might lead to
the whole system breakdown, especially when the
monitoring system has worked in a long time (usually
more then 10 hours). So the auto adjusting circuit should
be installed to maintain the offset voltage constant. The
operational amplifier 1 is used to amplify the interfering
signal and the offset voltage drift signal. The period of
breath signal is usually less than 6 s, whereas the time
duration, in which the offset voltage changes obviously,
is always more than 60 s. In such case, an offset voltage
timing circuit can be introduced to monitor the signal’s
duration. Because the duration of input signal is always
more than 60 s, the offset voltage timing circuit can send
another signal to the auto zeroing control switch and
output the compensating offset voltage from the auto

Copyright © 2010 SciRes.

zeroing voltage sampling circuit to the operational amplifier 2 to eliminate the effects caused by the offset voltage drift.

4. CONCLUSIONS
The 125 µm-breath sensor, made of n-type Si: Au material, not only has a high sensitivity ( 4V  sec/ L ) and
short time constant (38 ms), but also its fabrication technology is simpler than others [6,7]. So, it can be widely
applied.
The experiment indicates that its signal processing circuit can eliminate the voltage drift and other interfering
signals. The whole circuit can work stably to process all
breath signals. Therefore, patient’s breath rate can be
monitored at a distance. If continuing to reduce the size
of electric bridge arms and improve the thermal insulation between the electric bridge and substrate, it is possible to make the time response even faster.
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ABSTRACT
Chitosan (CS) microparticles with and without
cross-linking were prepared by a water-in-oil
emulsion solvent diffusion method without any
surfactants. Aqueous CS solution and ethyl acetate were used as water and oil phases, respectively. Genipin was used as a cross-linker. Influences of genipin ratios and cross-linking times
on CS microparticle characteristics were investigated. Non-cross-linked and cross-linked CS
microparticles were spherical in shape and rough
in surface. Microparticle matrices showed porous structures. Surface roughness, mean particle sizes and bulk density of CS microparticles
increased and their dissolutions in acetic acid
solution decreased when genipin ratio and crosslinking time increased.
Keywords: Chitosan microparticles; Porous
structure; Genipin; Cross-linking; Morphology

1. INTRODUCTION
Chitosan is a copolymer of 2-glucosamine and Nacetyl-2-glucosamine prepared by alkaline deacetylation
of chitin that has received great attention for its possible
uses in medical, pharmaceutical and metal ion treatment
applications because of its biodegradability, biocompatibility and high concentration of amine functional groups
[1-4]. Chitosan microparticles have usually been fabricated by precipitation, spray drying and water-in-oil (W/
O) emulsification-cross-linking methods [5]. The current
study describes an alternative method for preparation of
cross-linked and non-cross-linked CS microparticles by
the W/O emulsion solvent diffusion method.
Genipin was selected as a biocompatible cross-linker.
Genipin is a natural water-soluble bi-functional crosslinker. It is obtained from geniposide, a component of
Copyright © 2010 SciRes.

traditional Chinese medicine and is isolated from the
fruits of the plant, Gardenial jasminoides Ellis [6].
Genipin is a fully biocompatible reagent about 10,000
times less cytotoxic than glutaraldehyde [7]. The CS
device matrices were successfully cross-linked with genipin [8-10].
In this work, a novel approach to the preparation of
genipin-cross-linked chitosan microparticles by the simple W/O emulsion solvent diffusion method is reported.
Cross-linked chitosan microparticles were solidified and
formed after diffusion out of water from emulsion droplets of chiosan solution to external continuous phase,
ethyl acetate. The influences of cross-linker ratio and
cross-linking time on CS microparticle characteristics
including morphology, particle size, dissolution and bulk
density were investigated and discussed.

2. EXPERIMENTAL
2.1. Materials
Chitosan with degree of de-acetylation and average
molecular weight of 90% and 100 kDa, respectively was
purchased from Seafresh Chitosan Lab Co., Ltd. (Thailand). Genipin (Challenge Bioproducts Co. Ltd., Taiwan)
and analytical grade ethyl acetate (Lab Scan) were used
without further purification.

2.2. Preparation of Chitosan Microparticles
Chitosan solution with 1% w/v was prepared by using
a 2% (v/v) acetic acid aqueous solution as a solvent.
Chitosan microparticles were prepared by the waterin-oil emulsion solvent diffusion method. The 0.5 mL of
0.5% w/v chitosan solution was added drop-wise to 200
mL of ethyl acetate with a stirring speed of 900 rpm for
1 h. The beaker was tightly sealed with aluminum foil
during the emulsification-diffusion process to prevent
ethyl acetate evaporation. The chitosan microparticles
suspended in ethyl acetate were collected by centrifugaOpenly accessible at http://www.scirp.org/journal/NS/
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tion before drying in a vacuum oven at room temperature for 6 h.
Genipin-cross-linked chitosan microparticles were produced by the same method. The chitosan and genipin
solutions were mixed together under constant stirring at
room temperature for cross-linking before microparticle
preparation. The final chitosan concentration was 0.5%
w/v after cross-linking. The different genipin concentrations (5%, 10% and 20% w/w) and cross-linking times
(1.5, 3 and 6 h) were investigated.

2.3. Characterization of Chitosan
Microparticles
Morphology of the chitosan microparticles was determined by scanning electron microscopy (SEM) using
a JEOL JSM-6460LV SEM. The microparticles were
coated with gold for enhancing conductivity before scan.
Mean microparicle size and the coefficient of variation
(CV) were calculated for each on SEM images by counting a minimum of 100 particles using smile view software (version 1.02). The CV value was calculated from
the following equation:

CV =


D

 100

(1)

p

where  is a standard deviation, and Dp is a mean microparticle diameter measured from SEM images. Lower CV values indicate high microparticle monodispersity in size.
Percentage of dissolution of the chitosan microparticles
was investigated by shaking 50 mg of the chitosan microparticles in 1.5 mL of 2% w/v acetic acid aqueous solution
at room temperature for 24 h. The residue microparticles
were recovered by centrifugation before drying in a vacuum oven at 50C until its weight remained constant. The
percentage of dissolution of the chitosan microparticles
was then calculated by following the equation. Each average percentage of dissolution value was calculated from a
mean of three measurements (see Eq.2).
where initial and remaining CS microparticles are the
weights of chitosan microparticles before and after dissolution test, respectively.
Bulk density of the chitosan microparticles was measured by gas displacement method using an ultrapycnometer 1000 (Quantachrom, USA) under helium gas.
Each average density value was calculated from a mean
of five determinations.

3. RESULTS AND DISCUSSIONS
Here, the water-in-oil (W/O) emulsion solvent diffu% dissolution =

Copyright © 2010 SciRes.

sion method without any surfactant was used to prepare
chitosan (CS) microparticles. The maximum water solubility in ethyl acetate is 3.30% (CAS No. 141-78-6). Then
the polymer particles should form, if the less than 3.3
mL of aqueous polymer solution (W phase) was added
drop-wise into 100 mL of ethyl acetate (O phase) with
stirring. The water in dispersed emulsion droplets of CS
solution diffused out to the continuous phase, ethyl acetate. It was found in our cases that the CS microparticles
were successfully prepared using this method. In our
preliminary test, the magnetic stirring speed of 900 rpm
is found the most appropriate for microparticle preparation. The almost aqueous CS solution could not be broken to form uniform droplets when the stirring speed
was lower than 900 rpm. Meanwhile, almost all particles
were stuck at the wall of glassware during emulsification-diffusion process when higher stirring speed than
900 rpm was applied. The chitosan microparticles could
not be completely solidified when the stirring time was
shorter than 1 h. The CS aggregates were found when
higher 0.5 mL of CS solution was used due to its high
viscosity of CS solution.

3.1. Morphology and Sizes of CS
Microparticles
Figure 1 shows SEM images of non-cross-linked and
cross-linked CS microparticles prepared with different
genipin ratios. They were nearly spherical in shape suggested that the genipin ratios did not effect on the particle shape. Surfaces of these CS microparticles are illustrated in Figure 2. The non-cross-linked CS microparticles in Figure 2(a) showed rough surfaces. This may
occur from diffusion out of water from dispersed droplets of CS solution to continuous ethyl acetate phase
during particle solidification. The surface roughness
increased with the genipin ratio as shown in Figures 2(b)
-2(d). The results may be explained that the cross- linking can increase viscosity of CS solution. The diffusion
out of water from cross-linked CS solution droplets was
difficult.
The cross-linked CS microparticles prepared with different cross-linking times also showed the spherical-like
shape, as illustrated in Figures 3(b)-3(d). This indicates
that cross-linking times did not effect on the particle
shape. The CS microparticles prepared with longer crosslinking time showed rougher surface than the shorter
cross-linking time, as shown in Figure 4. This may be
due to increasing of the viscosity of CS solution when
the cross-linking time increased.

[initial CS microparticles (mg)  remaining CS microparticles (mg)]
 100
initial CS microparticles (mg)

(2)

Openly accessible at http://www.scirp.org/journal/NS/
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Figure 1. SEM micrographs of (a) non-cross-linked chitosan
microparticles and cross-linked chitosan microparticles with
genipin ratios of (b) 5%, (c) 10% and (d) 20% w/w for
cross-linking time of 6 h. All bars = 100 m.

Figure 2. Expanded SEM micrographs of surfaces of (a) noncross-linked chitosan microparticles and cross-linked chitosan
microparticles with genipin ratios of (b) 5%, (c) 10% and (d)
20% w/w for cross-linking time of 6 h. All bars = 5 m.

Internal morphology of the CS microparticle matrix
was examined through their broken surfaces (Figure 5).
It can be seen that the microparticle matrices contained
porous structure, resembling a sponge. These sponge-like
particles were presumably created by rapid solidification
of the chitosan matrix during diffusion out of the water
from emulsion droplets. However, the porous structures
were completely covered with a continuous outer particle surface. The matrix of cross-linked CS micro-particles was denser than that of the non-cross-linked microparticles. As example of which is shown in Figure 5(b)
for the cross-linked CS microparticles prepared with 20%
w/w genipin ratio compared with the non-cross-linked CS
microparticles in Figure 5(a).
Copyright © 2010 SciRes.
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Figure 3. SEM micrographs of (a) non-cross-linked chitosan
microparticles and cross-linked chitosan microparticles with
cross-linking times of (b) 1.5, (c) 3 and (d) 6 h for genipin ratio
of 20% w/w. All bars = 50 m.

Figure 4. Expanded SEM micrographs of surfaces of (a) noncross-linked chitosan microparticles and cross-linked chitosan
microparticles with cross-linking times of (b) 1.5, (c) 3 and (d)
6 h for genipin ratio of 20% w/w. All bars = 5 m.

Mean particle sizes of the CS microparticles were determined from several SEM images instead of scattering
method (suspension in water) because of the partial
swelling and dissolution of microparticles. The mean particle sizes and CV of the CS microparticles are summarized in Table 1. It was found that the particle sizes increased when the genipin ratio and the cross-linking time
were increased. The CV for every sample is below 30%
indicated the CS microparticles with low dispersity in
size were formed. The results suggest that the CV of microparticles did not appear to affect the genipin ratio and
cross-linking time.

3.2. Dissolution of CS Microparticles
Dissolution behavior of the CS microparticles indiOpenly accessible at http://www.scirp.org/journal/NS/
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Figure 5. Low-magnification (left column) and high-magnification (right column) SEM micrographs of broken surfaces of
(a) non-cross-linked chitosan microparticles and (b) cross-linked
chitosan microparticles with 20% w/w genipin ratio for crosslinking time of 6 h. Bars = 20 and 10 m for (a) and (b), respectively in left column. Bars = 5 and 2 m for (a) and (b),
respectively in right column.

rectly related to the degree of cross-linking. The higher
dissolution of CS microparticles related to lower degree
of cross-linking. Figure 6 shows dissolution of the CS
microparticles in acetic acid solution for 24 h. The noncross-linked CS microparticles were completely dissolved.
This due to the weak acid solution such as acetic acid
solution is a good solvent for CS. The dissolution of mi
croparticles was decreased when the CS was cross-linked
and increasing the genipin ratio and cross-linking time.
The results suggest that the degree of cross-linking increased as the genipin ratio and cross-linking time increased, according to the literatures [8,9]. This is an important advantage for application in drug delivery with
controllable drug release rate. Thus the drug release rates
can be tailored by varying the degree of cross-linking.

3.3. Bulk Density of CS microparticles
The porous structures of CS microparticel matrices
with and without cross-linking can be clearly determined
from their density values, as shown in Figure 7. It was
found that the density values increased with the genipin

Table 1. Conditions for preparing chitosan microparticles and their particle sizes.
Process parameter
Genipin ratio (% w/w)
Cross-linking time (h)
Mean particle size (m)
CV (%)

Sample No.
1

2

3

4

5

6

0
0
85
24%

5
6
98
27%

10
6
110
25%

20
6
112
29%

20
1.5
92
28%

20
3
104
29%

Figure 6. Dissolution of chitosan microparticles in 2% w/v
acetic acid solution for 24 h prepared with different genipin
ratios for cross-linking time of 6 h (above) and different crosslinking times for genipin ratio of 20% w/w (bottom).
Copyright © 2010 SciRes.

Figure 7. Bulk density of chitosan microparticles prepared with
different genipin ratios for cross-linking time of 6 h (above)
and different cross-linking times for genipin ratio of 20% w/w
(bottom).
Openly accessible at http://www.scirp.org/journal/NS/
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ratio and cross-linking time. This can be explained that
the CS molecules were closer together when the higher
genipin ratio and cross-linking time were used. Therefore, the denser microparticles were obtained. The bulk
density change after cross-linking corresponded to the
microparticle matrices of the broken CS microparticles
from the SEM images in Figure 5.

4. CONCLUSIONS
Non-cross-linked and genipin-cross-linked chitosan
microparticles with spherical-like shapes have been successfully prepared using the simple and rapid W/O emulsion solvent diffusion method. The surface roughness of
microparticles increased with genipin ratio and crosslinking time but the particle shape did not change. All
chitosan microparticle matricess contained porous structures. The cross-linked microparticles showed denser matrices than that of non-cross-linked microparticles. The
mean particle sizes and bulk density of microparticles
slightly increased as increasing the genipin ratio and the
cross-linking time.
This simple W/O emulsion solvent diffusion method
is promising for the preparation of drug-loaded chitosan
microparticles with and without cross-linking, especially
water-soluble drugs. Drug release rates from microparticles might be controlled by adjusting the genipin ratio
and/or cross-linking time.
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ABSTRACT
In this research, adsorption of cyanide onto catalyst synthesized with activated carbon and γalumina used supported and cooper has been
studied by means of batch technique. Percentage adsorption was determined for this catalyst
in function of pH, adsorbate concentration and
temperature. Adsorption data has been interpreted in terms of Freundlich and Langmuir equations. Thermodynamics parameters for the adsorption system have been determined at three
different temperatures.
Keywords: Activated carbon; Alumina; Cyanide;
Isotherms; Thermodynamic

1. INTRODUCTION
Waste water discharged by industrial activities is often
contaminated by a variety of toxic or otherwise harmful
substances which have negative effects on the water environment. For example, of metal finishing industry and
electroplating units is one of the major sources of heavy
metals such as (Zn, Cu, Cr, Pb etc.) and cyanide pollutants which contribute greatly to the pollution load of the
receiving water bodies and therefore increase the environmental risk [1-4].Cyanide present in effluent water of
several industries. Cyanidation has dominated the gold
mining industry. In view of the toxicity of cyanide, and
the fact that cyanide is fatal in small dosages, authorities
have been forced to tighten up plant discharge regulations.
It is therefore vital to recover as much cyanide as possible, not only to meet standard requirements, but to strive
towards obtaining lower levels of free cyanide (CN-) in
tailing and plant effluent [4-8]. The solubility of gold in
cyanide solution was recognized as early as 1783 by
Scheel (Sweden) and was studied in the 1840s and 1850
s by Elkington and Bagration (Russia), Elsner (German)
and Faraday (England) [9]. Elkington also had a patent
Copyright © 2010 SciRes.

for the use of potassium cyanide solutions for electroplating of gold and silver [9]. Cyanide is a singly-charged
anion containing unimolar amounts of carbon and nitrogen atoms triply-bounded together. It is a strong ligand,
capable of complexing at low concentrations with virtually any heavy metal. Because the health and survival of
plants and animals are dependent on the transport of
these heavy metals through their tissues, cyanide is very
toxic. Several systems have been adopted for the reduction of cyanide in mill discharges. There are SO2 assisted
oxidation, natural degradation, acidification volatilization-reneutralization, oxidation and biological treatment.
However, in the first three processes, cyanide reduction
does not appear to meet the strict regulatory requirements,
and as for the fourth process, it is limited to certain climate conditions. The next best process used, is the oxidation with hydrogen peroxide where the cyanide concentration is reduced to low enough levels, but this process requires an expensive reagent which cannot be reused [10-16]. Activated carbon was used for the removal
of free cyanide from solution, but observed that copperimpregnated carbon yielded far better cyanide removal
[17]. However, did not test other metal impregnated carbons or different metal loadings on the carbon. The use
of a metal impregnated carbon system would therefore
be more effective in reducing cyanide concentrations in
solution. Due to the problem mentioned above, the study
on using activated carbon in the removal of free cyanide
is being done in our laboratory [18,19]. The adsorption
onto activated carbon has found increasing application in
the treatment of wastewater, as well as for the recovery
of metals from cyanide leached pulps. Activated carbon
has a great potential for cyanide waste treatment both in
gold extraction plants and effluent from metal finishing
plants and hence, it forms a subject studied in the present
work. Characterization of activated carbon shows that
surface area has an effect although the reactivity of the
surface as a result of oxygenated functional groups, e.g.
Openly accessible at http://www.scirp.org/journal/NS/
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carboxylate and phenolate is thought to be significant in
the sorption of metal cations. Pore size distribution has
been used to describe the internal structures and adsorption capacities of activated carbons [20]. The highly active surface properties of the activated carbon are attributed to the chemical functional groups and the internal
surface areas, which typically range from 500 to 3000
m2/g [21]. The effect of copper was studied in the adsorption of cyanide onto activated carbon. It was found
that the removal capacity was highly improved by the
presence of copper [18-21]. It is the aim of this research
to use of activated carbon (obtained from cassava peel)
[22,23] and alumina impregnated with cooper for obtain
catalyst for the removal of cyanide for dilute solutions.
The pertinent parameters that influence adsorption such
as initial cyanide (CN-) concentration, agitation time, pH
and temperature were investigated. Adsorption isotherms
at three different temperatures (i.e. 283 K, 313 K, 323 K)
have been studied. The adsorption data have been interpreted using Freundlich and Langmuir isotherms. Various thermodynamic parameters including the mean energy of adsorption have been calculated.

2. EXPERIMENTAL
All reagents used in the experimental work were of
analytical grade (E.MERCK)® Argentmetric (largely
AgNO3) titrations were employed for CN- determination
[8]. Stock solution of cyanide (1000 mg.L-1) was prepared by dissolving Sodium cyanide in distilled water.
The concentration range of cyanide prepared from stock
solution varied between 10 to 80 mg.L-1.

2.1. Preparation of Catalysts
The activated carbon used in this study was prepared
for by pyrolysis of cassava peel in presence of chloride
zinc (chemical activities) by our research group. Cassava
peel from Colombian Cassava cultives were impregnated
with aqueous solutions of ZnCl2 following a variant of
the incipient wetness method [22,23] with a specific surface area of 1567 m2.g-1.
One of them was obtained commercial (Sasol™) sample of γ-alúmina.
2.1.1. Impregnation
Catalysts (activated carbon with cooper was labeled
Cu-AC and γ-alúmina with cooper was labeled Cu-A)
were formulated using a solution of Cu(NO3)2.3H2O (5
wt.(%) Cu) as a precursor of the active agent because of
its water solubility, lower cost, and lack of poisonous
elements. Activated carbons from cassava peel and γ-alúmina were used as supports. There are two well known
methods of loading the metal precursor on the support:
incipient wetness impregnation and soaking method. In
Copyright © 2010 SciRes.
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this case, the second one was used; the activated carbon
and γ-alúmina were soaked in a copper nitrate solution
for 8 days under agitation until the equilibrium was reached. The ratio solid/solution (weight base) was equal to
6. The impregnated solids were filtered and scurried
during 24 hours. Then, they were dried at 378 K for 24
hours 12.
2.1.2. Thermal Treatment
The objective of this step is to transform the copper
salt (cupric nitrate) in copper oxides, which are the active catalytic agents. The high temperature used descomposes the nitrate releasing nitrogen oxides. The reactor
must work in a nitrogen atmosphere to avoid the combustion of the support. The catalysts were treated in the
activation reactor, at 830 K for 24 hours. After that, a
nitrogen flow was maintained until the reactor reached
room temperature 12.

2.2. Characterization
Nitrogen adsorption-desorption isotherms were performed using an Autosorb-3B (Quantachrome) equipment. Samples of 0.100 g were oven-dried at 378 K
during 24 hours and outgassed at 473 K under vacuum
for 10 hours. The final pressure was less than 10–4 mbar.
Textural parameters were derived from adsorption data.
The specific BET surface area was estimated 15. The
specific total pore volume (VT) was determined from the
adsorption isotherm at the relative pressure of 0.99,
converted to liquid volume assuming a nitrogen density
of 0.808 g.cm–3. The specific micropore volume (VDR)
was determined using the Dubinin-Radushkevich mode
l16. The pore size distribution (PSD) was analyzed using
the BJH method [17,21,22,23,24].
Acidity and basicity determinations of the support were
made by titrating the acid sites with a strong basic solution and the basic sites with a strong acid solution, following the protocol detailed by Giraldo et al. [22,23].
The point of charge zero (PZC) of the catalyst were
determined for a procedure very similar [24], which are
described here. In a beaker were added 0.1 g of finely
ground catalyst in an agate mortar and 20 mL of a 0.01
M KCl-0.004 M KOH. The solution was kept under constant stirring for 48 h. Then, titration was performed
with a 0.1 M HCl solution using a burette and a stream
of nitrogen to prevent carbon dioxide from the air is absorbed into the solution and the formation of CO3-2 and
HCO3-1. The titrant solution was added slowly 0.1 mL
and was recorded by adding the aggregate volume and
pH of the solution. Furthermore, the evaluation was carried 0.01 M solution of KCl -0004 KOH under the same
conditions but without catalyst. The PCC of the catalyst
was determined by plotting the pH of the solution against the volume of titrant solution to the solution without
Openly accessible at http://www.scirp.org/journal/NS/
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catalyst and the catalyst solution, the pH where these two
curves intersect corresponds to the PZC. Another way
interpret experimental data is to calculate the burden of
surface of the catalyst using the equations reported in
literature [24], in this case the pH at which the burden of
surface is zero corresponds to the PZC.
Studies of X ray diffraction (XRD) patterns were recorded at room temperature using a Rigaku diffractometer operated at 30 kV and 20 mA, employing Ni-filtered
Cu Kα radiation (λ = 0.15418 nm). The crystalline
phases were identified employing standard spectra software.

lume compared to that of the corresponding support. This
is mainly due to a pore blocking effect, especially micropores, which is evident from the analysis of the uptake
at low relative pressures in the adsorption-desorption isotherms for the catalysts compared to the supports. The
micropore volume and surface area using activated carbon is higher than that obtained from γ-alumina, as the
total pore volume for both materials.
The isotherms corresponding to both catalysts present
0.0029

2.3. Adsorption Studies

3. RESULTS AND DISCUSSIONS
3.1. Characterization
Nitrogen adsorption-desorption isotherms for the supports and catalysts are shown in Figures 1 and 2. The
textural parameters modeled from the adsorption data
are summarized in Table 1.
Both catalysts present lower surface area and pore voCopyright © 2010 SciRes.
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Pore Volume [cc/μg]
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Pore Width [Å]

Figure 1. Pore distribution for Cu-AC.
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DFT Differential Pore Volume Distribution

0.0082
0.0073
0.0064
Pore Volume [cc/μg]

The adsorption of CN- on activated carbon and γ-Alumina impregnated with Cu was studied by batch-technique [9]. The general method used for these studies is
described below: A known weight (i.e., 0.5 g of the CuAC or Cu-A) was equilibrated with 25 cm3 of the spiked
cyanide solution of known concentrations in Pyrex glass
flasks at a fixed temperature in a thermostated shaker
water bath for a known period of time (i.e. 30 minutes).
After equilibrium the suspension was centrifuged in a
stoppered tube for 5 minutes at 4500 rpm, was then filtered through Whatman 41 filter paper. All adsorption
experiments except where the pH was varied were done
at pH 7.20, which was obtained naturally at solution to
adsorbent ratio of 50:1. To study the effect of pH, in one
set of experiments the pH of the suspensions was adjusted by using NaOH/NH4OH and HNO3. The pH of solutions was in the range of 3.0-12. The amount of cyanide
adsorbed, “X” and the equilibrium cyanide concentration
in the solution, “Ce” was always determined volumetrically with standard silver Nitrate solution. Adsorption of
cyanide on Cu-AC and Cu-A was determined in terms of
percentage extraction. Amount adsorbed per unit weight
of the Cu-AC or Cu-A, X/m was calculated from the initial and final concentration of the solution, Adsorption
capacity for the adsorption of cyanide species has been
evaluated from the Freundlich and Langmuir adsorption
isotherms were studied at three different temperatures
(i.e. 283 K, 313 K, 323 K). The cyanide concentration
studied was in the range of 10 pmm to 80 ppm for 50:1
solution to the catalyst.

DFT Differential Pore Volume Distribution
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Figure 2. Pore distribution for Cu-A.
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Table 1. Textural parameters of catalyst.
Sample

BET surface area (m2.g–1)

Pore volume (VT)
(cm3.g–1)

Specific micropore volume (VDR) (cm3.g–1)

AC

1567

0.6641

0.6245

Cu-AC

1245

0.5478

0.6042

γ-Alúmina

245

0.2454

-

Cu-A

207

0.2087

-

a hysteresis loop. The uptake at high pressure rises significantly for Cu-A, which indicates a considerable presence of mesoporous. The BJH pore size distribution (Figures 1 and 2) shows important mesoporosity in the range
of 40-90 Å for both catalysts, especially in Cu-AC, in
agreement with its hysteresis loop.
Figures 3 and 4 show the curves obtained in the point
of zero charge determinations using the mass titration
method. All these results, pH, acidity, basicity and pzc,

0,05

surface charge,(C/m2)

0,03

0,01

6

7

8

9

10

11

12

13

14

-0,01

-0,03

demonstrate that the surface of both supports are strongly basic (Table 2).
The X Ray diffraction patterns for both catalysts, CuAC and Cu-A respectively are shown in Figures 5 and 6.
The profiles obtained show that the main oxidized metal
compound corresponds to CuO. The signals of Cu2O and
Cu are also present in the spectra, specially the last one.
The presence of CuO was expected because the metal
appears as divalent ion in the precursor salt. The reduced
species (Cu+ and CuO) could be produced by the reducing action of the carbon surface during the thermal treatment at high temperatures.
The adsorption of cyanide on the catalyst Cu-AC and
Cu-A were studied as a function of shaking time in water
Bath shaker (Labconco 3535 US), pH, adsorbate concentration and temperature for known cyanide concentration
at 313 K. The results are interpreted in terms of percentage adsorption. The variation of % adsorption with different intervals of time ranging from 2 minutes to 48
hours is illustrated by Figure 7 which shows that the
adsorption of cyanide at 25 ppm as well as 50 ppm concentration on Cu-AC and Cu-A is rapid at 313 K and
equilibrium reached instantaneously after mixing cya-

-0,05

Table 2. Physicochemical characteristics of the catalyst.

pH

Figure 3. PZC for Cu-A catalyst.
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Figure 4. PZC for Cu-AC catalyst.
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Figure 5. DRX for Cu-AC catalys.
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Table 3. Dependence of absorbance concentration relative to
CN- on Cu-A catalyst at 293 K.

8000

7000

Amount of CN- Amount of CN- in Amount of CNAdsorption
in taken
sol. At equilibrium Adsorbed

pH
6000

2,06
4,57
6,54
7,28
9,14
11,34
12,75

Intensity,u.a.

5000

4000

3000

2000

(ppm)

(ppm)

(ppm)

(%)

20
20
20
20
20
20
20

6,48
5,44
4,11
2,13
4,11
6,55
7,76

13,52
14,56
15,89
17,87
15,89
13,45
12,24

67,60
72,80
79,45
89,35
79,45
67,45
61,20

Table 4. Dependence of absorbance concentration relative to
CN- on Cu-AC catalyst at 293 K.
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Figure 6. DRX Cu-A catalyst.
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Figure 7. Effect of shaking time % age Adsorption at 25 ppm
and 50 ppm for the synthesized catalyst.

nide solution with the catalyst. However, an equilibriumis reached faster with the catalyst of Cu-AC than with
Cu-A; that is associated with the greatest amount of
copper that is achieved on the activated carbon adsorb
taking into account their surface properties and specific
chemical the PZC allowing CN ions adsorb more rapidly
on the catalyst surface Cu-AC on the Cu-A.
No significant change in % adsorption values was observed up to 48 hours, which indicates that surface precipitation as well as ion exchange may be the possible
adsorption mechanism. Therefore, equilibrium time of
20 minutes was selected for all further studies. The adsorption is pH dependent, a much greater adsorptive ca
pacity for cyanide was observed in neutral solution for
both catalyst; moreover it is more higher adsorption capacity for Cu-AC, i.e., pH 7- 8.0 (Table 3 and Table 4).
Because when the pH is reduced, surface charge of the
particles becomes increasingly positive and because of
the competition of the hydrogen ions for the binding sites,
Copyright © 2010 SciRes.

Amount of Amount of CN- in Amount of CNAdsorption
CN- in taken sol. At equilibrium Adsorbed

pH

2 Theta

2,06
4,57
6,54
7,28
9,14
11,34
12,75

(ppm)
20
20
20
20
20
20
20

(ppm)
5,35
3,34
1,23
0,99
2,02
4,66
5,55

(ppm)
14,65
16,66
18,77
19,01
17,98
15,34
14,45

(%)
73,25
83,30
93,85
95,05
89,90
75,70
72,25

metal ions tend to desorbs at low pH region, as well a
small decrease in cyanide adsorption was observed at pH
higher than 9.0. This behavior may be due to the formation of soluble cyanide complexes, which remain in solution as dissolved component. Similarly adsorption of
cyanide as a function of its concentration was studied by
varying the metal concentration from 10ppm to 80 pmm,
% age adsorption values decreases with increasing metal
concentration (Table 5), which suggest that at least two
types of phenomena (i.e. adsorption as well ion-exchange)
taking place in the range of metal concentration studied,
in addition less favorable lattice positions or exchange
sites become involved with increasing metal concentration.
The adsorption in aqueous solutions and adsorption
isotherms at three different temperatures (i.e. 278 K, 298
K, 323 K) were obtained by plotting the amount of cya
Table 5. Dependence of adsorbate concentration relative to
CN- on Cu-AC (this catalyst present major adsorption).
Amount of
Adsorbent
CN- in taken

Amount of
CN- taken

(mg

(ppm)

(ppm)

(ppm)

(%)

500
500
500
500
500
500
500

5,00
10,00
20,00
40,00
60,00
80,00
100,00

2,42
3,12
1,41
15,65
37,98
41,09
54,58

2,58
6,88
18,52
30,35
38,44
38,91
45,42

51,60
68,00
92,60
75,88
64,06
48,63
45,42

Amount of
Amount of
Adsorption
CN- in soln.
CN- Adsorbed
at Equilibrium
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nide adsorbed on Cu-A and Cu-AC (mg/g) against metal
at equilibrium concentration “Ce” (mg/l). Adsorption of
cyanide decreases with increasing temperature. Two models, Langmuir and Freundlich equations, were used to
describe experimental data for adsorption isotherms.
The linear form of the Freundlich isotherm model is
given by the following relation:
(1)

where x / m is the amount adsorbed at equilibrium (mg/g),
Ce is the equilibrium concentration of the adsorbate
(mg/l), and KF and 1 / n are the Freundlich constants
related to adsorption capacity and adsorption intensity
respectively, of the sorbent. The values of KF and 1/n can
be obtained from the intercept and slope respectively, of
the linear plot of experimental data of log X / m versus
logCe. The linear form of the Langmuir isotherm model
can be represented by the following relation:
Ce / x / m = 1 / KLVm + Ce / Vm

Qo

ΔG° = - RTlnK

(3)

ΔG° = ΔH° -

(4)

K = - ΔH° / RT + Constant

(5)

and
Tables 7 and 8 show the values of thermodynamics
parameters ΔH°, ΔS°, ΔG° for Cu-AC and Cu-A catalyst
synthesized. The positive value of ΔH° = 6.234 kJ/mole
for Cu-AC and 4.897 kJ/mole, which is calculated from
Eq.5 and Figure 5, confirms the endothermic nature of
the overall adsorption process. The positive value of ΔS°
suggests increased randomness at the solid/solution interface with some structural change in the adsorbate and
adsorbent and also affinity of the Cu-AC and Cu-A towards CN-; the values more highest of entropy indicate
spontaneous process. A negative value of ΔG° indicates

K

Freundlich
R

2

Kf

n

R2

Alumina 221,9725 0,018648 0,99835 7,431714 1,477998 0,99653
Activated
226,7673 0,029620 0,99781 11,98697 1,628459 0,99330
Carbon
Cu-A

317,2252 0,041956 0,99700 22,77397 1,759936 0,98713

Cu-Ac

297,2679 0,164927 0,99646 58,15241 2,573350 0,97419

Table 7. Values of thermodynamic data for Adsorption of CNon Cu-AC.
Temperature
K

ΔH°
kJ/mol

ΔG°
kJ/mol

ΔS°
J/K.mol

278

6.234

-8.856

0.0543

298

6.234

-6.636

0.0432

323

6.234

-12.666

0.0585

(2)

where Vm and KL are the Langmuir constants related to
the maximum adsorption capacity and the energy of adsorption, respectively. These constants can be evaluated
from the intercept and slope of the linear plot of experimental data of Ce / X / m versus Ce. The Freundlich and
Langmuir adsorption isotherms are shown in Figure 3
and Figure 4 (the isotherms linearizated not shown here).
The related parameters of Langmuir and Freundlich models are summarized in Table 6. The results reveal that
both the Langmuir isotherm model adequately describes
better the adsorption data (See Figure 8).
Calculations of thermodynamic parameters:
Thermodynamic parameters such as Gibbs free energy
ΔG° (kJ/mol), change in enthalpy ΔH° (kJ/mol) and
change in entropy ΔS° (J.K-1mol-1) for cyanide adsorption were calculated from the distribution constant K [10]
by using the following relations:

Copyright © 2010 SciRes.

Langmuir

Table 8. Values of thermodynamic data for Adsorption of CNon Cu-A.
Temperature
K

ΔH°
kJ/mol

ΔG°
kJ/mol

ΔS°
J/K.mol

278

4.897

-6.863

0.0423

298

4.897

-6.963

0.0398

323

4.897

-10.183

0.0467

300

250

200
x/m, mg/g

Log x / m = logKF + 1 / nlogCe

Table 6. Parameters of Lagmuir and Freundlich for adsorption
of cyanide.

Alumina
Activated Carbon
Cu-A
Cu-AC

150

Langmuir
Freundlich

100
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0

0
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50

60

70

80

Ce, mg/g

Figure 8. Langmuir and Freundlich models adjustment at 298 K.
the feasibility and spontaneity of the adsorption process,
where higher negative value reflects a more energetically
favorable adsorption process. The process of adsorption
Cu-AC is more favorable.
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4. CONCLUSIONS
Keeping the adsorptive nature of Cu-AC and Cu-A in
view it is felt desirable to select batch adsorption process
for removal of Cyanide from the industrial wastewater
using activated carbon and γ-alumina. The main advantages of the procedure are:
1) The cost of starting materials for obtaining the catalyst is low and easily available in country.
2) Ease and simplicity of preparation of the catalyst
due to non-corrosive and non-poisonous nature of
activated carbon and alumina.
3) Rapid attainment of phase equilibration and good
enrichment as well fitting of adsorption data with
Langmuir isotherms.
4) The positive value of ΔH° and negative values of
ΔG° indicate the endothermic and spontaneous nature of the adsorption process.
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ABSTRACT
The pulsed laser ablation technique has been
employed to fabricate bilayer thin films consisting of layered structure ferroelectric bismuth vanadate (Bi2VO5.5) and bismuth titanate
(Bi4Ti3O12) on platinized silicon substrate. The
phase formation of these films was confirmed
by X-ray diffraction (XRD) studies and the crystallites in these bilayers were randomly oriented
as indicated by diffraction pattern consisting of
the peaks corresponding to both the materials.
The homogeneous distribution of grains (~300
nm) in these films was confirmed by atomic
force microscopy. The cross-sectional scanning
electron microscopy indicated the thickness of
these films to be around 350 nm. The film ex2
hibited P-E hysteresis loops with Pr ~ 11 C/cm
and Ec ~ 115 kV/cm at room temperature. The
dielectric constant of the bilayer was ~ 225 at
100 kHz which was higher than that of homogeneous Bi2VO5.5 film.
Keywords: Thin Films; Ferroelectric; Dielectric;
Laser ablation

1. INTRODUCTION
Fabrication and stabilization of materials that do not
occur naturally has been the subject of great interest of
current materials research [1]. Recently the investigations
of ferroelectric multilayer and superlattices have received
considerable attention due to the fact that these kinds of
engineered materials have been identified as possessing
functional properties in a sense superior to their single
phase constituent films [2-4]. The control of properties
could be achieved by tailoring the lattices [5] e.g. by lattice mismatch induced strain at the interface-strain engineering, polarization mismatch enhancing polarization,
chemical heterogeneity, which in turn may enhance the
Copyright © 2010 SciRes.

physical properties or in many cases may give rise to new
properties which were not exhibited by the starting materials.The Aurivillius family of layered bismuth oxides
is a class of ferroelectrics whose properties have been
widely studied [6]. More recently, there is a renewed interest because of the discovery of fatigue-free behavior
in thin films for nonvolatile memory applications [7].
More importantly, Bismuth Titanate [Bi4Ti3O12 (BTO)],
which is an n = 3 member of this family has been reported to be a very good ferroelectric and electro-optic
with small amount of the substitution of impurities, such
as La, Sm and Nd for Bi and V, W and Nb for Ti in the
pseudoperovskite (Bi2Ti3O10)2− layers of BTO to improve the remnant polarization and fatigue endurance.
[8-11]. Bismuth Vanadate [Bi2VO5.5 (BVO)] is a vanadium analog of the n = 1 member of the Aurivillius family which has a Curie temperature of 720 K [12-14]. It
has been reported in the literature that the composite of
BVO and BTO solid solution possesses better physical
properties and low leakage current than that of BVO
[15]. The single phase BVO thin films have been prepared on platinum coated Si substrates and studied their
ferroelectric and dielectric properties [16]. It has been
found that these films possess non-negligible ionic conductivity attributed to the presence of oxide ion vacancies in the perovskite layer. Also the contribution of
oxygen ion vacancies to the ferroelectric properties was
quite high as established through fatigue characteristics.
In this article we report the structural and electrical
properties of bilayer stacking of Bi2VO5.5 (BVO) and
Bi4Ti3O12 (BTO). We have fabricated bilayer thin films
consisting of alternating BVO and BTO layers henceforth mentioned as BVBT. The presence of a BTO layer
along with the BVO layer effectively suppressed the
high electrical conductivity of BVO which is commonly
observed in the laser ablated BVO thin films deposited
on Pt / TiO2 / SiO2 / Si substrates. The BVBT bilayer thin
films showed a fair increase in remnant polarization (Pr),
and more interestingly a significant reduction in coercive
field (Ec), as compared to the homogeneous BVO films
Openly accessible at http://www.scirp.org/journal/NS/
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of the same thickness. The details pertaining to the structural, dielectric and ferroelectric properties of BV BT bilayers fabricated on platinized silicon in metal insulator
metal (MIM) configuration are illustrated in the following sections.

Au

BTO

Pt

BVO

2. EXPERIMENTAL
The bilayer structures consisting of BVO and BTO
were fabricated by a multitarget-pulsed laser deposition
(PLD) technique on platinized silicon substrate in the
configuration Au / BVO / BTO / Pt (111) / TiO2 / SiO2 /
Si (100). A 248 nm excimer laser (Lambda Physik Compex 201) operated at 5 Hz was alternately focused onto
the well-sintered freshly polished BVO and BTO rotating targets with an energy density of 2 Jcm-2 at an angle
of 45˚ by a UV lens. The substrates were placed parallel
to the target at a distance of 3.5 cm and heated to 650℃
by a resistance heater. The chamber was first pumped
down to 1  10-6 m bar, and then high purity oxygen was
introduced using a mass flow controller to get oxygen
partial pressure of 100 m Torr. After deposition of both
the layers, the samples were cooled down to room temperature under an oxygen pressure of 1 mbar to minimize the oxygen ion vacancies. In these cases, the bilayer
thin films were prepared with BTO as the first layer and
BVO as the final layer with equal layer thickness.
The X-ray diffraction (XRD) studies were carried out
to characterize the phase and crystallographic structure
of the bilayer films using Cu Kα ~ 1.541 Å radiation
(Scintag XR 2000 Diffractometer). Scanning electron
microscope (SEM) (Sirion 200) and atomic force microscope (AFM) (Veeco CP II) were employed to monitor
the microstructure of the films.
For electrical measurements, gold dots of 1.96 × 10-3
cm2 area were deposited on the top surface of the films
through a shadow mask using thermal evaporation technique. The electrode dots were annealed at 250℃ for 30
min. The Pt surface was used as the bottom electrode for
capacitance measurements. The dielectric constant and
C-V measurements were performed at a signal strength
of 0.5 V using impedance analyzer (HP4294A). The
polarization-electric field (P-E) hysteresis was recorded
using a Precision Workstation (Radiant Technologies,
Inc.) ferroelectric test system in virtual ground mode.

3. RESULTS AND DISCUSSIONS
Bilayered thin films of BVO and BTO were fabricated
on platinized silicon substrates by pulsed laser ablation
using the optimized deposition conditions for BVO and
BTO layers. A schematic diagram of the bilayer thin film
grown in this work is shown in Figure 1. Equal thickCopyright © 2010 SciRes.

TiO2 / SiO2 / Si

Figure 1. Schematic diagram of a BVBT bilayer thin film.

ness (~ 175 nm) of the individual layers was maintained
in bilayer films. The BTO layer was grown first on platinized silicon substrate and then immediately followed
by the growth of BVO layer without any delay in order
to maintain the sharp interface between the two layers.
The sequence of the layers was also reversed, but not
much difference in terms of physical properties was observed, hence the one bilayer structure i.e. BVBT bilayer
is discussed as a symbolic representative one.
Figure 2(a) shows the representative XRD pattern of
BVBT bilayer film deposited by PLD. The XRD diffraction peaks corresponding to both the BVO and BTO
phases were observed and these were indexed on the basis of orthorhombic structure of BVO [JCPDS 42-0135]
and BTO [JCPDS 72-1019]. It is observed that the film
is polycrystalline in nature and main diffraction peaks of
both BVO (113) and BTO (117) appear with higher intensities along with the other low intensity peaks. Also, the
(002) reflection of BVO along with (004) of BTO appear
so close that they overlap giving only one visible peak.
The bilayer film possessed an interface between the two
individual layers and this interface does influence the
physical properties due to the lattice strain at the interface. Figure 2(b) shows the (002) diffraction peak corresponding to BVO of the bilayer thin film. The c-axis
lattice parameter calculated for BVO from the (002) peak
was found to increase from 15.42 Å for BVO layer [17]
to 15.50 Å in BVBT bilayer. This increase in out-of-plane
lattice parameter might be due to the in plane compressive stress on BVO in BVBT bilayer in the present case
in order to keep the cell volume unchanged. Therefore, it
is required to grow these films epitaxially and measure
the in-plane lattice parameters along with the residual
stress in these bilayer films in order to achieve the lattice
driven effects in these films.
The surface morphology of the BVBT BL thin film
was investigated by contact mode atomic force microscope (AFM). Figure 3 shows the surface morphology
of BVBT bilayer thin film over a 5 m x 5 m scan area
as two-dimensional (a) and three-dimensional (b) miOpenly accessible at http://www.scirp.org/journal/NS/
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Figure 2. (a) X-ray diffraction pattern of BVBT bilayer thin film. (b) Comparison of BVO and BVBT bilayer diffraction pattern along (002) plane of BVO.

(a)

(b)

(c)

Figure 3. (a) AFM micrograph showing surface topography, (b) 3D image of BVBT bilayer thin film and (c)
line profile.

crographs with the roughness profile mapped using line
scan depicted in (c) The BVBT bilayer films exhibited
dense surface morphology consisting of distinct grains.
Further the homogeneous distribution of grains was observed with an average grain size of 0.3 m. The root
mean square of the surface roughness (Ra) was around 7
nm as observed from the roughness profile. It indicated a
good quality of the deposited bilayer films.
The cross sectional microstructure of BVBT bilayer
Copyright © 2010 SciRes.

was studied by SEM and is depicted in Figure 4 which
indicated dense bilayer growth with sharp interface with
Pt. A columnar like structure was observed for this sample and the thickness of the sample bilayer film was
around 300 nm. It is noteworthy here that we could not
distinguish between the top BVO and bottom BTO layer
in this bilayer structure. This might be due to the very
little difference in the atoms constituting the BVO and
BTO layers which scatter the electrons almost with the
Openly accessible at http://www.scirp.org/journal/NS/
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Figure 4. Cross sectional scanning electron micrograph of a
representative BVBT bilayer film.

same intensity during and as a result the contrast between the two layers is poor.
In the present study we have further focused on the
ferroelectric (FE) properties of these BVBT bilayer thin
films deposited on platinized silicon substrate. Polarization measurements were carried out using a Precision
Workstation operating in the virtual ground mode as explained earlier. A simple triangular pulse of voltage is
applied across the electrodes of the sample which was
fabricated in Metal-Insulator-Metal (MIM) configuration
and the polarization response of the sample is observed
under an integrator circuit. Figure 5(a) shows a typical
P-E loop obtained for a BVBT bilayer thin film at room
temperature. At the applied voltage of 12 V, the measured values of remnant polarization (Pr) and coercive
field (Ec) for ~ 350 nm thick BVBT bilayer film were
around 11 C/cm2 and 115 kV/cm, respectively. The non
zero switchable polarization observed at zero applied
field is a general characteristic of a FE material [18-19].
It showed two key characteristics of a ferroelectric
which are, polarization is reversible by an application of

an electric field and polarization remains at a finite value
even after the removal of the electric field [20].The
value of remnant polarization observed for these bilayer
films is higher than that of the homogeneous BVO thin
films of similar thickness [16]. Further the asymmetric
nature of the P-E loops with respect to electric field axis
indicates interface dominated behavior.
The capacitance voltage (C-V) characteristics of a BVBT bilayer thin film measured at 100 kHz as probing
frequency is shown Figure 5(b). The C-V measurements
were carried out by applying a small ac signal of 0.5 V
amplitude, with a varying dc electric field. The dc voltage was swept from negative bias (-8 V) to positive (8 V)
in steps of 0.1 V with a sweep rate of 0.1 V/s and back
again. The butterfly shape of the curve confirmed the
ferroelectric nature of the BVBT BL film and the capacitance shows strong voltage dependence. The two maxima of the loop correspond to the domain switching
voltage in forward and reverse directions where the polarization reversal takes place. The asymmetry that is
observed in C-V curve suggests that the electrodes are
asymmetric and the film contains mobile ions or charges
accumulated at the interface between the film and the
electrode. In addition there is a difference between the
capacitance values of the two peaks, which may be due
to some defect energy levels in the film.
The dielectric dispersion studies were carried out on
BVBT bilayer thin film at room temperature in the frequency range of 1 kHz to 1 MHz. Figure 6 shows the
variation of dielectric constant ( εr ) and the dissipation
factor (D) as a function of frequency measured at room
temperature. The dielectric constant as well as dissipation factor was found to decrease abruptly in the low
frequency region. The variation in dielectric constant is
not significant at higher frequencies. Similar trend has
been observed at lower frequencies for BVO films
grown on platinized silicon substrate [16]. The small

Figure 5. (a) The P-E hysteresis loop and (b) Capacitance- Voltage characteristics of a BVBT BL thin film
measured at room temperature.
Copyright © 2010 SciRes.
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Figure 6. (a) Variation of dielectric constant and (b) dissipation factor of a BVBT BL thin film as a function
of frequency.

dispersion observed at higher frequency has its contribution from the response of the grains, while at lower frequencies grain boundaries, free charges etc. would contribute significantly. However the dielectric loss for BVBT bilayer thin film shows an increasing trend subsequent to 100 kHz. The dissipation factor has the minimum value (~ 0.03) around 100 kHz, where the dielectric constant is ~ 252.
The comparison of the observed dielectric constant of
BVBT bilayer with that of the single layer BVO and
BTO films is shown in Figure 7. The dielectric constant
of BVBT bilayer film shows less dispersion as compared
to that of homogeneous BVO film. This might be due to
the reduced number of defect states in bilayer films
due to the presence of BTO layer. Further the observed

400400

Dielectric constant (

)

Dielectric constant(r')

500500

300300

dielectric constant of bilayer film is higher(e.g. ~ 225 at
1 M Hz) than that of single layer BVO film.

4. CONCLUSIONS
Bilayer thin film structures consisting of ferroelectric
Bismuth vanadate (Bi2VO5.5) and Bismuth titanate
(Bi4Ti3O12) individual layers were fabricated on platinized silicon substrate (Pt(111) / Ti / SiO2 / Si) using
pulsed laser ablation technique and investigated systematically their structural and electrical properties. The
X-ray diffraction (XRD) studies indicated that bilayer is
randomly oriented and the diffraction pattern consists of
diffraction peaks from both starting materials. The Atomic force microscopy of the films indicates that there is
a homogeneous distribution of grains in these films. The
cross-sectional scanning electron microscopy established
the dense nature of these films. The polarization hysteresis and C-V studies established the ferroelectric nature of
these films. The observed dielectric constant of these
bilayer films was higher than that of single layer BVO
films.
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ABSTRACT
It is reasonably well established that the Earth
has substantially cooled from the Archean to
the present and hence the sites, rates and processes of crust formation must have changed
through geologic time. Archean and Proterozoic
granitic rocks are the principal record of such
changes. Massif-type charnockites in the Eastern Ghats granulite belt, India, of Archean and
Proterozoic ages mirror the changing conditions and/or processes of continental crust formation. Though both can be explained by dehydration melting of mafic rocks, the conditions
differ. Potasium and rubidium rich Proterozoic
charnockites have significant negative Eu anomaly indicating melting at shallow depths in the
stability field of plagioclase. In contrast, sodium
and strontium rich Archean charnockites with
less LREE enrichment and less depletion in Eu
indicate melting at greater depths in the stability
field of garnet or amphibole.
Keywords: Secular changes; Continental crust;
Massif-charnockites; Eastern Ghats

1. INTRODUCTION
The continental crust comprising byouant quartzofeldspathic materials are difficult to destroy by subduction and hence can be considered as the principal record
of crustal evolution through geologic time. New continental crust may form magmatically from underlying
mantle. However, mantle melting products are predominantly basaltic, whereas continental crust is andesitic
which can not be extracted directly from melting of mantle-peridotite. Continental crust formation therefore requires a second stage/or event of fractional crystallization [1] or remelting of basaltic magma [2]. Although there
remains considerable debate on the processes of crust
formation in the Archean compared to those operating in
Copyright © 2010 SciRes.

the later period (post-Archean), significant differences in
key geochemical features have been documented between
Archean and later granitic rocks [3-5]. Moreover, tectonic setting for Archean magmatism as exemplified by
TTG remains unresolved. Partial melting may have taken
place in subducted slabs [6,7] or in underplated basalt
beneath thickened crust or oceanic plateau [8]. TTG
suites of Archean greenstone belts are taken as the Archean continental crust, while large varieties of Proterozoic granitic plutons represent the Proterozoic continental crust (cf. Table 3 in [2]). These authors have presented extensive discussion on these differences from a
Granitic perspective and their possible implications on
the changing processes and or conditions of crust formation from Archean to Proterozoic times.
Eastern Ghats granulite belt, India, comprises massiftype charnockite as a major component in the regional
granulite terrane, and there is unambiguous evidence of
different generation of such charnockites. Archaean charnockites have been described from northern margin against
Singhbhum craton and western margin against Bastar
craton [9-11]. Some of the massif-type charnockite
suites in the central part of the granulite belt record only
Proterozoic ages [12,13]. Although, some workers have
described magmatic charnockites from the Eastern Ghats,
presumably as mantle-derived melt [14], it is difficult to
postulate silicic melts directly from mantle-melting. On
the other hand, some workers consider enderbitic charnockites of the Eastern Ghats belt as metamorphosed
igneous precursors and commonly describe them as
“now enderbite” [15]. Here again, the question of felsic
igneous rocks directly derived from mantle remains unresolved. Dehydration melting experiments have demonstrated that silicic melts of tonalitic, granodioritic and
granitic compositions are produced at 8-10 Kbar, and ≥
850℃ from mafic rocks [16-18]. The massif-type charnockites in the Eastern Ghats belt are of variable composition and P-T conditions of granulite facies metamorphism are comparable to the experimental constraints as
mentioned above [19, 20]. Thus a remelting of mantleOpenly accessible at http://www.scirp.org/journal/NS/
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derived melt or hydrated amphibolite under granulite
facies conditions could be the favored model for the
massif-type charnockites of the Eastern Ghats belt [2022].
Considering charnockite-massifs as products of partial
melting in the deep crust under granulite facies conditions, U-Pb ages of zircons in them can be taken as representing this deep crustal anatexis, while the Nd-model
ages could provide the mantle-derivation ages of their
protoliths.
In this communiqué, we present selected geochemical
and isotopic data for two sets of massif-type charnockites of the Eastern Ghats belt, of Archean and Proterozoic ages respectively. These data could mirror the
differences in some key geochemical features of the continental crust. These distinctive features may also provide some useful constraints on changing processes of
crust formation from Archean to Proterozoic.

2. GEOLOGICAL SETTING
The Eastern Ghats granulite belt skirting the eastern
coast of India is bounded by granite-greenstone belts of
Singhbhum and Bastar cratons to the north and west
respectively (Figure 1). The granulite lithologies record
polyphase deformation and possible multiple granulite
facies imprints [23-26]. Massif-type charnockite is a

major component in this regional granulite terrane and
occurs in different crustal domains [10]. The charnockite-massifs considered here occur in the Archean domains around Jenapore & Jaypur and Proterozoic domains around Sunki, Paderu and Naraseraopet (see locations in Figure 1).

3. GEOCHEMICAL SIGNATURES
Bulk composition was determined by XRF spectrometry at National Geophysical Research Institute, Hyderabad and Operating condition for XRF machine was 20/
40 KV for Major oxides, nominal analysis time was 300
seconds for all major oxides. For the XRF analysis the
overall accuracy (% relative standard deviation) for major and minor oxides are given as less than 5%. The average precision is reported as better than 1.5%. For ICP–
MS analysis at Institute Instrumentation Centre, Indian
Institute of Technology, Roorkee, the average precision
were 4.1% RSD.
The analytical data are given in Table 1. Compared to
the Archean charnockites the Proterozoic charnockites
are potash-rich, with high K2O / Na2O ratios (Figure 2)
and this is consistent with the compositions of granitic
rocks of the two periods, as described in Kemp and
Hawkesworth, 2004 [2]. Compared with the Archean charnockites the Proterozoic charnockites are rubidium-rich
with high Rb / Sr ratios (average 1.01, n = 11: Proterozoic and average 0.18, n = 7: Archean). The lower Rb /
Sr ratios in the Archean charnockites reflect elevated Sr
in the Archean than in the Proterozoic charnockites (Figure 3). However, Sr / Nd and Nb / La ratios are variable
in both sets (Figure 4); though lower Nb / La ratios in
many samples from Archean could reflect different processes in the Archean [2]. Greater fractionation of HREE,
extending to higher (Gd / Yb)N ratios in the Archean
charnockites is consistent with those in Archean greenstone belts (Figure 5). REE patterns are distinctive, primarily in the significant Eu depletion in the Proterozoic
charnockites and much less Eu depletion in the Archean
charnockites. Significant Eu-depletion coupled with Srdepletion is characteristic of the Proterozoic charnockites
compared with those of the Archean charnockites (Figure 6). Archean charnockites show relatively less enrichment in LREE, much less Eu-depletion and greater
fractionation of HREE, compared to those in the Proterozoic charnockites.

4. ISOTOPIC SIGNATURES

Figure 1. Generalized geological map of the Eastern Ghats
Granulite belt, India.
Copyright © 2010 SciRes.

Mantle-derivation ages for the charnockite suites were
determined by Sm-Nd isotopic analysis of whole rocks
by Thermal Ionisation Mass Spectrometry at Indian Institute of Technology, Roorkee. Detail analytical proceOpenly accessible at http://www.scirp.org/journal/NS/
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Figure 2. K2O versus Na2O plot of the charnockites in the
Eastern Ghats Granulite belt. Archean charnockites: solid symbols; Proterozoic charnockites: open symbols.
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Figure 3. Rb / Sr versus Eu / Eu* plot of the charnockites in
the Eastern Ghats Granulite belt. Symbols as in Figure 2.
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Figure 6. Chondrite normalized REE plot of the charnockites
in the Eastern Ghats Granulite belt.

value 0.512138).
Mantle-derivation ages (TDM) for the Proterozoic charnockites vary between 2.3 and 2.8 Ga (Naraseraopet),
between 2.3 and 2.4 Ga (Paderu) and between 2.8 and
3.1 Ga (Sunki) and those for the Archean charnockites
vary between 3.3 and 3.5 Ga (Jenapore) and between 3.4
and 3.5 Ga (Jaypur) respectively (Table 1).
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Figure 4. Nb / La versus Sr / Nd plot of the charnockites in the
Eastern Ghats Granulite belt. Symbols as in Figure 2.

dure is given in Bhattacharya et al., 2010 [27]. Measured
ratios for isotopic composition are normalized to 146Nd /
144
Nd = 0.7219 for Nd. The measured ratio of 143Nd /
144
Nd for Ames Nd Standard was 0.512138 ± 4 (quoted
Copyright © 2010 SciRes.

High Rb / Sr ratios and significant negative Eu-anomalies in the Proterozoic charnockites indicate residual
plagioclase. The implication is that intracrustal melting
occurred at shallow depths, in the stability field of plagioclase. In contrast, low Rb / Sr ratios, indicating elevated Sr, and lack of significant negative Eu-anomalies
in the Archean charnockites are indicative of intracrustal
melting at greater depths in the stability field of garnet or
amphibole [2].
http://www.scirp.org/journal/NS/
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Large discrepancies between crystallization ages (of
anatectic charnockitic melt), given by U-Pb zircon ages
reported in the literature (Table 1) and mantle derivation
ages given by TDM for the Proterozoic charnockites confirm that older crustal material was present within the
source regions of the charnockitic magma [28]. This is in
contrast to the relatively little time gap between crystallization ages and Nd-model ages for the Archean charnockites, similar to those observed in Archean TTGs.

[9]

[10]

[11]

6. CONCLUSIONS
These differences in the geochemical and isotopic signatures between Archean and Proterozoic charnockites
reflect different conditions of crust formation rather than
different processes: both can be explained by dehydration melting of hydrated basalt or amphibolite under
granulite facies conditions; but Proterozoic charnockites
at shallower depths (in plagioclase-stability field) than
Archean charnockites (in garnet or amphibole-stability
field).
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ABSTRACT
Hornblende-dehydration melting experiments at
high temperatures (> 950oC) indicate change of
melt composition from tonalite/granodiorite to
quartz-diorite; clinopyroxene instead of hornblende as the residual phase and change in melting reaction from peritectic hornblende-dehydration to eutectic clinopyroxene-orthopyroxeneplagioclase. In the light of these experimental
results, petrogenesis of a charnockite pluton of
homogeneous dioritic composition in the Eastern Ghats Belt, India, can be explained as melting at high-temperatures (> 950oC). Negative Sr
and Eu anomalies further indicate plagioclase
as a major residual phase, consistent with melting at high-temperatures (> 950oC).
Keywords: Dioritic charnockite; Residual
clinopyroxene; Residual plagioclase; Eutectic
melting

1. INTRODUCTION
It is quite common that large-scale charnockitic bodies are of variable composition from tonalite to granodiorite, and sometimes even dioritic composition is reported [1]. On the other hand, petrogenesis of massif-type
charnockites have been variously described: a) mantlederived and differentiated melt [2]; b) high-temperature
melting of dry granulite facies rocks [3]; c) more mafic
varieties as mantle-derived melts [4]; d) product of
hornblende-dehydration melting in the deep crust [5].
New melting experiments provide constraints on the
petrogenesis of charnockitic rocks of dioritic composition. From the Jenapore area in the Eastern Ghats Belt,
India, charnockite-massif was described as the product
of hornblende-dehydration melting under granulite facies conditions, and with residual hornblende. There the
two-pyroxene granulites occur as minor patches and
Copyright © 2010 SciRes.

bands and were explained as peritectic segregates [5]. A
stock-like body of charnockite (pluton) occurs in the
same locale, a few kilometer to the south (Lat: 20o46' N;
Long: 86o05' E). In contrast to the charnockite-massif, it
is of more mafic and homogeneous composition at the
outcrop-scale and commonly has both orthopyroxene
and clinopyroxene.
In the present communication we present geochemical
data from the charnockite pluton and in the light of new
experimental constraints explain its origin by melting at
high-temperatures (≥ 950oC).

2. EXPERIMENTAL CONSTRAINTS
The selected results of the hornblende-dehydration
melting experiments is presented in Figure 1. The melts
of 900oC and 925oC are tonalitic (normative Qtz / Plag >
0.25) and those above 950oC are quartz dioritic (normative Qtz / Plag < 0.25) in composition. The melt composition changes from corundum normative to diopside normative when temperature increases from 925oC to 950oC.
Also there is gradual decrease of plagioclase proportion
with temperature rise. Moreover, the orthopyroxene and
clinopyroxene are subequal in proportion at 900oC, and
orthopyroxene gradually decreases in proportion to a
trace amount at 1100oC. These results suggest that the
nature of melting reaction changes from hornblende
breakdown reaction at 925oC to eutectic clinopyroxeneorthopyroxene-plagioclase melting reaction at 950oC [6].

3. CHARNOCKITE PLUTON
The charnockite pluton at Jenapore is a relatively homogeneous body of two-pyroxene granulite, unlike those
occurring as minor bands and patches within the massiftype charnockite described from the area to the north [5].
Also as distinct from those within massif-type charnockite garnet is absent, while clinopyroxene is much more
abundant than orthopyroxene (Table 1).
Openly accessible at http://www.scirp.org/journal/NS/
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Figure 1. Mass proportions in melting experiments at 8 kbar.
Table 1. Modal mineralogy of the Charnockite pluton at Jenapore, Eastern Ghats Belt.
Sample
Quartz
K-feldspar
Plagioclase
Orthopyroxene
Clinopyroxene
Hornblende
Biotite
Opaque
Accessory

JN35A
4.3
4.2
25
13.3
41.2
2.5
5.4
2.2
1.2

2.J.95
6.2
3.1
24.3
14.5
42
3.1
3.7
3.1
Trace

2.J.82
10.4
2.5
22.4
16.4
38.5
1.5
5.2
1.5
1.1

3.1. Geochemistry
3.1.1. Analytical Procedure
Both major and minor oxides as well as trace elements
were analyzed by ICP-MS at the Australian Geological
Survey Organization, Canberra. At AGSO the sample
preparation for ICP-MS has been based on a method outlined in Jenner et al., 1990 [7]. However, some refractory elements like Zr have been problematic and to overcome this problem, a new method has been introduced.
The new method involves digesting pieces of the lithium
tetraborate/lithium metaborate fusions that have been prepared and run for XRF major element analysis. Approximately 100 micrograms of chips from the smashed discs
are weighed accurately into Savillex Teflon vessels. Five
milliliters of internal standard, one milliliter of HF and
five milliliters of HNO3 are then added. The vessels are
sealed and heated for twelve hours at 120oC on a timed
hotplate, such that cooled samples are ready the following morning. The digests are then transferred to volumetric flasks and made up to volume ready for the ICPMS. The precision can be assessed from the Zr analysis
(Table 2).
3.1.2. Results
The analytical data for the seven samples from the
Copyright © 2010 SciRes.

2.J.90A
6.3
3.2
22.6
18.3
38.6
1.7
4.6
3.4
0.7

JN 194A
5.7
2.7
23.4
17.4
39.2
3.4
3.9
2.7
1.4

2.J.50A
8.1
1.8
21.5
14.6
41
4.2
4.5
3.2
0.4

JN 35F
8.5
2.1
23
15.3
39.3
3.8
5.3
2.5
0.3

charnockite-pluton is presented in Table 3. In the Qz-OrPl diagram six (6) of the seven (7) analyzed samples plot
in the field of Qz-diorite, while one sample plots in the
field of Qz-monzodiorite (Figure 2). Normative quartz:
plagioclase ratios vary between 0.02 and 0.15 and all the
samples are diopside normative, varying between 6.4 and
11.7. All these features are compatible with the new experimental constraints indicating high temperature melting (≥ 950o C) in mafic rocks. Moreover, these compositional characteristics (homogeneous) suggest a change of
melting reaction from peritectic to eutectic, as in the recent melting experiment [6].
The incompatible elements like K, Rb & Ba are enriched, while Ti and base metals like Cr & Ni are depleted
Table 2. Comparative Zr analysis in ppm.
ICP-MS
old

ICP-MS
new

AGSO
XRF

W-2

78

95

93

94

BIR-1

15

15

15

15.5

Standards

Recommended
[8]

DNC-1

36

37

36

41

QLO-1

171

189

188

185

BHVO-1

151

176

175

179

AGV-1

205

235

235

227
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Table 3. Composition of the charnockite pluton of Jenapore, Eastern Ghats, India.
Area
Sample
SiO2
TiO2
Al2O3
Fe2O3
FeO
MnO
MgO
CaO
Na2O
K2O
P2O5
LOI
Total
Cr
Ni
Ni
Sc
V
Cu
Zn
Zn
Ti
K
Rb
Ba
Sr
Zr
Nb
Th
U
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Yb
Lu
∑ REE
(La/Sm)N
(Gd/Lu)N
Eu/Eu*

Jenapore
JN35A
49.69
2.9
13.85
2.38
13.64
0.22
3.75
7.9
1.14
2.07
0.75
1.54
99.83

2.J.95
52.03
1.72
15.53
1.36
9.44
0.16
5.5
8.19
2.78
1.51
0.42
1.28
99.92

2.J.82
54.42
1.53
15.09
1.75
9.18
0.16
4.75
7.28
2.96
1.56
0.37
0.86
99.91

9
8
8
45
263
36
176
176
17400
8588
48
1527
341
329
35.3
2.46
0.41
92.7
234
22.7
87.7
15.5
3.87
15
2.28
12.9
2.8
8.11
6.88
1.01
505.45
3.76
1.85
0.19

119
50.5
50.5
31.5
193
26
120
120
10320
6265
54
727
327
255
25.3
1.98
0.3
55.3
120
13.1
50.3
9.45
2.26
8.92
1.37
7.83
1.69
4.74
4.07
0.59
279.62
3.68
1.88
0.19

Trace elements in ppm
105
185
33.5
37.5
33.5
37.5
31.5
33.5
162
170
26
20
127
104
127
104
9180
8040
6472
5228
54.5
34
734
736
296
325
226
177
24.8
15.5
1.51
2.83
0.48
0.32
44.9
47.5
97.2
97
11
10.4
43
39.4
8.23
7.06
2.13
1.99
8.33
7.05
1.32
1.11
7.5
6.32
1.64
1.4
4.74
4.09
3.99
3.57
0.59
0.52
234.57
227.41
3.43
4.23
1.76
1.69
0.19
0.21

(Figure 3). These features suggest a melt character for
Copyright © 2010 SciRes.

2.J.90A
52.19
1.34
15.74
1.08
8.85
0.15
6.46
8.48
2.73
1.26
0.28
1.37
99.93

JN 194A
52.74
0.97
16.58
1.46
8.01
0.14
6.94
8.51
2.3
1.06
0.21
0.98
99.9

2.J.50A
52.87
1.11
16.63
0.75
7.78
0.13
6.07
8.68
2.26
1.87
0.3
1.47
99.92

JN 35F
53.05
1.71
15.29
1.71
8.8
0.15
5.16
8.05
2.97
1.79
0.41
0.81
99.9

98
20
20
32
167
22
97
97
5820
4338
40
376
314
117
11.6
8.84
0.56
56
115
11.8
42.8
7.55
1.6
6.96
1.06
5.98
1.29
3.63
3.2
0.47
257.34
4.67
1.84
0.17

205
49
49
31
160
22
89
89
1660
7759
56
1066
376
197
17
1.49
0.27
56.2
115
12.2
45.2
7.29
2.21
7.14
1.07
5.96
1.28
3.64
3.22
0.46
260.87
4.85
1.93
0.23

78
24
24
34
184
19
114
114
10260
7427
49
1076
324
257
24.1
3.72
0.5
64.2
135
14.8
55.7
9.85
2.58
9.2
1.43
8.01
1.76
5.07
4.33
0.65
312.58
4.10
1.76
0.20

these dioritic charnockites. However, Zn is significantly
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Rock / Chondrite
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1

Figure 2. Normative Qz-Or-Pl diagram for the charnockites.
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Figure 4. Chondrite normalized REE diagram for the charnockites. Normalizing values from Taylor and McLennan, 1985 [23].

of negative Sr anomaly.
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4. DISCUSSIONS
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Y
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Figure 3. Multi-element spider diagram for the charnockites.
Normalizing values from Taylor and McLennan, 1985 [23].

enriched and could be related to clinopyroxene as a major phase, which commonly contains trace amounts of
Zn. Similar degrees of enrichment in Rb & Sr relative to
primitive mantle is consistent with partial melting in mafic rocks involved in the break down of hornblende and
plagioclase. However, unlike the tonalitic charnockites
(cf. Figure 9 in [5]), negative Sr anomaly in the dioritic
charnockites here implies plagioclase as a major residual
phase [9]. Zr contents between 117 & 329 are variable,
but most of the samples have near saturation concentration. This and relatively high Th (between 1.49 & 8.84
ppm) and U (between 0.27 & 0.56 ppm) suggest interaction between melt and restitic zircon. Also unlike the
tonalitic charnockites, total REE contents are high, between 227 & 505 ppm, suggests near saturation concentration. Relatively less HREE fractionation (Gd / Yb)N,
between 1.69 & 1.88 than LREE fractionation, (La /
Sm)N, between 3.43 & 4.85, suggests melt-pyroxene
coexistence. Significant negative Eu anomaly is characteristic of these charnockites of quartz-dioritic composition unlike those in the tonalitic charnockites and Archaean tonalites [5,10] suggests major residual plagioclase (Figure 4). This is also consistent with the signature
Copyright © 2010 SciRes.

The Eastern Ghats Mobile Belt, along the east coast ofpeninsular India, is commonly described as a collisional
orogen [11]. Extremely high temperatures (> 900oC)
have been recorded from different granulite lithologies
and from different parts of this regional granulite terrain
[12-16]. On the other hand, dehydration melting experiments provided important constraints on the petrogenesis
of massif-type charnockitic rocks of tonalitic and granodioritic compositions [17-20]. The latest experiments of
hornblende-dehydration melting at high-temperatures (≥
950oC), indicate changing melt composition from tonalite
/granodiorite to quartz-diorite, along with residual clinopyroxene instead of hornblende [6]. In this context it
is important to note that this is the first report of charnockite pluton of dioritic composition in the Eastern
Ghats Belt. Erstwhile magmatic charnockite or their protoliths are described as enderbite, of tonalitic composition [21-22]. The tonalitic to granodioritic charnockitemassif of Jenapore was described as the product of hornblende-dehydration melting with residual hornblende &
or garnet by Kar et al. [5]. In the same locale a stock-like
body of charnockite, its quartz-dioritic composition with
residual clinopyroxene and plagioclase provide evidence
of high-temperatures (> 950oC). This is also consistent
with the proposed change in the melting reaction from
peritectic hornblende-dehydration melting to eutectic clinopyroxene-orthopyroxene-plagioclase melting.

5. CONCLUSIONS
1) This is the first report of dioritic charnockite pluton
in the Eastern Ghats Belt.
2) Yet another evidence of Ultra-high temperature crustal metamorphism in the Eastern Ghats Belt.
Openly accessible at http://www.scirp.org/journal/NS/
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3) Negative Sr and Eu anomalies, unlike those of tonalitic charnockites and Archaean tonalites, imply plagioclase as a major residual phase.
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ABSTRACT
Cell-PLoc 2.0 is a package of web-servers
evolved from Cell-PLoc (Chou, K.C. & Shen,
H.B., Nature Protocols, 2008, 2:153-162) by a
top-down approach to improve the power for
predicting subcellular localization of proteins in
various organisms. It contains six predictors:
Euk-mPLoc 2.0, Hum-mPLoc 2.0, Plant-mPLoc,
Gpos-mPLoc, Gneg-mPLoc, and Virus-mPLoc,
specialized for eukaryotic, human, plant, Grampositive bacterial, Gram-negative bacterial, and
virus proteins, respectively. Compared with
Cell-PLoc, the predictors in the Cell-PLoc 2.0
have the following advantageous features: (1)
they all have the capacity to deal with the
multiplex proteins that can simultaneiously exist,
or move between, two or more subcellular location
sites; (2) no accession number is needed for the
input of a query protein even if using the “highlevel” GO (gene ontology) prediction engine; (3)
the functional domain information and sequential
evolution information are fused into the “ab
initio” sequence-based prediction engine to
enhance its accuracy. In this protocol, a stepto-step guide is provided for how to use the web
server predictors in the Cell-PLoc 2.0 package,
which is freely accessible to the public at
http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/.
Keywords: Euk-mPLoc 2.0; Hum-mPLoc 2.0;
Plant-mPLoc; Gpos-mPLoc; Gneg-mPLoc;
Virus-mPLoc; Higher-level GO approach; Ab-initio
approach; Functional domain; Sequential evolution;
Multiplex proteins

1. INTRODUCTION
The localization of a protein in a cell is one of its

Copyright © 2010 SciRes.

most important attributes. It can provide useful insight
about the function of the protein. It is also fundamental
to system biology because knowledge of the subcellular locations of proteins is indispensable for in-depth
understanding how the biological processes are regulated by the intricate pathways at the cellular level
[1,2]. Particularly, the information of protein subcellular location is very useful for identifying and prioritizing drug targets [3] during the process of drug development.
Given an uncharacterized protein sequence, how can
we identify which subcellular location site it resides at?
Does the protein stay in a single subcellular location or
can it simultaneously exist in, or move between, two and
more subcellular location sites? Although the answers to
these questions can be determined by means of various
biochemical experiments, it is time-consuming and laborious to acquire the desired information with experimental methods alone. Particularly, in the post-genomic age,
the number of newly found protein sequences has increased explosively. For instance, in 1986 the Swiss-Prot
databank contained merely 3,939 protein sequence entries, but the number has since jumped to 519,348 according to the data released by the same databank on 10Aug-2010 (www.expasy.org/sprot/relnotes/relstat.html),
meaning that the number of protein sequence entries
now is more than 131 times the number from about 24
years ago. Facing such an avalanche of protein sequences, it is highly desired to develop automated methods for timely identifying the subcellular locations of
uncharacterized proteins based on their sequence information alone.
Actually, during the past 18 years or so, various computational methods were developed in this regard (see,
e.g., [4-59].
All the aforementioned methods each have their own
advantages and have indeed played a role in stimulating
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the development of this area. Meanwhile, they also each
have their own limitations. For example, TargetP [15] is
one of the popular methods in this area. Its remarkable
merit is to make the prediction of the subcellular location of a protein related to its signal peptide and hence
has a clearer biological meaning and basis. But TargetP
[15] can only cover four subcellular location sites. For a
query protein located outside its coverage scope, TargetP
would either fail to predict or the predicted result thus
obtained would not make any sense. The similar problem also exists for PSORTb [33], one of the other popular methods in this area.
The other problem for the existing methods listed
above is that none of them can be used to deal with multiplex proteins that may simultaneously reside at, or
move between, two or more different subcellular locations. Proteins with multiple location sites or dynamic
feature of this kind are particularly interesting because
they may have some unique biological functions worthy
of our special notice [2,3]. Particularly, as pointed out by
Millar et al. [60], recent evidence indicates that an increasing number of proteins have multiple locations in
the cell.
About two years ago, a package of web-servers
called Cell-PLoc was published [61] that can be used
to predict subcellular localization of proteins in various organisms. It contained six web-server predictors:
Euk-mPLoc [62], Hum-mPLoc [63], Plant-PLoc
[64], Gpos-PLoc [65], Gneg-PLoc [66], and Virus-PLoc [67], specialized for eukaryotic, human,
plant, Gram-positive bacterial, Gram-negative bacterial, and virus proteins, respectively. As elucidated
in the protocol article [61], each of the six predictors
in Cell-PLoc was established by hybridizing the
“higher-level” GO (gene ontology) [68] approach and
the “ab initio” PseAAC (pseudo amino acid composition) [16] approach, and hence could yield higher
success rates as well as cover much wider scope. For
example, the Euk-mPLoc predictor can cover up to
22 subcellular location sites. Moreover, of the six
predictors in the Cell-PLoc package [61], EukmPLoc and Hum- mPLoc can be also used to deal
with proteins with multiple-location sites. Therefore,
ever since it was published, Cell-PLoc has been
widely and increasingly used.
However, the existing version of Cell-PLoc [61] has
the following shortcomings. (1) The accession number
of a query protein is indispensable as an input in order
to utilize the advantage of the “higher-level” GO approach. Many proteins, such as hypothetical and synthetic proteins as well as those newly-discovered proteins that have not been deposited into databanks yet,
do not have accession numbers, and hence cannot be
Copyright © 2010 SciRes.
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handled with the GO approach. (2) Even with their
accession numbers available, many proteins cannot be
meaningfully formulated in a GO space because the
current GO database is far from complete yet. (3) Although the PseAAC approach was used as a complement in Cell-PLoc [61] that could take some partial
sequence order effects into account, the original
PseAAC [16,69] did not contain the sequential evolution and functional domain information, and hence
would affect the prediction quality. (4) Except
Euk-mPLoc (the predictor for eukaryotic proteins) and
Hum-mPLoc (the predictor for human proteins), all
the other predictors in Cell-PLoc package [61] cannot
be used to deal with multiplex proteins.
To address the aforementioned four problems, a
top-down approach to enhance the power of Cell-PLoc
has been implemented. The new version thus obtained is
denoted by Cell-PLoc 2.0. Compared with the old
Cell-PLoc [61], Cell-PLoc 2.0 has the following advantageous features.
Input Data. By means of the “homology-based GO
extraction” strategy as developed recently (see, e.g.,
[70]), the requirement for the accession number of a
query protein is no longer needed even if using the higher-level GO approach to perform the prediction. This is
especially useful for predicting the subcellular location
sites of hypothetical proteins or synthetic proteins, as
well as those new protein sequences without being deposited into data banks and hence having no accession
numbers assigned yet.
Sequence Information. For those proteins that have
no useful GO information to carry out the higher-level
prediction, a hybridization approach by fusing the functional domain information and sequential evolution information as illustrated in Figure 1 is developed to replace the simple PseAAC approach [16] in the old
Cell-PLoc [61]. As a consequence, the success rates
have been remarkably increased for those proteins without useful GO numbers.
Multiplex Proteins. In the old Cell-PLoc package
[61], only two predictors, i.e., the one specialized for
eukaryotic proteins and the one specialized for human
proteins, can be used to treat proteins with multiple location sites. In Cell-PLoc 2.0, all the six predictors, including those specialized for plant proteins, Gram- positive bacterial proteins, Gram-negative bacterial proteins,
and virus proteins, can be used to deal with the multiplex
proteins.
Benchmark Datasets. With more experimental data
available in Swiss-Prot database (www.ebi.ac.uk/swissprot),
to update the data for training the predictors, instead of
version 50.7 released on 9-Sept-2006 as used in the old
Cell-PLoc [61], the benchmark datasets for training the
Openly accessible at http://www.scirp.org/journal/NS/
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Input protein
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Find the homology
proteins of P

No homology
protein
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PSI-Blast
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Generate GO descriptor
for P

Fusing different K

No
useful hits

Generate FunD descriptor
for P

Ensemble classifier 1

Ensemble classifier 2

SwissProt

Generate PseEvo
descriptor for P

Fusing different K
and λ

Output

Figure 1. A flowchart to show the prediction process of the predictors in Cell-PLoc
2.0, where ensemble classifier 1 is for processing the GO descriptor samples, while
ensemble classifier 2 is for the FunD (functional domain) and PseEvo (pseudo sequential evolution) descriptor samples. See [70,71] for further explanation.

predictors in Cell-PLoc 2.0 were constructed based on
version 55.3 released on 29-April-2008. Moreover, to
make all the predictors in Cell-PLoc 2.0 have the capacity to deal with the multiplex proteins as well, the sequences annotated with two or more subcellular location
sites were no longer excluded even for plant proteins,
Gram-positive bacterial proteins, Gram-negative bacterial proteins, and virus proteins as done previously in
the old Cell-PLoc package [61].
Below, let us describe how to use the new Cell-PLoc
2.0 package to get the desired results.

2. EQUIPMENT AND MATERIALS
Hardware. Same as in the old Cell-PLoc [61], i.e.,
you need a computer that is able to access to internet.
Data. Your input protein sequences should be in
FASTA format. You can enter the sequence of a query
protein by either typing or copying-and-pasting it into
the input box. Spaces and line breaks will be ignored and
will not affect the prediction result.
Programs. Cell-PLoc 2.0 contains the following programs: (1) Euk-mPLoc 2.0 for predicting the subcellular
localization of eukaryotic proteins; (2) Hum-mPLoc 2.0
for human proteins; (3) Plant-mPLoc for plant proteins;
(4) Gpos-mPLoc for Gram-positive bacterial proteins;
(5) Gneg-mPLoc for Gram-negative bacterial proteins;
(6) Virus-mPLoc for virus proteins. The six predictors
were evolved from Euk-mPLoc [62], Hum-mPLoc [63],
Plant- PLoc [64], Gpos-PLoc [65], Gneg-PLoc [66], and
Virus- PLoc [67] in the original Cell-PLoc package [61]
Copyright © 2010 SciRes.

through a top-down approach to enhance their power, as
elaborated in [70-75], respectively. Note that now all the
six predictors in Cell-PLoc 2.0 have the capacity to deal
with multiplex proteins as well, as indicated by the character “m” in front of their partial name “PLoc” that
stands for the first character of “multiple”.

3. PROCEDURE
1) Go to the internet at
http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/ and you
will see the top page of the Cell-PLoc 2.0 package on
the screen of your computer, as shown in Figure 2.
2) You should use the relevant predictor to conduct
the prediction: (1) if your query protein is an eukaryotic
one, click the button Euk-mPLoc 2.0; (2) if it is a human
protein, click Hum-mPLoc 2.0; (3) if it is a plant protein,
click Plant-mPLoc; (4) if it is a Gram-positive bacterial
protein, click Gpos-mPLoc; (5) if it is a Gram- negative
bacterial protein, click Gneg-mPLoc; (6) if it is a viral
protein, click Virus-mPLoc.
3) Without loss of generality, let us take Hum-mPLoc
2.0 as an example. By clicking Hum-mPLoc 2.0, you
will be prompted with the top page of the Hum-mPLoc
2.0 web-server predictor (Figure 3). To find the coverage scope and caveat in using the predictor, click the
Read Me button and you will see that the current
Hum-mPLoc 2.0 version can cover the following 14
human protein subcellular location sites: (1) centriole, (2)
cytoplasm, (3) cytoskeleton, (4) endoplasmic reticulum,
(5) endosome, (6) extracell, (7) Golgi apparatus, (8) lyOpenly accessible at http://www.scirp.org/journal/NS/
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Figure 2. Illustration to show the Cell-PLoc 2.0 web-page at
http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/.

Lysosome
Peroxisome

Hum-mPLoc 2.0: Predicting subcellular localization of human
proteins including those with multiple sites
Read Me

Data Citation

Enter the protein sequence (Example):

Submit

Figure 4. Schematic illustration to show the fourteen subcellular location sites of human proteins that are covered by the
Hum-mPLoc 2.0 predictor.

Clear

Figure 3. A semi-screenshot to show the top page of the webserver predictor Hum-mPLoc 2.0 in the Cell-PLoc 2.0 package.

sosome, (9) microsome, (10) mitochondrion, (11) nucleus, (12) peroxisome, (13) plasma membrane, and (14)
synapse, as schematically shown in Figure 4. You will
also see the caveat from the Read Me window how to
avoid meaningless prediction. To continue the prediction,
go back to the top page of the Hum-mPLoc 2.0
web-server predictor by closing the Read Me window.
4) Enter your query protein sequence into the input
box as shown at the centre of Figure 3. The input sequence should be in FASTA format. A sequence in
FASTA format consists of a single-line description, followed by lines of sequence data. The first character of
the description line is a greater-than symbol (“>”) in the
first column. All lines should be shorter than 80 characters. Example sequences in FASTA format can be seen
by clicking on the Example button right above the input
box. For more information about FASTA format, visit
http://en.wikipedia.org/wiki/Fasta_format.
5) To get the predicted result, click the Submit button.

Copyright © 2010 SciRes.

For example, if using the sequence of query protein 1 in
the Example window as an input, you will see the input
screen as shown in Figure 5a; after clicking the Submit
button, you will see “Cell membrane; Cytoplasm;
Nucleus” shown on the predicted location(s) window
(Figure 5b), meaning that the query protein is a multiplex protein, which can simultaneously occur in “cell
membrane”, “cytoplasm” and “nucleus” sites, fully consistent with experimental observations. However, if using the sequence of query protein 2 in the Example
window as an input, you will instead see the input screen
as shown in Figure 6a; after clicking the Submit button,
you will see “Cytoplasm” shown on the predicted location(s) window (Figure 6b), meaning that the query
protein is a single-location protein residing in “cytoplasm” compartment only, also fully consistent with experimental observations.
6) By clicking the Citation button, you will find the
relevant papers that document the detailed development
and algorithm of Hum-mPLoc 2.0.
7) By clicking the Data button, you will find all the
benchmark datasets used to train and test the HummPLoc 2.0 predictor.
8) If your query protein sequence is from other organism, click the relevant web-server button (Figure 2) as
elaborated in Step 2, and repeat Steps 3-6.
TIMING The computational time for each prediction is
within 15 seconds for most cases. The longer the query
protein sequence is, the more time it is usually needed.

4. TROUBLESHOOTING
After you click the Submit button, if the server rejects
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RGVVCDKRNPNGIRVAPVPLYNSFHDVYKFTNLLTSILDSAETKN

Predicted Location(s): Cell membrane; Cytoplasm;
Nucleus

(b)
Figure 5. A semi-screenshot to show the input in the FASTA
format for (a) the query protein 1 taken from the Example
window, and (b) the output predicted by Hum-mPLoc 2.0 for
the query protein sequence in panel (a).

your submission for prediction, consider the following
points for troubleshooting.


Check the format of your input data to make sure it
complies with the FASTA format as elaborated in
Step 4 of the PROCEDURE.

Check the length of your input sequence to make
sure it is at least 50 amino acids long; otherwise, it
might not be a real protein but its fragment.

Check the amino acid codes of your input sequence
to make sure it does not contain any invalid characters.
You might also get meaningless result if the query
protein is not among the subcellular location sites covered by the web-server predictor.

5. ANTICIPATED RESULTS
In statistical prediction of subcellular localization of
proteins or their any other attributes, it would be meaningless to simply say the success rate of a predictor
Copyright © 2010 SciRes.

Predicted Location(s): Cytoplasm

(b)
Figure 6. A semi-screenshot to show the input in the FASTA
format for (a) the query protein 2 taken from the Example
window, and (b) the output predicted by Hum-mPLoc 2.0 for
the query protein sequence in panel (a).

without specifying what method and benchmark dataset
were used to test its accuracy.
The following three cross-validation methods are
generally used for examining the effectiveness of a statistical prediction method: (1) the independent dataset
test, (2) the sub-sampling (K-fold cross-validation) test,
and (3) the jackknife test [76].
For the independent dataset test, although all the proteins to be tested are outside the training dataset used to
train the predictor and hence can avoid the “memory”
effect or bias, the way of how to select the independent
proteins for testing could be quite arbitrary unless the
number of independent proteins is sufficiently large.
This kind of arbitrariness might lead to completely different conclusions. For instance, a predictor achieving a
higher success rate than the other predictor for a given
independent testing dataset might fail to keep so when
tested by another independent testing dataset [76].
For the subsampling test, the concrete procedure
usually used in literatures is the 5-fold, 7-fold or 10-fold
Openly accessible at http://www.scirp.org/journal/NS/
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cross-validation. The problem with the K-fold crossvalidation test as such is that the number of possible
selections in dividing a benchmark dataset is an astronomical figure even for a very simple dataset. For example, let us consider a highly simplified dataset that
consists of 300 proteins classified into five subsets, in
which 60 proteins belong to subcellular location #1, 55
to location #2, 70 to location #3, 65 to location #4, and
50 to location #5. For such a simple dataset, the number
of possible combinations of taking one-fifth proteins
from each of the five subsets will be
  1   2  3  4  5
=

60!
55!
70!


(60  12)!12! (55  11)!11! (70  14)!14!
65!
50!
> 5.45  1060


(65  13)!13! (50  10)!10!

(1)

where 1 is the number of possible different ways of
taking 60 5  12 proteins from subset #1,  2 that of
taking 55 5  11 proteins from subset #2, 3 that of
taking 70 5  14 proteins from subset #3,  4 that of
taking 65 5  13 proteins from subset #4, and 5
that of taking 50 5  10 proteins from site-site-5. As
we can see from Eq.1, even for such a simple and small
dataset the number of possible ways in selecting the
testing dataset for the 5-fold cross-validation would be
greater than 5.45  1060 . It can be easily conceived that
for a benchmark dataset containing over a thousand proteins that are classified into more than five subcellular
location sites, the number of the possible selections for
subsampling test will be even much greater. Accordingly,
in any actual subsampling cross-validation tests, only an
extremely small fraction of the possible selections are
taken into account. Since different selections will always
lead to different results even for a same benchmark dataset and a same predictor, the subsampling test (such as
5-fold cross-validation) cannot avoid the arbitrariness
either. A test method unable to yield a unique outcome
cannot be deemed as an ideal one.
In the jackknife test, all the proteins in the benchmark
dataset will be singled out one-by-one and tested by the
predictor trained by the remaining protein samples.
During the process of jackknifing, both the training dataset and testing dataset are actually open, and each protein sample will be in turn moved between the two. The
jackknife test can exclude the “memory” effect. Also, the
arbitrariness problem as mentioned above for the independent dataset test and subsampling test can be avoided
because the outcome obtained by the jackknife
cross-validation is always unique for a given benchmark
dataset. As for the possible overestimation in success
rate by jackknife test because of only one sample being
Copyright © 2010 SciRes.
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singled out at a time for testing, the answer is that as
long as the jackknife test is performed on a stringent
benchmark dataset in which none of proteins has
 25% pairwise sequence identity to any other in a
same subcellular location such as those benchmark datasets specially constructed for the six predictors in
Cell-PLoc 2.0, it is highly unlikely to yield an overestimated rate compared with the actual success rate in
practical applications, as demonstrated in [72,74] and
will be further discussed later. Besides, when the jackknife test was used to compare two predictors, even if
there was some overestimate due to using a less stringent
benchmark dataset for one predictor, the same overestimate would exist for the other as long as they were both
tested by a same dataset.
Accordingly, the jackknife test has been increasingly
and widely used by investigators to examine the quality of
various predictors (see, e.g., [47,51,55,58,59,77- 107]).
However, even if using the jackknife approach for
cross-validation, a same predictor may still generate obviously different success rates when tested by different
benchmark datasets. This is because the more stringent
of a benchmark dataset in excluding homologous and
high similarity sequences, or the more number of subcellular location sites it covers, the more difficult for a
predictor to achieve a high overall success rate, as will
be shown later.
The predictors in the old Cell-PLoc package [61]
were established by hybridizing the “higher-level” GO
approach with the “ab initio” sequence-correlated
PseAAC [16] approach. Accordingly, their overall success prediction rates are generally higher than those by
the best of the existing “ab initio” sequence-based approaches without combining with any higher level approach, as elucidated in [61] and demonstrated in a series of previous publications [62-67,108,109], and hence
there is no need to repeat here.
Now, in the new version of Cell-PLoc 2.0, the same
high success rates will still be achieved by the “higher-level” GO prediction engine but no requirement for
the accession number is needed for the input. And for
those proteins without useful GO numbers, the corresponding success prediction rates will be further
enhanced due to fusing the functional domain information and sequential evolution information into the
“ab initio” prediction engine in the Cell-PLoc 2.0
package as illustrated in Figure 1. Accordingly, the
overall success rates by the predictors in Cell-PLoc
2.0 are not only higher than those by the other predictors but also those by the predictors in the old
Cell-PLoc package [61], as can be seen from the following comparisons.
Openly accessible at http://www.scirp.org/journal/NS/
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Table 1. Comparison between each of the six predictors in Cell-PLoc [61] and that in Cell-PLoc 2.0 by jackknife test.

Eukaryotic

22a

Cell-PLoc
Overall success
Predictor
rateg
Euk-mPLoc
39.3%

Human

14b

Hum-mPLoc

38.1%

Hum-mPLoc 2.0

62.7%

Plant

12c

Plant-PLoc

38.0%

Plant-mPLoc

63.7%

Gram-positive

4d

Gpos-PLoc

72.5%

Gpos-mPLoc

82.2%

e

Gneg-PLoc

71.5%

Gneg-mPLoc

85.7%

f

Virus-PLoc

43.7%

Virus-mPLoc

60.3%

Organism

Gram-negative
Virus

Number of subcellular locations covered

8

6

Cell-PLoc 2.0
Overall success
Predictor
rate
Euk-mPLoc 2.0
64.2%

a
The corresponding benchmark dataset was taken from the Supporting Information S1 of [70], in which none of protein included has  25% pairwise sequence identity to any other in a same subcellular location; bThe corresponding benchmark dataset was taken from the Online Supporting
Information A of [71], in which none of protein included has  25% pairwise sequence identity to any other in a same subcellular location; cThe
corresponding benchmark dataset was taken from Table S1 of [72], in which none of protein included has  25% pairwise sequence identity to any
other in a same subcellular location; dThe corresponding benchmark dataset was taken from the Online Supporting Information A of [73], in which
none of protein included has  25% pairwise sequence identity to any other in a same subcellular location; eThe corresponding benchmark dataset
was taken from the Online Supporting Information A of [74], in which none of protein included has  25% pairwise sequence identity to any other
in a same subcellular location; fThe corresponding benchmark dataset was taken from the Online Supporting Information A of [75], in which none of
protein included has  25% pairwise sequence identity to any other in a same subcellular location; gNote that in order to make the comparison under
exactly the same condition, only the sequences of proteins but not their accession numbers were used as inputs during the prediction.

1) Comparison with the six predictors in Cell-PLoc
[61]. Listed in Table 1 are the overall success rates by
Cell-PLoc [61] and Cell-PLoc 2.0 using jackknife tests
on six stringent benchmark datasets for eukaryotic, human, plant, Gram-positive bacterial, Gram-negative
bacterial, and virus proteins, respectively. For the case of
eukaryotic proteins, the comparison was made between
the predictor Euk-mPLoc of Cell-PLoc [61] and the
predictor Euk-mPLoc 2.0 of Cell-PLoc 2.0 using the
benchmark dataset classified into 22 subcellular locations as given in the Supporting Information S1 of [70].
For human proteins, the comparison was made between
the predictor Hum-mPLoc of Cell-PLoc [61] and the
predictor Hum-mPLoc 2.0 of Cell-PLoc 2.0 using the
benchmark dataset classified into 14 subcellular locations as given in the Online Supporting Information A of
[71]. And so forth. To avoid homology bias and redundancy, none of the proteins included in the six datasets
has  25% pairwise sequence identity to any other in a
same subcellular location. Also, to make the comparison
between the two counterparts under exactly the same
condition, only the sequences of proteins but not their
accession numbers were used as inputs during the prediction. Meanwhile, the false positives (over-predictions)
and false negatives (under-predictions) were also taken
into account to reduce the scores for calculating the
overall success rate. It is instructive to point out that it is
much more complicated to count the over-predictions
and under-predictions for a system containing both single-location and multiple-location proteins. For the detailed calculation formulation, see Eqs.43-48 as well as
Copyright © 2010 SciRes.

Figure 4 in a comprehensive review [110]. It can be
seen from Table 1 that the overall success rates obtained
by the predictors in Cell-PLoc 2.0 are about 10-25%
higher than those by their counterparts in Cell-PLoc
[61].
2) Comparison with PSORTb v.2.0 [33]. The predictor is widely used by biologists for predicting the
subcellular locations of Gram-negative bacterial proteins. It is with a built-in training dataset covering the
following five subcellular location sites: (1) cytoplasm,
(2) extracellular, (3) inner membrane, (4) outer membrane, and (5) periplasm. The corresponding predictor
in Cell-PLoc 2.0 is Gneg-mPLoc that can cover eight
subcellular locations of Gram-negative proteins; i.e., in
addition to the above five locations, it also covers
“fimbrium”, “flagellum”, and “nucleoid”. In order to
make the two predictors with different coverage scopes
comparable, a degenerate testing dataset was generated
by randomly picking testing proteins according to the
following criteria: (1) the testing samples must be
Gram-negative bacterial proteins; (2) to avoid the unfair “memory” effect, the testing samples must be not
in the training dataset of PSORTb v.2.0, nor in the
training dataset of Gneg-mPLoc; (3) the experimentally observed subcellular locations of the testing proteins are known as clearly annotated in Swiss-Prot database; (4) their location sites must be within the scope
covered by PSORTb v.2.0 for properly using it (for the
proteins with multiple location sites, at least one of
them should be within the scope covered by PSORTb
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v.2.0). For the detailed information about the testing
dataset thus generated, see the Online Supporting Information B of [74] that contains 759 Gram-negative
proteins, of which 116 are of cytoplasm, 62 of extracellular, 397 of inner membrane, 89 of outer membrane, and 95 of periplasm. As shown in Table 2, the
overall success rates by Gneg-mPLoc and PSORTb
v.2.0 [33] in identifying the subcellular locations of
proteins in such a testing dataset were 98.0% and
79.3%, respectively, indicating the success rate by
Gneg-mPLoc of Cell-PLOc 2.0 was 19% higher than
that by PSORTb v.2.0 [33]. Furthermore, some examples are given in Table 3 to show how the results
mispredicted by PSORTb v.2.0 were successfully
corrected by Greg-mPLoc. It is interesting to see from
the table that the first protein with accession number
P62532 was predicted by Gneg-mPLoc belonging to
two subcellular location sites, “extracellular” and
“fimbrium”, fully consistent with experimental observation as annotated in Swiss-Prot database (version
55.3 released on 29- April-2008).
3) Comparison with TargetP [15]. The predictor is
widely used by biologists for predicting the subcellular
locations of plant proteins. It has a web-server at
http://www.cbs.dtu.dk/services/TargetP/, with a built-in
training dataset covering the following four items: “mitochondria”, “chloroplast”, “secretory pathway”, and
“other”. Since the “secretory pathway” is not a final destination of subcellular location as annotated in SwissProt databank, and should be removed from the comparison. Also, the location of “other” is not a clear site for
comparison, and should be removed too. The corresponding predictor in Cell-PLoc 2.0 is Plant-mPLoc that
can cover 12 subcellular locations of plant proteins; i.e.,
in addition to “mitochondria” and “chloroplast”, it also
covers “cell membrane”, “cell wall”, “cytoplasm”, “endoplasmic reticulum”, “extracellular”, “Golgi apparatus”,
“nucleus”, “peroxisome”, “plastid”, and “vacuole”. Thus,
to make the two predictors with different coverage
scopes comparable, a degenerate testing dataset was

generated according to the similar procedures as described in section 5.2. For the detailed information about
the testing dataset thus generated, see Table S2 of [72]
that contains 1,775 plant proteins of which 1,500 are of
chloroplast and 275 of mitochondrion. As reported in
[72], the overall success rates by Plant-mPLoc on such
a testing dataset was 86%, which is more than 40%
higher than that by TargetP [15] on the same testing
dataset.
4) Comparison with Predotar [111]. This is another
popular predictor used by biologists for predicting the
subcellular locations of plant proteins. Its web-server is
at http://urgi.versailles.inra.fr/predotar/predotar.html,
with a built-in training dataset covering the following
four items: “endoplasmic reticulum”, “mitochondrion”,
“plastid”, and “other”. Since the term “other” is not a
clear description for subcellular location, and was removed from comparison. The corresponding predictor in
Cell-PLoc 2.0 is Plant-mPLoc that can cover 12 subcellular locations of plant proteins; i.e., in addition to
“endoplasmic reticulum”, “mitochondria” and “plastid”, it also covers “cell membrane”, “cell wall”,
“chloroplast”, “cytoplasm”, “extracellular”, “Golgi
apparatus”, “nucleus”, “peroxisome”, and “vacuole”.
Again, to make the two predictors with different coverage scopes comparable, a degenerate testing dataset
was generated by following the similar procedures as
described in section 5.2. For the detailed information
about the testing dataset thus generated, see Table S4
of [72], where it was also reported that the overall
success rates by Plant-mPLoc on such a testing dataset was 70%, which is more than 30% higher than that
by Predotar [111] on the same testing dataset.
Moreover, it was also shown in [72,74] that some
proteins coexisting in two or more subcellular location
sites were successfully identified by Gneg-mPLoc [74]
and Plant-mPLoc [72]; cases like that are beyond the
reach of PSORTb v.2.0 [33], TargetP [15], or Predotar
[111].

Table 2. A comparison of the predicted results by Gneg-mPLoc and PSORTb v.2.0 [33] on the testing dataset of Online
Supporting Information B of [74].
Subcellular location

Success rate
PSORTb v.2.0

Gneg-mPLoc

Cytoplasm

99/116=85.3%

115/116=99.1%

Extracellular

20/62=32.3%

52/62=83.9%

Inner membrane

329/397=82.9%

397/397=100%

Outer membrane

75/89=84.3%

87/89=97.8%

Periplasm

79/95=83.2%

93/95=97.9%

Total

602/759=79.3%

744/759=98.0%
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Table 3. Some examples to show how the subcellular location sites mispredicted by PSORTb v.2.0 were corrected by
Gneg-mPLoc.
Protein accession numbera
P62532

Experimental result annotated in Swiss-Prot database
Extracellular; Fimbrium

Predicted result by
PSORTb v.2.0

Predicted result by
Gneg-mPLoc

Unknown

Extracellular; Fimbrium

Q8X9H8

Cytoplasm

Unknown

Cytoplasm

P00962

Cytoplasm

Unknown

Cytoplasm

Q83LY4

Cytoplasm

Unknown

Cytoplasm

Q8DFR1

Cytoplasm

Unknown

Cytoplasm

Q84H44

Cytoplasm

Unknown

Cytoplasm

P27475

Extracellular

Unknown

Extracellular

O50319

Extracellular

Unknown

Extracellular

P31518

Extracellular

Unknown

Extracellular

Q89AD4

Cytoplasm

Unknown

Cytoplasm

Q56027

Extracellular

Unknown

Extracellular

O52623

Extracellular

Unknown

Extracellular

P26219

Cell inner membrane

Unknown

Cell inner membrane

P77293

Cell inner membrane

Unknown

Cell inner membrane

P95655

Cell inner membrane

Unknown

Cell inner membrane.

P04123

Cell inner membrane

Periplasm

Cell inner membrane

Q47879

Cell outer membrane

Unknown

Cell outer membrane

P0A935

Cell outer membrane

Unknown

Cell outer membrane

P00211

Periplasm

Cytoplasm

Periplasm

P0A182

Periplasm

Unknown

Periplasm

Q9Z4N3

Periplasm

Unknown

Periplasm

P31330

Periplasm

Cytoplasm

Periplasm

a

Only the sequences but not the accession numbers were used as inputs during the prediction by Gneg-mPLoc. The accession numbers
here are just for the usage of identification.

From the above four comparisons, we can now make
the following points very clear.

The more stringent a benchmark dataset is in excluding homologous and high similarity sequences,
or the more subcellular location sites it covers, the
more difficult for a predictor to achieve a high
overall success rate. The impact of the coverage
scope on the success rate can be easily understood
by just considering the following cases. For a
benchmark dataset only covering four subcellular
locations each containing same number of proteins,
the overall success rate by random assignments
would generally be 1/ 4  25% ; while for a
benchmark dataset covering 22 subcellular locations, the overall success rate by random assignments would be only 1 / 25  4.5% . This means
that the former is more than five times the latter.
Copyright © 2010 SciRes.



Also, a predictor examined by jackknife test is very
difficult to yield a high success rate when performed on a stringent benchmark dataset in which
none of proteins included has  25% pairwise
sequence identity to any other in a same subset
(subcellular location). That is why the overall success rate achieved by Gneg-mPLoc was 85.7%
when examined by the jackknife test on the
benchmark dataset of the Online Supporting Information A of [74] but was 98.0% when examined by
the independent dataset test for the proteins in the
Online Supporting Information B of [74]. That is
also why the overall success rate achieved by
Plant-mPLoc was only 63.7% when examined by
the jackknife test on the benchmark dataset of Table S1 of [72] but was over 86% and 70% when
tested by the independent proteins of Table S2 and
Openly accessible at http://www.scirp.org/journal/NS/
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Table S4 of [72], respectively. However, regardless
of using what test methods or test datasets, one
thing is crystal clear, i.e., the overall success rates
achieved by the six predictors in Cell-PLoc 2.0 are
significantly higher than those by its counterparts.
Meanwhile, it has also become understandable why
the success rates as originally reported by PSORTb
v.2.0 [33], TargetP [15] and Predotar [111] were
over-estimated. This is because none of the success
rates reported for these predictors was derived by
the jackknife test. Also, the benchmark datasets
used to test these predictors covered much less
subcellular location sites than those used in their
counterparts in Cell-PLoc 2.0. Particularly, the
benchmark datasets used by PSORTb v.2.0 , TargetP and Predotar to estimate their success rates
contained many homologous sequences. For instance, the cutoff threshold to reduce the homology
bias for the benchmark dataset used in Predotar
[111] was set at 80%, meaning that only those sequences which have  80% pairwise sequence
identity to any other in a same subset were excluded [111]; while for the benchmark dataset used
in TargetP [15] and PSORTb v.2.0 [33], even no
cutoff threshold was indicated to remove homologous sequences. Compared with the benchmark
datasets used in [70-75] where none of proteins included has  25% pairwise sequence identity to
any other in a same subset, the benchmark datasets
adopted by PSORTb v.2.0, TargetP, and Predotar
are much less stringent and hence cannot avoid
homology bias and overestimation.

6. CONCLUDING REMARKS
Evolved from the old Cell-PLoc package [61],
Cell-PLoc 2.0 is much more flexible and powerful than
the former. In addition to yielding higher success rates
than the existing prediction method, all the predictors in
Cell-PLoc 2.0 have the capacity to deal with proteins
with two or more subcellular location sites. Besides, the
predictors in Cell-PLoc 2.0 cover much wider scopes
than most of the existing predictors in this area. For instance, Hum-mPLoc 2.0 and Euk-mPLoc 2.0 can cove
up to 14 sites of human proteins and 22 sites of eukaryotic, respectively, which are about two to five times the
number of subcellular location sites covered by most of
the existing predictors.
However, Cell-PLoc 2.0 also has the following limitations and further improvements will be needed with
more experimental data available in future. (1) Although
Euk-mPLoc 2.0 in the Cell-PLoc 2.0 package can cover
22 sites of eukaryotic proteins, if a query protein is out-
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side of the 22 location sites, it would still generate meaningless result. Therefore, we shall continuously extend
the coverage scope for each of the predictors in the
Cell-PLoc series in a timely manner once more statistically significant experimental data will be available in
future. (2) For some subcellular locations with very
small numbers of proteins, the prediction success rates
are still quite low. This is because there are not sufficient
location-known proteins in these sites to effectively train
the prediction engine. It is anticipated that with more
experimental data available for these sites in the future,
this kind of situation will be improved. (3) Since the
power of Cell-PLoc 2.0 is closely associated with the
GO database [68,112,113] and functional domain database [114], with the continuous development of the GO
database and functional domain database, more useful
GO numbers and functional domain information will be
incorporated into the prediction engine, further strengthening its prediction power.
Once further improvements are implemented, the future version of Cell-PLoc series will be announced via a
publication or a webpage.
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ABSTRACT

1. INTRODUCTION

The ratios of amino acid to the total amino acids
and those of nucleotides to the total nucleotides
in genes or genomes are suitable indexes to
compare whole gene or genome characteristics
based on the large number of nucleotides rather
than their sequences. As these ratios are strictly
calculated from nucleotide sequences, the values are independent of experimental errors. In
the present mini-review, the following themes
are approached according to the ratios of amino
acids and nucleotides to their total numbers in
the genome: prebiotic evolution, the chronological precedence of protein and codon formations, genome evolution, Chargaff’s second parity rule, and the origins of life. Amino acid formation might have initially occurred during prebiotic evolution, the “amino acid world”, and
amino acid polymerization might chronologically
precede codon formation at the end of prebiotic
evolution. All nucleotide alterations occurred
synchronously over the genome during biological evolution. After establishing primitive lives,
all nucleotide alterations have been governed
by linear formulae in nuclear and organelle genomes consisting of the double-stranded DNA.
When the four nucleotide contents against each
individual nucleotide content in organelles are
expressed by four linear regression lines representing the diagonal lines of a 0.5 square – the
“Diagonal Genome Universe”, evolution obeys
Chargaff’s second parity rule. The fact that linear
regression lines intersect at a single point suggests that all species originated from a single
life source.

“The Origin of Species”, written from the observations Charles Darwin made during his voyage on the
HMS Beagle, was published in 1859. According to Darwin’s theory, all species have a common ancestor and a
single origin. During the same period when Darwin
wrote, Gregor Mendel reported “Mendel’s laws” that
accorded with his observations of the inheritance of certain traits in pea plants. The former and latter are based
on inter- and intra-species phenotypic expression similarities, respectively, and based on long and comparatively short lifespans, respectively. In general, interspecies changes are thought of as “evolution”, while intraspecies changes are “genetics”. These two great concepts
were established by two scientists without any knowledge of DNA; although nowadays it is well known that
almost all traits of organisms are based on gene characteristics. After almost a century, Oswald Avery and coworkers reported in 1944 that DNA is the material of
genes and chromosomes [1].
Although it was clarified by Avery’s group that DNA
is important material for the inheritance of certain traits
in organisms, the structure of DNA, which has an extremely large molecular weight, was completely unknown and, therefore, the mechanisms of trait inheritance were also unknown. On the other hand, Ervin
Chargaff reported in 1950 that nuclear DNA consists of
four nucleotides, and that the nucleotide content relationships are: G = C, A = T, and [(G + A) = (C + T)].
This rule is well known as Chargaff’s first parity rule [2].
He and his colleagues later discovered that these relationships are applicable to the single DNA strand, and
this is Chargaff’s second parity rule [3]. After Chargaff’s
first parity rule, another great scientific discovery was
reported in 1953 by Watson and Crick [4]. Namely, that
the DNA structure is double-stranded, and C vs. G and T
vs. A pairs are formed between two DNA strands. These
two base-pair formations can consistently explain the
inheritance of genetic traits from generation to generation. Even though this DNA structure can explain Char-
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gaff’s first parity rule, the second parity rule based on
the single DNA strand cannot be explained by the double-stranded DNA model. Chargaff’s parity rules were
originally discovered from a single species and recently
it was shown that Chargaff’s second parity rule is applicable to interspecies evolution [5]. Nuclear nucleotide
relationships were clearly expressed by linear regression
lines with extremely high regression coefficients among
various species. The single DNA strand which forms the
double-stranded DNA has been shown, based on the
huge amount of genomic data, to obey Chargaff’s second
parity rule [5]. Furthermore, as nucleotide relationships
in the coding region are also expressed by linear formulae, 64 codons can be correctly estimated from just one
nucleotide content [6].
Molecular clock research—using amino acid or nucleotide replacement rates [7] has enabled scientists to
create a phylogenetic tree representing biological evolution [8-12]. However, as this method is based on sequences of certain genes among various organisms, we
cannot investigate organisms without these genes. Furthermore, this method does not fit the research on whole
genomes consisting of an extremely large number of nucleotides. On the other hand, by using the ratios of nucleotides to the total nucleotides or amino acids to the
total amino acids after normalization, it is possible to
compare certain characteristics among different genes or
genomes. As this method is independent not only of sample size but also of species, the method can be recommended for comparative studies on genomes consisting
of extremely large and different numbers of nucleotides.
Using normalized values, each organism can be represented by simple indexes that represent whole genome
characteristics. In fact, this method has been applied to
genome research and its usefulness proven by using
graphic representation or a diagram approach [13]. Visualization to study complicated biological systems can
provide an intuitive picture and provide useful insights
[14-16].

1105

have been detected in meteorites [18,19]. Accumulation
of amino acids might lead to the appearance of amino
acid polymers or peptides without the codon system. As
well, certain polymers or peptides might have enzyme
activity that accelerates amino acid polymerization,
which is reported as being able to occur in soil via heat
without either enzyme or codon system [20]. The production of enzymes led to the accumulation of substantial materials for “the origin of life”.
Amino acid polymers formed chemically might reflect
the amino acid concentrations on the primitive Earth.
Sueoka initially investigated the cellular amino acid composition of bacteria [21] and then we independently examined, not only bacterial but also plant and animal cells
[22,23]. Based on amino acid composition patterns, it is
clearly shown that cellular amino acid composition is
very similar among organisms from bacteria to Homo
sapiens [22], as shown in Figure 1. This fact led us to
conclude that primitive life forms might have similar
amino acid composition presumed from present organisms [24]. Based on an amino acid pattern (Figure 1),
the ratios of the amino acids that have ultraviolet (UV)
absorbance (i.e., phenylalanine, tyrosine and tryptophan)
to the total cellular amino acids are very low. To explain
this fact, the strong irradiation of UV light might have
induced their decomposition and reduced their concentration on the primitive Earth. However, the contents of
glycine and alanine, which were formed easily in
Miller’s experiment, are relatively high [22]. In addition,
the contents of hydrophobic amino acids such as leucine,
isoleucine, alanine and valine are comparatively high.
These amino acids might contribute to self-aggregation
of amino acid polymers to form the “coacervate” proposed by Aleksandr Oparin through their hydrophobicity
under low polymer concentrations.
The basic pattern of cellular amino acid compositions,

2. PREBIOTIC EVOLUTION
We have no evidence of “the origin of life”, although
there are two distinct ideas: one being that the origin of
life was on the primitive Earth and the other that it was
derived from another planet (extraterrestrial universe).
Based on either idea, “the origin of life” did indeed occur somewhere after the “Big Bang”. Many physical and
chemical reactions occurred during prebiotic evolution
and substantial materials for the formation of primitive
life may have accumulated during this period. For example, Miller’s experiment showed that amino acids
could be formed by electric discharges in the atmosphere
on the primitive Earth [17]. Furthermore, amino acids
Copyright © 2010 SciRes.

Figure 1. Cellular amino acid compositions of Escherichia coli
and Homo sapiens on radar charts. Amino acid compositions
are expressed as the percentage of total amino acids. Gln and
Asn are combined with Glu and Asp, respectively, because the
former two are converted to the latter two during hydrolysis
[22].
Openly accessible at http://www.scirp.org/journal/NS/
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the “star-shape”, is formed with characteristic differences in amino acid contents. The fact that the basic pattern
is conserved from bacteria to Homo sapiens, suggests
that the pattern is extremely important for organisms on
earth. It would be quite interesting to evaluate whether
this “star-shape” is conserved on other planets with life
in the future, if any is found.

3. CHRONOLOGICAL PRECEDENCE OF
PROTEIN AND CODON FORMATION
Evolutionarily, it remains unclear whether protein
formation preceded codon formation or codon formation
preceded that of protein. However, it should be possible
to judge which theory is better at explaining this theme,
though it might be impossible to design a complete experiment. Amino acids, which are monomers of proteins
or peptides, were easily formed by electric discharges in
an atmosphere presumed from the primitive Earth [17].
In addition, their polymerizations took place in clay
without the codon system [20] and certain products, protein or peptides, might possess an enzymatic activity
which accelerates amino acid polymerizations. Eventually, these processes might produce various biomaterials,
such as amino acids and their polymers, whereas the
production of nucleic acids whose formation requires
nitrogenous base and sugar synthesis, their coupling and
condensation, might be difficult in the primitive Earth.
Although the so-called “RNA world” has been proposed
[25], the possibility of the accumulation of RNA, which
has UV absorbance at around 250 nm, might be very low
under the strong UV irradiation present on the primitive
Earth. In general, the composition of polymerization
products depends on monomer concentrations and reflects their free concentration on the primitive Earth, as
mentioned above.
Simulation analysis based on random choice of amino
acids showed consistent results in which amino acids
were polymerized randomly without the codon system
[26]. The amino acid composition obtained by a random
choice of amino acids from the amino acid pool reflects
each amino acid concentration in the pool. After establishing the codon system, the sequence information has
been conserved until now. On the other hand, polymerization of nucleotides based on the random choice of nucleotides does not yield functional proteins [26]. Even
when the codon table is considered for nucleotide polymer formation, the amino acid composition depends on
the original four nucleotide contents. The nucleotide
compositions differ between the coding and non-coding
regions, while they are quite similar among the coding or
non-coding regions [6,27,28]. Thus, the coding fragments that possessed the same characteristics might be
Copyright © 2010 SciRes.

combined through the non-coding fragments with each
other like a “patchwork” in the whole genome. This
structural model fits the proposed model that the formation of proteins might have preceded codon formation.
At present, even though there is no experimental evidence for the process of how sequence information of
amino acid polymers transfers to codon formation during
a codon establishing period, protein formation might
precede codon formation based on the present genome
structure [26].

4. HOMOGENEITY OF GENOME
STRUCTURE
The amino acid sequences of proteins differ, not only
among different genes, but also among different species,
and naturally, their nucleotide sequences also differ. As
these differences relate to evolutionary time [7], this concept has been applied to draw phylogenetic trees [8-12].
Using the ratios of each amino acid to the total amino
acids, or those of each nucleotide to the total nucleotides,
it is possible to compare samples independently regarding size, kind and species, even though DNA has an extremely large number of nucleotides.
The method to analyze nucleotide sequences was established by Frederic Sanger [29], and Allan Maxam and
Walter Gilbert [30], and the first complete genome analysis was carried out on Haemophilus influenzae in 1995
[31]. Then the complete genome analyses of species such
as human (Homo sapiens) [32,33], mouse (Mus musculus) [34], rat (Rattus norvegicus) [35] and sea urchin
(Strongylocentrotus purpuratus) [36] were carried out
within the last two decades. Several species of Archaea
were also examined and their complete genomes were
determined. Based on these intriguing results, the amino
acid compositions were presumed from the complete
genomes. Surprisingly, the cellular amino acid compositions obtained from the whole cell lysates resemble those
presumed from the complete genome [24], although the
former is based on a different protein mixture and the
latter is based on a different gene mixture. The coincidence of these two results in our study was not explainable until the genomic structure was fully understood
[37].
The full sequence of mouse cDNA was determined in
2001 [38]. The total number of mouse cDNAs includes
10,465 genes and was divided into two equal parts and
the amino acid compositions presumed from the first 5,
10, 50, 100, 500, 1,000 and 5,232 genes, according to
the order listed in the data table, were compared between
the two parts and within the same parts (Figure 2). The
amino acid compositions of gene assemblies resembled
those presumed from the complete genome. Of course,
Openly accessible at http://www.scirp.org/journal/NS/
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Figure 2. Amino acid compositions. Computational amino acid sequences (10,465) of FANTOM clones were divided into two equal
parts; first (red) and latter (green) halves. In both parts, the first 5, 10,
50, 100, 500 and 1,000 genes were used for analyses of amino acid
compositions for the units. The numbers of genes were 5,232 and 5,
233 in the first and second halves, respectively. The left side graph
shows the amino acid composition based on 10,465 genes [38].

the amino acid compositions presumed from genes differ
among various genes. Therefore, the genome structure is
constructed homogeneously with certain similar units
that encode similar amino acid compositions. The consistent result was obtained from the complete Archaeal
genome (Methanobacterium thermoautotrophicum) [39],
as shown in Figure 3.
When the amino acid composition presumed from the
complete genome is expressed by the radar chart, the
amino acid composition patterns based on a small segment, encoding 3,000-7,000 amino acid residues, represent the pattern based on the complete genome, as shown
in Figures 2 and 3. The consistent result was obtained
using the nucleotide composition [40] as well as amino
acid composition of the Saccharomyces cerevisiae genome [37]. Additionally, the genome structure resembles
the appearance of a “pearl necklace” (Figure 4). Based
on this model, the genome is constructed with almost the
same putative small units, encoding 3,000-7,000 amino
acid residues, over the entire genome. This fact indicates
that all nucleotide alterations occurred synchronously
over the genome. In addition, based on this fact, the coincidence between the cellular amino acid composition
Copyright © 2010 SciRes.

Figure 3. Radar charts of amino acid compositions calculated from
various units of the complete genome of Methanobacterium thermoautotrophicum. A, the complete M. thermoautotrophicum genome
consisting of 1,869 protein genes [39] was divided into 10 or 20 units.
Ten units (1-10); based on 186 and 195 genes, half size units (1-H9-H); based on 93 genes, single genes (1-F-9-F); based on the first
single gene of each unit. Glutamine and asparagine were calculated as
glutamic acid and aspartic acid, respectively, and tryptophan (< 1%)
was omitted in the radar charts [22].

Figure 4. Model for homogeneous genome structure: a “pearl necklace” model.

obtained from cell lysates and that presumed from the
complete genomes can be explained because each gene
characteristics are cancelled in certain units in both different analytical systems. The genome homogeneity makes
it possible to characterize the genome by the ratios of
nucleotide to the total nucleotides and/or those of amino
acid values. In fact, bacteria [41] and other organisms
such as Archaea and eukaryotes [42] were classified
based on these values. Organisms were classified into
“GC-type equal to E-type” and “AT-type equal to
S-type” represented by high G or C (low T or A), and
high A or T (low G or C) contents, respectively, at every
third codon position [42]. Similar conclusion was obtained from research that examined the content of G + C
in a large number of genes [43]. Bacterial classification
was carried out by another method with similar results
Openly accessible at http://www.scirp.org/journal/NS/
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[44].

5. GENOME EVOLUTION
All organism’s DNA consists of four nucleotides such
as G, C, T and A, and it is possible to simulate their contents by a random choice of certain numbers [45]. In
addition, the relationships of the four nucleotide contents
can be mathematically expressed by linear formulae
whether or not the four values correlate to each other.
Based on the random choice of nucleotide contents, their
relationships are heteroskedastic, although nucleotide
content distributions are homogeneous [45]. On the other
hand, for example, when plotting four nucleotide contents against certain nucleotide content in the complete
chloroplast genome, their relationships were expressed
by four linear regression lines with high regression coefficients [28], as shown in Figure 5. The lines G and C
overlap, and the lines T and A overlap. This indicates
that G = C and T = A in chloroplast DNA. Thus, chloroplast genome evolution is governed by Chargaff’s second parity rule. Plant mitochondrial evolution was also
governed by this rule, while animal mitochondrial evolution deviated from the rule [28]. These organelles were
incorporated into only eukaryotes, which appeared evolutionarily later than bacteria. The contents of G or C
were less than 0.25 and those of A or T were more than
0.25 [28], as shown in Figure 5. Thus, nucleotide contents are biased in organelle DNA because of a shorter
evolutionary period compared with nuclear DNA.

6. CHARGAFF’S PARITY RULES
Chargaff’s first parity rule was obtained experimentally in 1950 and the rule represents intraspecies: G = C,
A = T and [(G + A) = (C + T)]. Nowadays we know that
nuclear DNA structure is double-stranded [4] and the
first parity rule is easily understandable. However, the
second parity rule, which is applicable to the single DNA

strands forming the double-stranded DNA, has been an
enigma of how to make the base pairs in the single DNA
strand since being published in 1968 [3]. Recently, this
puzzle has been solved mathematically [46] based on
genome structure homogeneity [37,40] and similarity
between the forward and reverse strands [6]. To solve
this puzzle, however, the double-stranded structure was
necessary [46], as shown in Figure 6. This fact indicates
that the genome structure might be double-stranded at
the stage of primitive life. Both rules are intraspecies
rules.
Mitchell and Bridge examined a large number of
complete genomes to determine whether Chargaff’s
second parity rule was applicable to interspecies relationships [5] and concluded that only the single DNA
strand forming the double-stranded DNA is applicable to
the second parity rule [5]. This fact indicates that Chargaff’s second parity rule is clearly correlated to biological evolution. In addition, although codon evolution within the coding region is expressed by a linear formula, it
deviates from Chargaff’s second parity rule [6]. However, when plotting nucleotide contents in the coding or
non-coding region agafinst nucleotide content in the
complete single DNA strand, genome evolution obeys
Chargaff’s second parity rule [28], as shown in Figure 7.
Nucleotide content relationships in the coding or noncoding regions against the nucleotide content in the complete single DNA strand between chloroplast and plant
mitochondria are expressed by different regression lines
[27]. According to this plotting manner, linear regression
lines between chloroplast and plant mitochondria intersect forming the “V-shape” [27], and similarly, linear
regression lines between the coding and non-coding regions intersect forming the “V-shape” [27]. These two
cases clearly indicate that chloroplast and plant mitochondria, and the coding and non-coding regions descended from similar origins.
Furthermore, when the four nucleotide contents are

Nucleotide Content

0.50

X

0.40

Y

3’

Gx , Cx , Tx , Ax

Gy , Cy , Ty , Ay

5’

5’

Gx’, Cx’, Tx’, Ax’

Gy’, Cy’, Ty’, Ay’

3’

0.30
0.20

Complement X’

Complement Y’

0.10
0.00
0.00

0.05

0.10

0.15

0.20

0.25

C Content
Figure 5. Nucleotide content relationships in chloroplasts. Four nucleotide contents were expressed by C content. Pink squares, C; blue
diamonds, G; red triangles, T and green triangles, A. This figure has
been presented in Natural Science, 2(5); 519-525, 2010 and reproduced
with permission.
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Figure 6. Double-stranded DNA model. The complete genome
was divided into two fragments [46]. The contents of Gx and
Cx in the fragment X are expressed via the reverse (complementary) strand by Cy and Gy, respectively, because (Gx ≈ Gy’
= Cy) and (Cx ≈ Cy’ = Gy). Therefore, (Gx + Gy ≈ Gx + Cx)
and (Cx + Cy ≈ Cx + Gx). In both equations, as the right hand
side is equal, Gx + Gy ≈ Cx + Cy. Finally, G ≈ C. Similarly, T
≈ A.
Openly accessible at http://www.scirp.org/journal/NS/
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Figure 8. The “Diagonal Genome Universe”. Plotting four nucleotide
contents normalized to 1 against certain nucleotide content (i.e., G or C
content), G and G contents are expressed by (G = G) and (G = C),
respectively, and T and A contents are expressed by (T = 0.5 – G) and
(A = 0.5 – G), respectively. For example, if G = 0.1 (white dashed line),
C = 0.1, T = 0.4 and A = 0.4. White open square, A or T; yellow closed
square, C or G. White dotted line represents the line of symmetry (y =
0.25). Similarly, plotting nucleotide contents against T of A content, (T
= T), (T = A), (C = 0.5 – T or A) and (G = 0.5 – T or A) are obtained.

Figure 7. Nucleotide relationships in normalized chloroplast values.
Upper panel, coding region; lower panel, non-coding region. Red
squares, G; green triangles, C; blue diamonds, A; and shallow blue
crosses, T. The composition of each nucleotide in the coding or
non-coding region was plotted against the G content in the complete
single DNA strand. The vertical axis represents the composition of the
four nucleotides; the horizontal axis represents the G content in the
complete single DNA strand. This figure has been presented in Natural
Science 2; 2010 and is reproduced with permission.

plotted against the total nucleotide content among various species, linear regression lines with high regression
coefficients are obtained: Using the normalized values,
G + C + A + T = 1, Chargaff’s parity rule is alternated as
follows: 2G + 2A = 1, A = 0.5 – G, T = 0.5 – G, C = G
and (G = G). The lines G and C overlap and the lines A
and T overlap, and the former is line symmetrical to the
latter against a line (y = 0.25), as shown in Figure 8.
Namely, four nucleotide contents expressing by two duplicate nucleotide contents can be expressed by only one
nucleotide content with linear formulae, as shown in
Figure 8. The two duplicate nucleotide contents (G or C
and A or T) are symmetrical. These formulae do not
possess any obvious factor that is based on “Natural Selection” proposed by Charles Darwin. This fact clearly
indicates that “Natural Selection” might contribute to
biological evolution after genome alterations. According
to Chargaff’s second parity rule, the intercepts of the
lines G and C are close to the origin, while those of the
lines A and T are close to 0.5 at the vertical and horizonCopyright © 2010 SciRes.

tal axes. The slopes of the lines G and C, and those of A
and T are 1 and – 1, respectively. All organisms from
bacteria to Homo sapiens are located on the diagonal
lines of a 0.5 square-the “Diagonal Genome Universe”,
using the normalized values. These formulae are not
obtained from a simulation analysis using a random
choice of nucleotide contents assumed to be organism
nucleotide contents [45]. In this case, the nucleotide relationships are completely heteroskedastic and Chargaff’s second parity rule has not been satisfied. The line
A overlaps with the line T, and the line G overlaps with
the line C [47]. The former overlapped line intersects
with the latter overlapped line at 0.25 [47]. Thus, the
exchanges of G and C or A and T never take place, while
the exchanges of G or C with T or A must take place
synchronously, not only within the putative small unit,
but also over the entire genome according to Chargaff’s
second parity rule. The pair of two duplicate points, G =
C and A = T, are symmetrical around y = 0.25, as shown
in Figure 8. As a result of the synchronous nucleotide
alterations over the genome, the structure of the genome
has become homogeneous. Samples that are applicable
to Chargaff’s parity rules must satisfy these conditions.
Thus, all nucleotide alterations are strictly controlled,
not only by the total homo-nucleotide contents and their
analog contents, but also by the total hetero-nucleotide
and their analog contents, in the complete single DNA
strand under Chargaff’s second parity rule [28]. In animal mitochondrial evolution, which deviates from the
rule, nucleotide alterations are strictly controlled by just
Openly accessible at http://www.scirp.org/journal/NS/
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homo-nucleotides and their analog total contents [28].

b

a

7. ORIGIN OF LIFE
Four nucleotide relationships within the coding or
non-coding regions are linear; however, Chargaff’s second parity rule is not satisfied [6]. On the other hand,
when plotting nucleotide contents in the coding or noncoding regions against the nucleotide content in a complete single DNA strand, their relationships are expressed by linear regression lines with high regression coefficients in nuclear, chloroplast and plant mitochondrial
DNA [27]. Furthermore, Chargaff’s second parity rule is
satisfied in both coding and non-coding regions of these
DNA strands [28]. In animal mitochondrial DNA, strong
regulation is observed in homo- and their analog nucleotide relationships in both coding and non-coding regions
[27,28]. Mitchell and Bridge reported that the four nucleotide relationships in organelle DNA were heteroskedastic [5], while Nikolaou and Almirantis reported that
mitochondria should be classified into three groups, and
that chloroplast genome evolution resembled bacterial
genome evolution [48]. It has been shown that classification of organelles into chloroplast, plant mitochondria,
vertebrate mitochondria, invertebrate I mitochondria and
invertebrate II mitochondria, makes it possible to express their genome evolution by linear formulae [47].
Thus, in respect to complete genome evolution, it is
clear that all nucleotide alterations are expressed by linear formulae: y = ax + b, where “y” and “x” represent
nucleotide contents, and “a” and “b” are constant values
representing alteration rates and initial nucleotide contents, respectively.
When evolutionary processes are expressed by the
same regression line, these evolutionary processes must
be controlled by the same rule. Therefore, the fact that
two linear regression lines intersect at the top of the
“V-shape” indicates that the two groups diverged from
the same single origin (Figure 9(a)). Classifying invertebrate mitochondria into two groups, I and II, two linear
regression lines based on nucleotide relationships intersect forming the “V-shape” [47]. Furthermore, as mitochondria and chloroplast are derived from proteobacteria
[49] and cyanobacteria [50], respectively, their regression lines intersected at a point [47]. As the origin of
these organelles appears to be from bacteria, their regression lines must intersect at a point [47]. The fact that
many lines intersect at the same point indicate that many
groups diverged from a single origin (Figure 9(b)). On
the other hand, many parallel regression lines indicate
that there are many origins (Figure 9(c)), and the existence of many crossing points (Figure 9(d)) also indicates the existence of many origins. However, when all
evolutionary processes obey the same rule, the number
Copyright © 2010 SciRes.
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Figure 9. Assumed numbers(s) of origin of life based on nucleotide
regression lines. (a) and (b), single origin of life; (c), (d) and (e), multiple origins of life. Closed circles represent the origin of life.

Figure 10. C content (horizontal axis) and G content (vertical axis) in
nuclei and various organelles. Blue diamonds, invertebrate I and vertebrate mitochondria; pink diamonds, invertebrate II mitochondria; red
squares, plant mitochondria; green triangles, chloroplasts; and black
squares, nuclei. This figure has been presented in Natural Science, 2(5);
519-525, 2010 and reproduced with permission.

of origins cannot be determined (Figure 9(e)). When
plotting nucleotide contents against each individual nucleotide content, linear regression lines intersect at a
single point among nuclear, chloroplast and mitochondrial DNA [47], as shown in Figure 10. This fact clearly
indicates that the origin of all species is a single life
form [47]. This is the first demonstration that all species
have a common ancestor and a single origin based on
scientific data. Charles Darwin discussed on the evolution over the course of generation through a presence of
natural selection in “On the Origin of Species by Means
of Natural Selection or the Preservation of Favoured
Races”, while he discussed on neither “a single origin”
nor “a common ancestor” of species. This concept has
been presumed from Darwin’s theory since being pubOpenly accessible at http://www.scirp.org/journal/NS/
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lished in 1859, and eventually phylogenetic trees, which
have been drawn, represent apparently a single origin of
species.

[11]

8. CONCLUSIONS
Evolution of all species, from bacteria to Homo sapiens,
is governed by genome alterations based on simple linear formulae, including Chargaff’s second parity rule,
although their phenotypic expressions show immeasurable spectra over the past 3.5 billion years. Evolution
based on genome alterations can be represented by two
lines (G or C and A or T) that are symmetrical about y =
0.25 – the “Diagonal Genome Universe”.
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ABSTRACT
A short phylogenetic marker previously used in
the reconstruction of the Order Bacillales and
the genus Bacillus was assessed here at a lower
taxa level: species in the Bacillus cereus group:
B. anthracis, B. cereus, B. thuringiensis and B.
weihenstephanensis. This maker is 220 bp in
length. It is a combination of 150 bp at the 3’ end
of the 16S rDNA and 70 bp at the 5’ end of the
16S-23S ITS sequence. Three additional Bacillus
species, B. halodurans, B. licheniformis and B.
subtilis, and Clostridium tetani were included
for comparison purposes. A total of eight bacterial species and 12 strains were analyzed. A bootstrapped neighbor-joining tree was inferred from
comparative analyses of all allelic sequences of
the bacterial species and strains under study.
Based on its topology, four major Groups were
revealed at the 90% nucleotide sequence identities, Group I to IV. Group I contains all alleles of
the Bacillus cereus group. Group II contains all
alleles of B. halodurans. Group III contains all
alleles of B. licheniformis and B. subtilis. Group
IV contains all alleles of Clostridium tetani. The
220 bp phylogenetic marker used here could
resolve different species from different genera.
At the genus level, distant species could be distinguished. Very closely-related species, however, were undistinguishable. Species in the B.
cereus group, most notably B. cereus, B. anthracis and B. thuringiensis, could not be distinguished. After successfully inferring the phylogenies of the Order Bacillales and the genus
Bacillus, we have met the resolving limit of this
short phylogenetic marker: B. cereus, B. anthracis and B. thuringiensis.
Copyright © 2010 SciRes.
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1. INTRODUCTION
The Bacillus cereus group comprises six genetically
highly related species: B. cereus sensu stricto, B. anthracis, B. thuringiensis, B. weihenstephanensis, B. mycoides [1] and B. pseudomycoides [2]. They are Grampositive, rod-shaped, endospore-forming, either obligate
or facultative aerobic bacteria [1].
Bacillus cereus is a ubiquitous soil bacterium. It can
be a contaminant of a variety of foods: meats, vegetables
and dairy products [3,4]. It can cause diarrheal, and emetic food poisoning syndromes [5]. It can also be the etiologic agent of some opportunistic infections [6,7]. Bacillus anthracis is the etiologic agent of anthrax, an acute
disease in herbivorous mammals, transmissible to other
animals, including humans [8]. This species has been studied and developed as a biological weapon [9]. Virulent strains of B. anthracis carry two plasmids, pXO1
(181 kb) and pXO2 (96 kb) which may be transmitted to
others members of Bacillus cereus group [10]. Bacillus
thuringiensis is an insect pathogen. It is characterized by
the synthesis upon sporulation of a parasporal inclusion
body. This inclusion body is made of proteins, the δ-endotoxins, which are toxic to several insect larvae [11,12]
and other invertebrates [13]. B. thuringiensis formulations have been developed for the control of insect pests
in agriculture and forestry [14-16] and for the control of
insect vectors of human diseases such as malaria, yellow fever, onchocerciasis, etc [17]. Bacillus weihenstephanensis is a psychotolerant species characterized by the
ability to grow at 7°C and the absence of growth at 43°C.
It is also characterized by the presence of specific signature sequences on the 16S rRNA gene (small subunit
ribosomal RNA gene) and the cspA gene (gene encoding
the major cold shock protein) [18]. B. mycoides is charOpenly accessible at http://www.scirp.org/journal/NS/
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acterized by the formation of rhizoid colonies and the
absence of motility [19]. B. pseudomycoides is phenotypically similar to B. mycoides and is distinguished by
DNA relatedness and fatty acid composition [2].
The 16S rDNA is the macromolecule of choice in the
reconstruction of bacterial phylogenies [20-24]. The 16S
rDNA, however, cannot distinguish among species in the
Bacillus cereus group [25,26]. Genomic approaches have
been used in an attempt to elucidate the genetic diversity
of three highly closely related species in the B. cereus
group: B. cereus, B. anthracis and B. thuringiensis. They
appear as a single species on the basis of genetic evidence [27].
In a previous study, a 220 bp marker was developed
and used to infer the phylogeny of species in the genus
Bacillus and closely-related genera [28]. This marker
was a combination of the last 150 bp at the 3’ end of the
16S rDNA and the first 70 bp at the 5’ end of the 16S23S rDNA internal transcribed spacer (ITS). More recently, we assessed the usefulness of the 220 bp marker at a
higher taxonomic level, the Order Bacillales [29]. This
marker showed several advantages over the use of 16S
rDNA sequences or the generation of extensive phenotypic and genotypic data in phylogenetic analyses. First,
the 150 bp at the 3’ end of the 16S rDNA allowed discrimination among distantly related species. Owing to its
higher rate of nucleotide substitutions, the 70 bp at the 5’
end of the 16S-23S rDNA (ITS) added discriminating
power among closely related species from same genus
and closely related genera from same family. Because of

its higher percentage of nucleotide sequence divergence
than the 16S rDNA, the 220 bp marker could better discriminate among closely related Bacillus [28] and Bacillales [29] species. Second, the method was simple, rapid, suited to large screening programs and easily accessible to most laboratories. Third, the marker also revealed species which appeared misassigned and for which
additional characterization appeared warranted.
In the current study, we further analyze the resolving
power of this short marker in inferring phylogenies at a
much lower taxa level: the Bacillus cereus group.

2. MATERIALS AND METHODS
2.1. Bacterial Species and Strains
Four species in the Bacillus cereus group: B. anthracis,
B. cereus, B. thuringiensis and B. weihenstephanensis
were analyzed. Three additional Bacillus species, B. halodurans, B. licheniformis and B. subtilis, and Clostridium tetani were included for comparison purposes. A total of eight bacterial species and 12 strains were analyzed (Table 1). They were selected on the basis that their
complete genome sequences were freely available in GenBank at the National Center for Biotechnology Information (NCBI) completed microbial genomes database
(http://www.ncbi.nlm.nih.gov/genomes/lproks.cgi,Augus
t 2009). Bacillus mycoides and B. pseudomycoides were
not included because their complete genome sequences
have not been determined.

Table 1. Bacterial species used in this study.
Genera

Species

Strain

GenBank accession no.

Bacillus

anthracis

Ames
Ames Ancestor
Sterne

AE016879
AE017334.2
AE017225.1

cereus

ATCC 14579
ATCC 10987
E33L

AE016877.1
AE017194.1
CP000001.1

thuringiensis serovar konkukian

97-27

AE017355.1

weihenstephanensis

KBAB4

NC_010184.1

halodurans

C-125

BA000004.3

licheniformis

ATCC 14580

AE017333.1

subtilis subsp. subtilis

168

AL009126.3

tetani

E88

AE015927.1

Clostridium

Copyright © 2010 SciRes.
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2.2. Sequences
The 16S rDNA and 16S-23S ITS for the 12 bacterial
species and strains were retrieved from GenBank, for a
total of 129 allelic sequences. The last 150 bp at the 3’
end of 16S rDNA and the first 70 bp at the 5’ end of
16S-23S ITS were merged into a single 220 bp sequence
for each of the 129 alleles under study as described before [28]. This 220 bp sequence will be used as a phylogenetic marker for the 12 bacterial species and strains
under study.

2.3. Phylogenetic Analyses
All 129 allelic sequences were aligned using ClustalW
[30] (data not shown). A neighbor-joining tree was constructed [31], based on the alignment of the 129 alleles of
the 220 bp sequence. The tree was bootstrapped using
1,000 random samples. The neighbor-joining tree was drawn and printed with Tree Explorer, all components of
the Molecular Evolutionary Genetics Analysis (MEGA,
version 3.1) software package [32].

3. RESULTS AND DISCUSSIONS
In a previous study, a 220 bp sequence was developed
as a DNA marker and used to infer the phylogeny of
species in the Gram-positive genus Bacillus and closelyrelated genera [28]. This marker was a combination of
the last 150 bp at the 3’ end of the 16S rDNA and the
first 70 bp at the 5’ end of the 16S-23S rDNA internal
transcribed spacer (ITS). More recently, we assessed the
usefulness of the 220 bp marker by extending its analyses at a higher taxonomic level, the Gram-positive Order
Bacillales [29]. In parallel, a similar marker was used to
infer the phylogeny of the Gram-negative Class γ-proteobacteria [33]. In the current study, we further analyze
the resolving power of this marker in inferring the phylogeny at a much lower taxa level: the Bacillus cereus
group.
A bootstrapped neighbor-joining phylogenetic tree
was inferred from comparative analyses of the 220 bp
marker from the 129 alleles from the bacterial species
and strains under study (Figure 1). Four major Groups
were revealed based on the topology of the neighborjoining tree at the 90% nucleotide sequence identities,
Group I to IV. Group I contains all alleles of the species
in the Bacillus cereus group. Group II contains all alleles
of B. halodurans. Group III contains all alleles of B.
licheniformis and B. subtilis. Group IV contains all alleles of Clostridium tetani. Based on nucleotide sequence identities, sub-groups and branches can be revealed. Group I can be sub-divided into three sub-groups
at the 95% nucleotide sequence identities. Sub-group I-1
encompasses 27 alleles from the B. anthracis strains, 36
Copyright © 2010 SciRes.
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alleles from the B. cereus strains, 11 alleles from B.
thuringiensis and one allele from B. weihenstephanensis.
Sub-group I-2 encompasses six alleles from B. anthracis,
two alleles from B. cereus and one allele from B. thuringiensis. Sub-group I-3 encompasses 12 alleles from B.
weihenstephanensis. A branch corresponding to an allele
from B. weihenstephanensis is present between sub-groups I-2 and I-3. Group II contains all eight alleles from B.
halodurans. They show at least 20% nucleotide sequence divergences with alleles from the other Bacillus species. Group III contains all alleles from B. licheniformis
and B. subtilis. It can be sub-divided into two sub-groups
at the 95% nucleotide sequence identities. Sub-group
III-1 encompasses all seven alleles from B. licheniformis.
Sub-group III-2 encompasses all ten alleles from B. subtilis. Group IV contains all six alleles from Clostridium
tetani. These alleles show at least 26% nucleotide sequence divergence with alleles from species and strains
in the genus Bacillus.
In accordance with our previous work on the Order
Bacillales, the 220 bp sequence used as a phylogenetic
marker was able to group alleles from same species for B.
halodurans, B. licheniformis, B. subtilis, and Clostridium tetani, respectively. However, this 220 bp sequence
could not group most alleles from same species, exclusive of alleles from others, for the B. cereus group. Subgroup I-1 is heterogeneous. It contains alleles from all
four species from the B. cereus group. The close proximity of B. cereus, B. anthracis and B. thuringiensis is in
agreement with previous works based on whole-genome
DNA hybridization [34], pulsed-field gel electrophoresis
(PFGE) [35], multilocus enzyme electrophoresis (MEE)
[36], amplified fragment length polymorphism (AFLP)
fingerprinting [37] and multilocus sequence typing (MLST) [38,39], which showed that all three species are genetically highly related. They appear as a single species
on the basis of genetic evidence [27]. Sub-groups I-2 is
more homogeneous. It mostly contains alleles from B. anthracis. Sub-groups I-3 is homogeneous. It only contains
alleles from B. weihenstephanensis. As shown earlier, on
the genus Bacillus [28] and the Order Bacillales [29],
this 220 bp sequence contains 150 bp at the 3’ end of
16S rDNA which allowed discrimination among distantly related species and 70 bp at the 5’ end of 16S-23S
ITS which, owing to its higher percentage of nucleotide
sequence divergence, added resolving power among closely related species.
Here, species in the B. cereus group, most notably B.
cereus, B. anthracis and B. thuringiensis, are too closely
related to be discriminated with the 220 bp sequence
previously used as a phylogenetic marker. Our work,
however, has shown that the alleles in sub-group I-3
could distinguish B. weihenstephanensis from all other
species.
Openly accessible at http://www.scirp.org/journal/NS/
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Sub- Groups

96

55

0.01

Bacillus anthracis Ames Ancestor rRNA F
Bacillus cereus 14579 rRNA C
Bacillus anthracis sterne rRNA 9
Bacillus cereus 14579 rRNA F5
Bacillus cereus 10987 rRNA A5
Bacillus anthracis Ames rRNA E5
Bacillus cereus E33L rRNA 9
Bacillus anthracis Ames rRNA C
Bacillus cereus 14579 rRNA G
Bacillus cereus E33L rRNA 10
Bacillus anthracis sterne RNA1
Bacillus anthracis Ames rRNA D
Bacillus cereus E33L rRNA 8
Bacillus cereus 10987 rRNA D
Bacillus cereus E33L rRNA 7
Bacillus anthracis Ames Ancestor rRNA E
Bacillus anthracis sterne RNA2
Bacillus cereus 14579 rRNA L
Bacillus cereus E33L rRNA 2
Bacillus thuringiensis konkukian str. 97-27 rRNA 5
Bacillus cereus E33L rRNA 12
Bacillus thuringiensis konkukian str. 97-27 rRNA 3
Bacillus cereus 14579 rRNA J
Bacillus cereus E33L rRNA 3
Bacillus cereus 14579 rRNA I
Bacillus thuringiensis konkukian str. 97-27 rRNA 8
Bacillus thuringiensis konkukian str. 97-27 rRNA 13
Bacillus anthracis Ames Ancestor rRNA B
Bacillus anthracis Ames Ancestor rRNA D
Bacillus cereus 10987 rRNA J
Bacillus cereus 14579 rRNA H
Bacillus anthracis Ames Ancestor rRNA H
Bacillus anthracis sterne RNA5
Bacillus anthracis Ames Ancestor rRNA C
Bacillus cereus 14579 rRNA D
Bacillus cereus 10987 rRNA C
Bacillus cereus 10987 rRNA E4
Bacillus cereus E33L rRNA 4
Bacillus thuringiensis konkukian str. 97-27 rRNA 10
Bacillus thuringiensis konkukian str. 97-27 rRNA 9
Bacillus cereus 10987 rRNA K
Bacillus thuringiensis konkukian str. 97-27 rRNA 11
Bacillus cereus 10987 rRNA I
Bacillus anthracis sterne RNA6
Bacillus cereus 10987 rRNA I
Bacillus thuringiensis konkukian str. 97-27 rRNA 7
Bacillus anthracis Ames Ancestor rRNA G
Bacillus anthracis sterne rRNA 9
Bacillus anthracis Ames Ancestor rRNA I
Bacillus anthracis Ames Ancestor rRNA A
Bacillus cereus E33L rRNA 6
Bacillus anthracis Ames rRNA I
Bacillus anthracis sterne RNA7
Bacillus cereus 14579 rRNA K
Bacillus thuringiensis konkukian str. 97-27 rRNA 2
Bacillus cereus E33L rRNA 1
Bacillus anthracis Ames rRNA F
Bacillus thuringiensis konkukian str. 97-27 rRNA 4
Bacillus anthracis Ames rRNA A
Bacillus cereus 10987 rRNA F
Bacillus cereus E33L rRNA 11
Bacillus cereus 14579 rRNA M
Bacillus anthracis sterne RNA4
Bacillus cereus E33L rRNA 5
Bacillus anthracis Ames rRNA G
Bacillus anthracis Ames rRNA H
Bacillus anthracis sterne RNA3
Bacillus anthracis Ames rRNA B
Bacillus cereus 10987 rRNA B
Bacillus cereus E33L rRNA 13
Bacillus cereus 10987 rRNA H5
Bacillus weihenstephanensis rRNA R0001
65
Bacillus cereus 14579 rRNA E
Bacillus cereus 10987 rRNA G
Bacillus thuringiensis konkukian str. 97-27 rRNA 12
Bacillus thuringiensis konkukian str. 97-27 rRNA 1
Bacillus anthracis Ames Ancestor rRNA J
81
Bacillus anthracis sterne RNA10
Bacillus cereus 14579 rRNA A
Bacillus anthracis Ames rRNA J
64
Bacillus anthracis Ames Ancestor rRNA K
Bacillus cereus 14579 rRNA B
Bacillus anthracis Ames rRNA K
Bacillus anthracis sterne RNA11
Bacillus thuringiensis konkukian str. 97-27 rRNA 6
Bacillus weihenstephanensis rRNA R0008
Bacillus weihenstephanensis rRNA R0027
Bacillus weihenstephanensis rRNA R0030
Bacillus weihenstephanensis rRNA R0146
Bacillus weihenstephanensis rRNA R0071
Bacillus weihenstephanensis rRNA R0059
99 Bacillus weihenstephanensis rRNA R0068
Bacillus weihenstephanensis rRNA R0054
Bacillus weihenstephanensis rRNA R0062
Bacillus weihenstephanensis rRNA R0094
Bacillus weihenstephanensis rRNA R0015
Bacillus weihenstephanensis rRNA R0065
Bacillus weihenstephanensis rRNA R0074
Bacillus halodurans C-125 rRNA B
61 Bacillus halodurans C-125 rRNA C
Bacillus halodurans C-125 rRNA D
100 Bacillus halodurans C-125 rRNA H
Bacillus halodurans C-125 rRNA A
Bacillus halodurans C-125 rRNA F
88
Bacillus halodurans C-125 rRNA C
Bacillus halodurans C-125 rRNA G
Bacillus licheniformis 14580 rrna 0010
Bacillus licheniformis 14580 rrna 0021
Bacillus licheniformis 14580 rrna 0016
95 Bacillus licheniformis 14580 rrna 0001
Bacillus licheniformis 14580 rrna 0013
Bacillus licheniformis 14580 rrna 0004
Bacillus licheniformis 14580 rrna 0008
99
Bacillus subtilis rrn O
Bacillus subtilis rrn A
Bacillus subtilis rrn W
74 Bacillus subtilis rrn J
Bacillus subtilis rrn B
55
Bacillus subtilis rrn I
Bacillus subtilis rrn E
Bacillus subtilis rrn D
Bacillus subtilis rrn H
Bacillus subtilis rrn G
93 Clostridium tetani E888 RNA 5
Clostridium tetani E888 RNA 5
100
Clostridium tetani E888 RNA 4
96
Clostridium tetani E888 RNA 3
87
Clostridium tetani E888 RNA 1
Clostridium tetani E888 RNA 2

I-1

Groups

I

I-2

I-3

II

III-1
III
III-2

IV

Figure 1. Bootstrapped neighbor-joining tree inferred from comparative alignment of the 220 bp marker from the 129 alleles from
the 12 bacterial species and strains under study. Major groups are indicated in capital roman numerals. Sub-groups are indicated in
arabic numerals. Bootstrap values higher than 50% are indicated (expressed as percentage of 1000 replication). The horizontal bar
represents 1% nt difference. Bacillus anthracis, B. cereus, B thuringiensis and B. weihenstephanensis’s alleles are written in red, blue,
green and brown, respectively. B. halodurans, B. licheniformis, B. subtilis and Clostridium tetani’s alleles are written in black ink.
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4. CONCLUSIONS
Previous genetic analyses have shown that B. cereus,
B. anthracis and B. thuringiensis should be regarded as a
single species. We have shown here that a 220 bp marker,
used to reconstruct the phylogeny of the Order Bacillales
and the family Bacillaceae, was unable to discriminate
between these three highly-related species. We have reached the limit of the resolving power of the 220 bp sequence as a phylogenetic marker: B. cereus, B. anthracis
and B. thuringiensis.
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ABSTRACT
Focusing on aerosolized matter of relevance to
respiratory health, a major public health issue
worldwide, we studied mineral and biological
aerosol (bioaerosol) composition (TSP and
PM2.5) and geographical origins during dust intrusions in the Canary Islands. Seven days’ backward trajectories were assessed daily during
March 2004 with the ends of back trajectories
being the sampling station of Izaña (high mountain, 2360 m a.s.l. at the Cañadas del Teide National Park, Tenerife island), a free troposphere
site allowing characterization of dust with low
influence of other pollutant sources. Scanning
electron microscopy (SEM) was used to survey
major types of airborne particles in the dust
plumes. Control, non-intrusion conditions correspond to Atlantic oceanic middle troposphere
(OMT) air masses. Of the 14 samples taken, 1
corresponded to a control (clear atmosphere
conditions), and the remaining 13 to dust intrusions, with the following sources: African Dust;
EAM: mixture of Europe, Africa and Oceanic;
MaA: maritime aerosols. Of the air masses, 79%
were directly transported to the islands from
Africa, and an increase of African dust events
was detected when comparing with a 52-year
previous data sequence. Quartz microcristals
and aggregates of quartz and platy clay were
the dominant minerals identified, with marine
salt and gypsum also present. Freshwater diatom tests (from two Aulacoseira species) represented the most important biogenic aerosols,
although fungi and pollen were also detected.
The diverse and complex mixture of respirable
Copyright © 2010 SciRes.

particles in large quantities in airborne dust,
especially from nearby Sahara and from the
Sahelian region, is of maximum interest for airway pathology in the Canaries, including the
highly visited highlands in Tenerife.
Keywords: Allergens; Bioaerosols; Diatoms; High
altitude; Desert dust intrusion; Public health;
Scanning electron microscopy

1. INTRODUCTION
The dispersal of abiotic and biological aerosols (bioaerosols), has a growing interest in interdisciplinary research comprising epidemiology, public health and atmospheric physics. This is due to the great capacity of
air masses to transport both viable organisms and inorganic dust to remote areas, where they transform local
tropospheric conditions [1] and may affect human health
[2]. The cell-carrying capacity of wind, long-range and
high frequency transport of dust masses, aggravate the
effects of seasonal peaks in local allergens through additive and synergic effects. The transport of dust might
involve carrying up to 10.000 bacterial cells per gram of
soil from some desert areas [3]. For example, diatoms
are a large fraction of dust carried from fresh waters of
the Saharo-Sahelian areas and Eurasia to remote areas
such as the Caribbean [4]. Charles Darwin, on his 1845
voyage aboard the surveying ship H.M.S. Beagle, collected African dust in the Atlantic and microscopically
detected the occurrence of diatoms in the dust. This
same historic dust has been recently analyzed to find at
least 16 different viable bacterial lineages and 2 fungal
isolates [5].
Although the global amount of species of airborne
pathogens is not so far clearly defined, several hundreds
Openly accessible at http://www.scirp.org/journal/NS/
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of bacterial lineages, fungi and viruses can be involved
in allergy, asthma and pulmonary affections, and airborne dust is a vehicle for them [6-10]. Inhaled atmospheric aerosols of any origin can be associated with a
number of diseases and disorders, namely allergic airways disease (or asthma), rhinitis and rhinosinusitis, alveolitis or allergic parenchymal disease, airways or parenchymal infections, atypical thoracic pain, anxiety disorders, cardiopathy, and meningitis, among others [11-14].
The Canary Islands lay 96 km off the west of the largest dust source on Earth, the Sahara desert (> 9 million
square kilometres), being comprised within the “dustbelt”, where the atmospheric dust concentration is inherently very high [15]. Dust transport to the Canaries causes
several-fold increase over the standard levels of particulate matter over the islands [1,16-20]. Although studies
relating desert dust to “airborne” diseases in the Canary
Islands are scant, dust events reach the archipelago with
a high frequency, being associated with augmented prevalence, morbidity and mortality [12]. There are precedents in other regions, such as the Caribbean Sea where
increase of frequency in African dust episodes reaching
Barbados were associated to a seventeen-fold increase in
asthma between 1973 and 1996 [21-23]. In Gran Canaria
and Tenerife, type and frequency of asthma symptoms
have been analyzed in a large population sample, and
climatic conditions have been invoked to explain high
prevalences [24].

In this paper we study aerosols from African dust intrusions at a high altitude ecosystem in Tenerife, Canarian archipelago. Specific health effects of minerogenic dust and bioaerosols have not been studied so far
in the Canary Islands, and this task is difficult to approach without recognizing the type of particles involved. We thus aimed to identify and survey, through
scanning electronic microscopy (SEM) analysis, the
biological and mineral aerosol particles transported with
dust during intrusions of African air masses and from
other origins to the Canary Islands. Imaging characterization of dust particles could give us explicit information
on aerosol types in relation with complementary data on
origin and travelling time of air masses. We related the
dust events with the air-mass origin, tracing back the dust
trajectories to assess source areas. Our primary concern
was on aerosolized particles with a potential interest in
public health that are transported with dust plumes from
Africa to the Canary Islands.

2. METHODS
2.1. Study Area
We studied air samples searching for biogenic particles (bioaerosols) during a non-intrusion episode (“clean
atmosphere”) and during dust invasions to Tenerife, the
largest and more densely populated and visited island of
this group (Table 1). Our sampling was focused on the

Table 1. Characteristics of air samples from filters taken at the high mountain station of Izaña in Tenerife.
Particle sampler
type

Hour (GMT) and initial
sampling date

Hour (GMT) and
final sampling date

Cycle volume
(m3)

African dust
outbreaks

Back
Trajectory
Initial sampling
Final sampling

PM2.5

14:44

03/03/04

14:50

04/03/04

731

+

EAM

EAM

PM2.5

14:58

04/03/04

15:40

05/03/04

506

+

EAM

EAM

PM2.5

12:22

17/03/04

12:26

18/03/04

731

+

AfD

AfD

PM2.5

11:05

22/03/04

11:40

23/03/04

733

+

AfD

AfD

PM2.5

10:12

04/04/04

15:35

05/04/04

732

+

MaA

MaA

TSP

15:48

03/03/04

15:55

04/03/04

732

+

EAM

EAM

TSP

16:10

04/03/04

16:20

05/03/04

731

+

EAM

EAM

TSP

16:30

05/03/04

16:45

06/03/04

731

+

EAM

EAM

TSP

12:26

11/03/04

15:10

12/03/04

731

– (control)

OMT

OMT

TSP

12:13

17/03/04

12:17

18/03/04

731

+

AfD

AfD

TSP

12:23

18/03/04

13:30

19/03/04

732

+

AfD

EAM

TSP

11:00

22/03/04

11:35

23/03/04

731

+

AfD

AfD

TSP

11:45

23/03/04

12:20

24/03/04

731

+

AfD

AfD

TSP

10:05

04/04/04

13:40

05/04/04

732

+

MaA

MaA

Trajectory codes: OMT: Atlantic Oceanic Middle Troposphere; AfD: African Dust; EAM: mixture of Europe, Africa and Oceanic origins; MaA: maritime aerosols.
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high mountain scrub, at the Teide National Park (free
troposphere, over the stable inversion layer, which is
found between 1000-1500 m), at the facilities of the Instituto Nacional de Meteorología (Izaña Observatory,
16º29'58" W; 28º18'32" N; 2360 m a.s.l.) (Figure 1).
The Izaña site is located above a sharp temperature
inversion between 500 and 1500 m, thus remaining relatively apart from the contamination foci of the low areas
and human settlements [25]. At Izaña, the characterization of African dust is possible with low interference of
other pollutant sources [26]. The dust transport is strongly seasonal, occurring near the surface in the cold
season (October to March) and above two kilometres
altitude in the warm season (April to September) [27,28].
We centred the sampling effort in March-April 2004.
Annual distribution of particulate matter at low areas in
the Canary Islands peaks in winter and shows a minimum in summer, whereas in the Tenerife high mountain,
the maximum dust incomes occur in summer. Nevertheless dust episodes are also commonly detected in springtime in both levels [19,27,28]).

2.2. Dust Trajectories and Origins
To assess the origin of the aerosols, seven days backward trajectories were calculated daily at 00 and 12 UTC
during March 2004 with HYSPLIT-4 model (Draxler
and Hess, 1997 in [27]). The end point of the back trajectories was the Izaña station. Physical-chemical aero-

sol properties can be related with the origin and trajectory of the aerosol-laden air masses. Díaz [27] and Díaz
et al. [28] developed a methodology to characterize the
source-transport paths of the aerosol over this region
using multivariate clustering analysis. The back trajectories classification is based on the contribution of the
main aerosol sources, considering the geographical regions, the residence time in these sectors and the altitude
of the air mass during the evolution towards the island.
With this technique, clusters of back trajectories can be
found for different levels of transport and origins of the
air masses [28].

2.3. Dust SEM Analysis
TSP (Total Suspended Particles) and PM2.5 (Particulate Matter with 2.5 micrometers diameter or smaller)
were sampled simultaneously on quartz glass filters (Schleicher and Schuell, QF20), with high volume samplers
MCV CAV-A / M (30 m3/h). Samplers operated for 24 h
periods from 03 / 03 / 04 until 05 / 04 / 04, and completed 14 samples (Table 1). We separated part of the
filters for scanning electron microscope (SEM) analysis. A small section (< 1 cm2) of each filter was cut and
glued onto an aluminium stub and processed for SEM.
Complementarily, another section of the filter was gently
pressed on an adhesive carbon conductive tab to transfer
the filter content to the preparation, then the tab was
glued to the stub and processed for SEM. Preparations

Teide
National
Park

#
#

Santa
Cruz
#

#

#

Izaña

Figure 1. Study area and sampling stations.
Copyright © 2010 SciRes.
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were observed and photographed in a JEOL JSM 6300
electron microscope. We resolved the elemental composition of some particles with X-ray electron probe microanalysis (EDX) (OXFORD 6699) of selected SEM
samples. The system operated at 20 kV (operation range:
0.2-30 kV) with a maximum resolution of 3.5 nm.

Altitude (Km)

1122

In our SEM samples, most abiotic and biological or
biogenic particles are within the respirable size range.
Aerosols presenting a wide size range (including PM2.5
and PM10) were quartz and clay grains, gypsum rods and
halite. Crustal aerosols appeared clustered, which increased average lateral dimension of particles. The main bioCopyright © 2010 SciRes.
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Clusters of back trajectories found were: 1) representtative of Atlantic oceanic middle troposphere (OMT); 2)
air masses originated in the African continent (AfD); 3)
mixture of aerosols from at least two of these sources:
Europe, Africa and Ocean (EAM); 4) air masses with
high load of maritime aerosols (MaA). The average frequencies of occurrence of these clusters on March over a
52 year period (1948-2004) were 17% AfD, 24% EAM,
40% OMT and 19% MaA.
Mean altitude for trajectories ending at Izaña was
2970.85 m (range: 0-8119.5 m) in March 2004. The back
trajectories analysis for Tenerife for that month showed
that air masses were 30% AfD, 24% EAM, 24% OMT
and 22% MaA. These values revealed an increase in frequency of African dust events (cluster AfD) of 13% at
the high mountain site compared with the average value
of the 52-year period. In particular, of the 14 samples
obtained at Izaña (Table 1), 13 corresponded to mineral
dust conditions, where the 79% of the air masses were
directly transported from the African continent (43%
AfD and 36% EAM), whereas the remaining two represent maritime air masses with presence of dust particles.
This last situation is observed most likely during the
spring-summer period at Izaña [28], where the air masses
cross areas with a high concentration of dust due to a
Sahara-Sahel outbreak occurred in previous days. As
exemplified in Figure 2 (upper panel), the air mass in
cluster AfD progressed at low altitudes while crossing
the eastern Sahara desert (particularly between 0 and 15º
E) and then gained altitude approaching the Atlas range,
finally reaching the end point in the Tenerife high mountain at 2360 m. Furthermore, given that a 24 h sampling
schedule was applied, the possibility of ascending air
masses transporting coastal material up to the summit at
Izaña station can not be disregarded [26].
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Figure 2. Values of the TOMS AI (Total Ozone Mapping
Spectrometer Aerosol Index) for a back trajectory of 24 / 03 /
2004 (black line, below graphic) of African mineral dust estimated for Izaña (Tenerife, Canary Islands). The TOMS aerosol
index is a relative measure of the amount of aerosol particles
absorbing radiation in the atmosphere. The vertical altitudelongitude cross section of the trajectory is shown in the upper
panel (maximum at ca. 2400 m a.s.l.). The white arrow points
the geographic evolution of the air mass from left to right. The
colour scale is adimensional and depicts the TOMS AI.

aerosols found here (diatoms) belong to the PM10 fraction, although a large amount of fragmented thecae were
within the PM2.5 class; pollen grains and one fungal conidium were within PM10.

3.3. Aerosols of Biotic Origin
We made only an overview of major aerosol types
transported with dust to the Canaries, and we did not
quantify the concentration of airborne species. The most
abundant biological remains identified in our SEM samples for African dust episodes were diatom siliceous tests
(Figure 3). Two species of the genus Aulacoseira Thwaites (1848) (formerly Melosira), were identified: A.
granulata (Ehrenb.) Simonsen 1979 and A. islandica (O.
Müller) Simonsen (Bacillariophyta). Apart from diatom
remains, other biogenic material was difficult to observe
in SEM preparations, where the mineral fraction dominated. We identified only one fungal taxon, most probably Alternaria sp., as determined from a clavate conidium,
showing the loculi under an irregular surface (Figure 3
(A)).
Pollen grains were found by SEM but species could
Openly accessible at http://www.scirp.org/journal/NS/
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Figure 3. SEM photographs of TSP and PM2.5, biogenic particulate matter or bioaerosols identified in dust
filters from Tenerife (Canary Islands) during African dust intrusions. All samples from Las Cañadas (high
mountain site), excepting F (Santa Cruz, coastal city). (A): Typically club-shaped Conidium of ascomycotan
fungi (Alternaria sp., a cause of allergic fungal sinusitis). (B)-(D): Siliceous tests of freshwater diatoms ((B)
and (C): Aulacoseira granulata; (D): A. islandica), heavily eroded and worn due to the transport process.
(E): Conglomerate of diatom test remains (presumably Aulacoseira spp.) with platy clay particles. (F): undetermined pollen grain, cross-section, containing mineral particles (Santa Cruz). (G): pollen grain, undetermined species. (H): fragmentary spicule-like particle (inset: magnification), origin (either abiotic or biological) and composition uncertain.
Copyright © 2010 SciRes.
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not be assigned (Figure 3(G)). Pollen was very rare in
filters, which operated during the early spring season
when flowering period was not at its peak in the Tenerife
high mountain. We failed to identify bacterial cells in
filter preparations examined with SEM.

3.4. Aerosols of Abiotic Origin
Filters from the control day (“clean troposphere”) showed a very different aspect when compared with filters
from dust events (Figures 4(A),4(B)), the latter being concealed with a dense mineral-biomineral matrix (Figure
4(C)). The abiotic particulate aerosols identified individually included clay grades and quartz microcristals (isolated or aggregated) of crustal origin (from AfD cluster),
and gypsum rods (CaSO4). Halite, cubic and cube-octahedra crystals of sea salt (NaCl) were obtained from the
OMT cluster correspondent to clear atmospheric conditions and incidence of marine aerosol reaching the high
mountain area (compare with [26]).
Quartz (SiO2) microcristals (particles from < 10 µm to
< 2 µm) formed the dominant or background material in
our filters during dust intrusions (Figure 4). Aerosols
transported from the Sahara desert are enriched in clay
material due to a high residence time in atmosphere
caused by a smaller particle size and laminar habit; these
clay grade grains are transported as particles of silt size
forming aggregates [29,30] (Figure 4).

4. DISCUSSION
As suggested by our filter samples from different origins, Aulacoseira diatom thecae compound the dominant
biogenic aerosol, and quartz is the dominant mineral
fraction, which also formed up to 60% of dust material
in a study from Gran Canaria [31].
The diatoms identified are dominant taxa in fresh waters from N and NW Africa, and can be found throughout the Palaearctic [32]. A. granulata has been recorded
in the Arctic probably transported from Siberia [33].
Both A. islandica and A. granulata are typical of eutrophized and alkaline waters. As far as we know, these
species have not been deemed as pathogenic to humans;
on the contrary, they are used as bioindicators of freshwater quality in most studies. They can be transported as
viable cells through the ocean, and their importance in
the windblown diatom fraction decrease with increasing
distance from the African continent [4]. The aeolian transport of diatoms and phytolyths from continental fresh
water deposits in the Sahara and Sahel [4,34] should be
investigated to assess relative contribution to high incidence of environmental airway diseases in the Canaries.
We are not aware of detailed clinic studies relating natural (desert) diatom dust with respiratory diseases. FurCopyright © 2010 SciRes.

thermore, concentrations of airborne diatom particles from
African deserts and professional exposure to diatom dust
are not comparable [35]. Diatoms transported with the
dust plumes to the Canaries augment the overall silica
content of the aerosols, and silicosis caused by noncrystalline forms of silica have not only occupational but
environmental etiology [36]. On the contrary,
non-industrial silicosis (known as “desert lung”) has been
reported decades ago from autopsy of Bedouine lung
tissue, showing high amounts of silica dust of respirable
size [37]. More study cases of non-industrial lung or environmental silicosis, have been reported for regions
chronically exposed to desert dust (i.e. Himalaya [38]).
The Tenerife highland (> 2000 m a.s.l.) is not a populated area, but it receives > 4 million visitors/year, the
most visited volcanic area of the world after Mount Fuji,
Japan. There is evidence that symptoms of asthma in
lowland patients improve with therapy of high-elevation
stays [39,40]; however, episodic but severe dust events
may imply additional health risks given the extreme
conditions at these altitudes for such long permanencies
(moderate hypoxia, high aridity of this area and increased sun radiation exposure, among other stressors). Origin and type of air mass and aerosol load can be predicted and used to establish and prevent potential interactions with respiratory disease in susceptible visitors to
the island’s National Park.
Particles of different sizes have different ability to penetrate the pulmonary system and reach the lung parenchyma [41]. Modelling of aerosol inhalation schematize the stratification of particle deposition along the
human airways depending on their aerodynamic diameter [42]. Particulate matter (PM) < 10 µm (PM10) penetrate the tracheobronchial region; increased deposition in
the oropharynx occurs with particles larger than 6 µm,
whereas central airway deposition peaks within the 4-6
µm range. Particles like those in Figures 4(B), 4(D) or 4
(I) would be able to reach the central airways. PM between 2-4 µm (PM2.5) reach the alveolar cavities (i.e.
lung periphery), where their damage is greater due to
higher reactivity [42]. Particles like the one depicted in
Figure 4(K) seem of potential interest in this range.
Although a great proportion of diatom remains are
within or above the PM10 fraction (particulate matter 10
micrometers in diameter), thereby being potentially retained by the trachea and bronchia, a great amount of
test fragments are within the PM2.5 fraction, and thus
could reach the lung alveolar system [35]. In addition,
the role of diatom thecae as carriers of particles of health
interest (e.g. bacteria, viruses, fungal or protozoan
spores or cists, pollen) can be important, since: a) these
remains co-dominate, along with quartz mineral, in
many of the dust events of North African origin, and b)
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Figure 4. SEM photographs of TSP and PM2.5, mineral aerosols of crustal, marine and anthropogenic
origin identified in dust filters from Tenerife (Canary Islands) during an African dust intrusion. (A)(B): two general views of a relatively clean filter with few mineral particles (without African dust)
from Izaña. (C): filters with dense platy clay microcrystals typical of a dust intrusion (Santa Cruz).
(D): Agglomeration of clay on carbon adhesive film (EDX: Si, Al, K, Ca, Fe, Na, Mg) (Izaña); 1: elongate rectangles on the aggregate surface are gypsum rods (EDX: Ca, S, O). (E)-(F): clay microcristals;
1: clay aggregates; 2: flat and rounded quartz particles adhered (Izaña). (G)-(H): halite (EDX: Na, Cl),
clusters of cubic crystals from marine aerosol (Santa Cruz). (I)-(J): conglomerates of quartz clay grades with diatom test fragments of laminar habit (1); (K): fibrous particle of unknown origin around
the 2 µm size range attached to filter; note the “fringed” end (1).

due to their structural complexity, large adsorption surface and cavities for shelter of diverse particles, and lateral dimension.
We found only a fungal remain in our dust samples.
However, fungal species linked to respiratory disease are
surprisingly frequent from desert areas [6]. Some deserts
next to urban areas behaved as differentiated sources of
Basydiomycotan fungi [43]. Kellogg et al. [10] detected
Alternaria, Cladosporium and Aspergillus in dust samples from Mali. Cladosporium was also isolated from
African dust in the Virgin Islands (Caribbean) [7]. Prospero et al. [44] isolated more than 20 fungal taxa from
North African dust in Barbados, finding low percentages
of Alternaria. With Cladosporium, Alternaria is one of
the most abundant spore-forming fungi in dry and warm
regions such as the subtropical Canary Islands [6]. Alternaria was also a very frequent bioaerosol in a study at
mid elevation on Tenerife [45]. In other dry climates (e.g.
Phoenix, Arizona), A. alternata and A. raphani has been
detected in PM10 from desert neighbouring urban areas
[43], and Glikson et al. [46] found that fungal spores
were predominant over other bioaerosols such as pollen
in Brisbane (Australia). We failed to find other fungal
remains through SEM, a surprising result since we expected a higher importance of this type of particles during dust events, judging from literature. However, we
isolated and cultivated other common allergenic fungi
(Aspergillus, Penicillium and Cladosporium) which were
not detected by SEM from the same filter samples (unpublished data).
Apart from plant pathogen, Alternaria is a cosmopolitan, saprophytic soil fungus comprising several speCopyright © 2010 SciRes.

cies pathogenic for immunocompromised hosts [47,48].
A. alternata causes environmental allergic alveolitis, and
for many authors it is the most important fungi in allergy
causation, especially in Mediterranean areas [49]. Allergic fungal sinusitis is due to finely dispersed fungal spores
in air, and 56-95% percent of patients diagnosed with
chronic rhinosinusitis presented fungus in nasal secretions [50,51]. We should investigate frequency and concentration of fungal spores in this insular region and if
causes for high prevalence of allergies in areas affected
by dust intrusions might be attributed to airborne fungal
species.
Around 20% of the human population of the Canaries
suffers from allergy or allergy-related diseases [52]. However, prevalence of diseases such as asthma or allergies
has not been paid enough attention regarding associations with climatic factors, climate change or influence
of atmospheric phenomena such as Saharo-Sahelian dust
episodes on the archipelago [24]. The complex mixture
of particles of respirable size identified by SEM in this
study may play a role in sensitizing and thus preparing
the road for other “opportunistic” airway diseases. Processes of aerosol particles deposition and effects in the
airways depend on particle size and form, and respiratory conditions [35], but the mechanisms by which both
mineral aerosols and bioaerosols act in the airway pathologies are poorly comprised.
In populated areas, mixtures amongst particulate matter of different origins are common during dust intrusions, as revealed by our SEM analysis. In many instances, allergens invade the respiratory tract in or on a
different particle, and it is today clear that exposure to an
Openly accessible at http://www.scirp.org/journal/NS/
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allergen on or within a carrier pollutant can substantially
enhance its allergenic potential [53,54]. Many of the
aerosol types overviewed here can incorporate additional
pollutants from the atmosphere, and in case of bioaerosols, surface proteins can be altered and then released
into the respiratory system. Synergies between anthropogenic aerosols and bioaerosols also deserve attention.
Diatom tests, quartz and gypsum fiber-like particles mix
to form aggregates, and pollen grains can transport those
and other mineral particles (Figures 4(B)-4(F), 4(J)).
Important synergies between bioaerosols (mostly pollen,
fungi and soil bacteria, but perhaps also viruses) and
other atmospheric pollutants (i.e. NOx, VOCs—volatile
organic compounds—ozone, tobacco smoke) have been
reported in relation with increasing asthma prevalence in
urban areas [46]. Pollen secrete eicosanoid-like molecules (i.e. leukotriene-like) which act signaling in immunity and inflammation, and such releasing is favoured
by contact of pollen with gases from traffic exhaust and
petrol industry [54].
The study of the origin of the air mass through back
trajectory would allow knowing the potential of remote
subtropical and tropical areas for issuing other disease
vectors in dust plumes to the Canary Islands and other
places. This tool should be integrated along with quantitative and qualitative aerosol characterization in the
creation of prevention nets [12,55]. Attention should be
paid to candidate disease vectors that can be predicted,
through tracing of backward trajectories, to reach the
islands with dust intrusions in the next future. In fact,
nearly 80% of the air masses reaching the islands have a
direct North African origin. SEM analysis is useful as a
complementary tool in the morphological identification
of new particle types or combinations of particles of
interest in disease causation [56]. Moreover, exploratory
biopsy of the respiratory mucosa through SEM analysis
would prove useful in identifying PM types and linking
them as causal factors with atmospheric dust PM. Nevertheless, molecular and clinical characterization of the
active substances associated to aerosols is a critical and
unavoidable step for prevention of dust mass impact on
human health [54]. In the Caribbean, relationship between asthma attendance peaks and African dust intrusions have previously been revealed [23]. For the Canary
Islands, where African dust intrusions exert their effects
before reaching the Caribbean, the studies dealing with
problems posed by dust intrusions on public health remain anecdotic, whereas effective control of dust effects
on human population is a major sanitary goal [12].

air masses, and is formed by a structurally complex mixture of biogenic and abiogenic particles, of respirable
size and contrasting morphology; we found that the diatom test fraction is qualitatively relevant (along with the
dominant, background quartz fraction), whereas other
biogenic fractions such as pollen or fungi are more scarce, or difficult to resolve, at least by means of SEM, and
at these elevations within the island. Increasing aridity
periods, irregular and torrential rains, changes in vegetation cover and desertification would affect the aerosol
load (both biogenic and abiogenic in origin) received by
these subtropical islands as dust intrusion events increase in frequency [16,17,57].
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ABSTRACT

c) The Shannon entropy (abbreviated as H ):

The Gini-Simpson quadratic index is a classic
measure of diversity, widely used by ecologists.
As shown recently, however, this index is not
suitable for the measurement of beta diversity
when the number of species is very large. The
objective of this paper is to introduce the RichGini-Simpson quadratic index which preserves
all the qualities of the classic Gini-Simpson index but behaves very well even when the number of species is very large. The additive partitioning of species diversity using the Rich-GiniSimpson quadratic index and an application from
island biogeography are analyzed.
Keywords: Rich-Gini-Simpson Index of Species
Diversity; Additive Partitioning of Diversity; Island
Biogeography; Biodiversity

1. INTRODUCTION
Measuring the diversity of species in a habitat has
been an important area of interest in fields such as conservation biology, ecology, and biogeography for the last
several decades [1]. Let us assume that there are n
species and let:
pi > 0, (i = 1,  , n),

 pi = 1,

(1)

i

be the relative frequency distribution of these species in
the respective habitat. There are three classic measures
of diversity:
a) The number of species, or richness: n ;
b) The Gini-Simpson quadratic index (abbreviated in
this paper as GS ):

GS =  pi (1  pi ) = 1   pi2 ,
i

(2)

i

introduced by Gini [2] and adapted for biological studies
by Simpson [3];
Copyright © 2010 SciRes.

H =  pi ln pi ,

(3)

i

introduced by Shannon [4], as the discrete variant of the
continuous entropy defined by Boltzmann [5] in statistical mechanics. There is an extensive literature [1,6-17]
about the properties and applications of these measures
of diversity.
When the number of species n and the relative
abundance of species (1) are the only sources of information available, many other measures of diversity have
been proposed. Recently, Jost [18,19] pleaded in favor of
the “true” measure of diversity, introduced by Hill [20]:
1/(1 r )



N r =   pir 
 i


.

(4)

For r = 0 , we get: N 0 = n . For r = 1 , N r is not
defined because the denominator of the exponent, 1  r ,
is equal to zero. However, the limit of N r when r
tends to 1 is exp( H ) . For r = 2 we get 1/(1  GS ) . In
fact, the natural logarithm of (4), i.e. ln N r , is just Rényi’s entropy [21]. There are no sound reasons to call (4)
a “true” measure of diversity. It is simply a unifying notation, as mentioned in [20]. Besides, by performing mathematical transformations on classic measures of diversity, like taking the exponential of the Shannon entropy
or the reciprocal of the Gini-Simpson quadratic index,
for example, we obtain other measures that lose, however, some essential features of the original measures,
such as concavity, for instance. Concavity is an essential
property of any measure that can be used in an additive
partitioning of species diversity. Hoffmann and Hoffmann [22] are right when asking: “Is there a ‘true’
measure of diversity?” As noticed by Ricotta [23], there
is a “jungle of measures of diversity” in the current conservation biology literature. Under the circumstances,
perhaps the best strategy is to remember Occam’s razor
and, trying to keep things simple, it may be easier to just
Openly accessible at http://www.scirp.org/journal/NS/
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go back to the classic measures of diversity mentioned
before and see how they can be adjusted to address new
problems under new circumstances.
The species richness n is very simple but ignores
the abundance of species. Shannon’s entropy has excellent properties but is difficult to estimate and maximizing it subject to linear constraints, generally gives a solution satisfying exponential equations which cannot be
solved analytically. On the other hand, the Gini-Simpson
quadratic index is simpler and generally seems to be
preferred by ecologists. Jost [18,19,24], however, noticed a troubling anomaly related to GS . Indeed, if this
measure is used in the additive partitioning of species
diversity, the corresponding beta diversity approaches
zero when the number of species is very large. Thus, for
two habitats with no species in common, for instance,
the between-habitat diversity tends to zero when the
number of species in one of the habitats, or in both of
them, tends to infinity, instead of becoming larger as is
obviously the case in actual fact.
The objective of this paper is to show that the anomaly just mentioned can be easily fixed. The product between the species richness a) and the measure of diversity c), called here the Rich-Gini-Simpson quadratic index and abbreviated as RGS , preserves all the basic
properties of GS and behaves well when the number
of species is large. Therefore, RGS is suitable for use
in the additive partitioning of species diversity. Subsequently, the RGS index is applied to data on the avifaunal diversity on several tropical Indian Ocean islands,
using some of the numerical results obtained by Adler
[25], in order to show how the alpha, beta, and gamma
species diversities change when the usual equal weights
for the various habitats are replaced by the relative areas
and the relative elevations of the respective islands.

2. THE RICH-GINI-SIMPSON INDEX
If there are n species in a certain habitat and their
relative abundance is given by (1), the Rich-Gini-Simpson quadratic index is
RGS = n pi (1  pi ) = n(1   pi2 ).
i

(5)

i

The concavity of RGS and the maximum value of
RGS are analyzed in the Appendix. Thus, we have:
0  RGS  n  1 , the maximum corresponding to the
uniform distribution: pi = 1/n , (i = 1,  , n) . As
GS = RGS/n , the maximum value of GS is
max p GS = 1  1/n , corresponding to the uniform distribution as well. The essential difference between these
two indexes is that GS is bounded by 1 and tends to 1
when the number of species n tends to infinity,
Identify applicable sponsor/s here. (sponsors)
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whereas RGS is not bounded and tends to infinity
when the number of species n tends to infinity. Shannon’s entropy, on the other hand, has the maximum
max p H = ln n , which tends to infinity when the number
of species n tends to infinity, but it increases much
much more slowly than max p RGS = n  1 .
Pleading against the use of the GS index, Jost [24]
gave the following example: “Suppose a continent has a
million equally-common species, and a meteor impact
kills 999,900 of the species, leaving 100 species untouched. Any biologist, if asked, would say that this meteor impact caused a large absolute and relative drop in
diversity. Yet GS only decreases from 0.999999 to
0.99, a drop of less than 1%”. Jost concluded that: “[The]
ecologists relying on GS will often misjudge the magnitude of ecosystem changes. This same problem arises
when Shannon entropy is equated with diversity. In contrast, N 2  drops by the intuitively appropriate
99.99%”. This example shows that there is indeed a
troubling anomaly in using GS when the number of
species is very large. But RGS has no such a drawback.
Indeed, if before the cataclysm there are n = 1,000,000
equally abundant species, then:
1
GS = 1  = 0.999999; H = ln n = 13.8155105;
n
exp ( H ) = exp(ln n) = n = 1000000,
N 2 = n = 1000000, RGS = n  1 = 999999.
After the cataclysm, there are only n = 100 equally
abundant species left. Thus:
1
GS = 1  = 0.99; H = 4.605170186;
n
exp(H ) = exp(ln n) = n = 100,
N 2 = n = 100, RGS = n  1 = 99.
Therefore, GS indicates a decrease in diversity equal
to 0.999901% , which is obviously wrong, H indicates a decrease in diversity equal to 66.6666666 7% ,
which is not good enough, whereas RGS , exp(H ) and
N 2 give a decrease in diversity equal to 99.9900999 9%
and 99.9900000 0% , respectively, in agreement with
common sense. Let us note that, practically, RGS and
exp( H ) have the same maximum value when the
number of species n is given, but the index exp(H )
is not a concave function of the relative frequency distribution of species p = ( p1 ,  , p n ) and, consequently,
it is not suitable to be used in the additive partitioning of
species diversity, whereas the index RGS is.

3. THE ADDITIVE PARTITIONING OF
SPECIES DIVERSITY USING RGS
MacArthur [26] pointed out the need for a theory of
within-habitat and between-habitat species diversities.
Openly accessible at http://www.scirp.org/journal/NS/
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He, together with Recher and Cody [27], proposed a
measure of the difference between the species diversities
of two habitats based on Shannon’s entropy and using
equal relative weights for habitats. This measure was
also used in the influential book “The theory of island
biogeography” by MacArthur and Wilson [28]. Rao [29],
without mentioning the paper [27], extended the measure
of the difference between the species diversities of two
habitats, based also on Shannon’s entropy but using arbitrary weights assigned to the two habitats. Whittaker
[30,31] proposed linking diversity components between
ecological scales by multiplication so that the gamma
diversity, measuring the species diversity in a larger region consisting of several ecological communities taken
together, is the product of the alpha diversity, which
measures the mean species diversity in the local communities taken separately, and the beta diversity, representing the variation and changes in mean species diversity in a larger region which contains the local ecological
communities taken together, as a whole. The beta diversity essentially measures the biogeographic changes in
species diversity among various locations within a larger
region. As such, the beta diversity can be important in
leading to the development of geographic strategies for
the conservation of species and habitats, as mentioned
by Harrison and Quinn [32]. Routledge [33,34] developed Whittaker’s approach. Allan [35] applied an additive linkage of species diversity components according
to which the gamma diversity is partitioned into the sum
of the alpha diversity and the beta diversity, using the
Shannon entropy. Lande [36] dealt with an arbitrary number of habitats and arbitrary weights, using the Shannon
entropy, and extended this approach to species richness
and to the Gini-Simpson index, recommending the additive partitioning of species diversity as a unifying framework for measuring species diversity at different levels
of ecological organization. As mentioned by Wagner,
Wildi and Ewald [37], in contrast to the multiplicative
model, by using the additive partitioning, all species
diversity components are measured in the same way and
expressed in the same units, so that they can be directly
compared. Recently, it was pointed out that the additive
partitioning of species diversity is an old idea which
shows a new revival. According to Veech, Summerville,
Crist and Gering [38], “Lande [36] appears to have been
the first to place the additive partitioning of species diversity in the context of Whittaker’s concepts of alpha,
beta, and gamma diversities  Viewing gamma diversity as the sum of alpha and beta diversities leads to the
most operational definition of beta diversity and quantifies it in a manner comensurate with the measurement of
alpha and gamma diversities. In effect, the revival of
Copyright © 2010 SciRes.

additive diversity partitioning has given new meaning to
beta diversity”.
As RGS is a concave function, it is suitable for the
additive partitioning of species diversity. Let {x1 ,  , xn }
be a set of species and let {xi , i  I } and {xi , i  J } be
the species from the habitats h1 and h2 , respectively.
The number of species from h1 is n1 and the number
of species from h2 is n2 . Obviously, n1  n , n2  n ,
and n  n1  n2 . The species {xi , i  I  J } belong only
to the habitat h1 , the species {xi , i  J  I } belong
only to the habitat h2 , whereas the species
{xi ; i  I  J } belong to both habitats. We have
I  J = {1, , n} .
Let { pi , i  I } and {qi , i  J } be the relative frequencies of the species from h1 and h2 , respectively.
We have:
pi > 0,  pi = 1; qi > 0, qi = 1.
iI

iJ

In general, the beta diversity is the average between-habitat diversity, whereas the alpha diversity is
the average diversity of the individual communities or
the average within-habitat diversity. Using the additive
partitioning of the species diversity, the gamma diversity
is the sum of the alpha and beta diversities, or the average total diversity. Let 1 > 0 , and 2 > 0 , be two
weights assigned to the habitats h1 and h2 , respectively, such that 1  2 = 1 . We use these weights to
calculate the average within-habitat species diversity, i.e.
the alpha diversity, and the average relative frequency of
the species used in the total species diversity of a larger
region that includes the two individual habitats, i.e. the
gamma diversity. If the two weights are equal, namely
1 = 2 = 1/2 , then the average is just the arithmetic
mean. These weights, however, may represent the relative areas or the relative elevation of the two habitats, or
any other quantitative characteristics of the habitats that
can affect the diversity of the species. In this context,
alpha diversity refers to the average species diversity in
the two habitats h1 and h2 , taken separately, gamma
diversity refers to the species diversity in the habitats h1
and h2 , averaged together, whereas beta diversity
represents the average between-habitat species diversity
as we move from the individual habitats h1 , h2 , averaged separately, to the larger region containing the union
of h1 and h2 , averaged together. We now use RGS
to calculate the alpha, gamma, and beta species diversities. Denote by:


RGS (h1 ) = n1  pi (1  pi ) = n1 1   pi2 ,
iI
 iI 


RGS (h2 ) = n2  qi (1  qi ) = n2 1  qi2 ,
i J
 i J 
in which case the alpha diversity is:
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  Div = 1RGS (h1 )  2 RGS (h2 ).
The gamma-diversity is:
  Div = RGS (1 , h1; 2 , h2 ) =

=n



i I  J

(1 pi  2 qi )(1  1 pi  2 qi ) =



= n 1   (1 pi  2 qi ) 2 ,
 iI  J

where pi = 0 for i  J  I , and qi = 0 for i  I  J .
The concavity of RGS allows the additive partition
of species diversity, and the beta-diversity is:
  Div = (  Div )  (  Div ) =
= (n  1n1  2 n2 )  1 (n1  1n) pi2 
i I

 2 (n2  2 n)qi2  212 n
i J



i I  J

pi qi  0.

If both habitats contain the same species, then I = J ,
which implies I  J = I , I  J = I , n1 = n2 = n , and
the beta-diversity has a simple expression:


  Div = 12 n  pi2  qi2  2 pi qi  =
i I
i I
 i I

= 12 n( pi  qi ) 2 .
iI

Clearly, if both habitats have the same species and the
same abundance of these species, namely p i = q i ,
(i = 1,, n) , then   Div = 0 .
If the two habitats have no species in common, then
I  J =  , n = n1  n2 , and the beta-diversity is:
  Div = (n  1n1  2 n2 ) 
 1 (n1  1n) pi2  2 (n2  2 n)qi2 .
iI

iJ

In particular, if the two habitats have no species in
common and in each habitat the species have the same
abundance, namely pi = 1/n1 , (i  I ) , and qi = 1/n2 ,
(i  J ) , then the beta-diversity is:
  Div =




= 1n2 1   pi2   2 n1 1  qi2  =
 iI 
 iJ 



1
1
= 1n2 1    2 n1 1  ,
 n1 
 n2 
which tends to  if n1 tends to  or / and n2
tends to  .
Remark 1. The generalization of the results from this
section to the case of an arbitrary number of habitats
h1 ,, hm is straightforward.
Remark 2. As mentioned by Lande [36], the ratio between the alpha diversity and the gamma diversity may
be used as a similarity index, denoted here by Sim .
Arguing against the use of the GS index and the additive partitioning of species diversity, Jost [19] discussed
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the following example: “Suppose a continent with 30
million equally common species is hit by a plague that
kills half the species. How do some popular diversity
indices judge this drop in diversity?  The Shannon
entropy only drops from 17.2 to 16.5; according to this
index the plague caused a drop of only 4% in the ‘diversity’ of the continent. This does not agree well with
our intuition that the loss of half the species and half the
individuals is a large drop in diversity. The Gini-Simpson index drops from 0.99999997 to 0.99999993; if this
index is equated with ‘diversity’, the continent has lost
practically no ‘diversity’ when half its species and individuals disappeared”. Instead of GS and H , Jost
proposes the use of exp( H ) , which in his example has
the value:
exp(H ) = exp(ln 30000000) = 30000000
before the plague and:
exp( H ) = exp(ln 15000000) = 15000000
after the plague, corresponding to a loss of 50% in
diversity. However, as exp( H ) is not a concave function, the additive partitioning of species diversity cannot
be used and should be replaced by the multiplicative
partitioning of species diversity as Whittaker [30,31] and
Routledge [33,34] proposed. The situation, however, is
not as hopeless as it may seem to be. In fact, it is not
really hopeless at all. The additive partitioning of species
diversity, so popular with some ecologists because it allows the alpha, beta, and gamma diversities to be measured in the same way and be expressed in the same units
so that they can be directly compared, may in fact be
preserved but GS has to be replaced by RGS . Thus,
in the case just mentioned:
RGS = n  1 = 30000000  1 = 29999999
before the plague and:
RGS = n  1 = 15000000  1 = 14999999
after the plague, corresponding to a loss of 50% in
diversity, in total agreement with common sense.
Example: If there are 30,000,000 species uniformly
distributed in habitat h1 and 15,000,000 of these species are uniformly distributed in habitat h2 , then, using
the equal weights 1 = 2 = 1/2 and the GS index,
we obtain:
1
GS (h1 ) = 1 
= 0.99999997 ,
30000000
1
= 0.99999993 ,
15000000
which show almost no difference in species diversities.
Also:
1
1
  Div = GS (h1 )  GS (h2 ) = 0.99999995,
2
2
GS (h2 ) = 1 

  Div = GS (1 , h1 ; 2 , h2 ) =
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1


= 1  15000000  
 
60000000


2

3


 15000000  
 = 0.9999999,
60000000


  Div = (  Div)  (  Div ) = 0.0000000083,
which shows that the between-habitat species diversity is
practically zero, in contrast to the fact that h1 has a
much higher species diversity than h2 . The similarity
index is:
0.9999999
Sim =
= 0.99999995.
0.99999995
Using the Shannon entropy:
H (h1 ) = ln 30000000 = 17.2167,

H (h2 ) = ln 15000000 = 16.5235,
which show a very small difference in diversity, in fact a
decrease of only 4.03% in h2 with respect to h1 ,
contrary to common sense. Also:
1
1
  Div = H (h1 )  H (h2 ) = 16.8702,
2
2
  Div = H (1 , h1 ; 2 , h2 ) =

1
1
ln
)
60000000 60000000
3
3
 15000000  (
ln
) = 17.0859,
60000000 60000000
  Div = (  Div)  (  Div) = 0.2157,
= 15000000  (

a very small between-habitat species diversity. The similarity index is:
16.8702
Sim =
= 0.98737756,
17.0859
which is much too high.
Using now the equal weights 1 = 2 = 1/2 and the
RGS diversity index, we obtain:
RGS (h1 ) = 30000000  1 = 29999999,
RGS (h1 ) = 15000000  1 = 14999999,
showing a decrease of 50% in species diversity in h2
compared to h1 , in complete agreement with common
sense. Also:
1
1
  Div = RGS (h1 )  RGS (h2 ) = 2.25  10 7 ,
2
2
  Div = RGS (1 , h1 ; 2 , h2 ) =
2

1


= 30000000  1  15000000  
 
 60000000 


3


 15000000  

 60000000 

2


7
 = 3  10 ,


  Div = (  Div)  (  Div) = 7.5 10 6 ,
Copyright © 2010 SciRes.

which show that the average between-habitat species
diversity is 25% of the average total species diversity,
whereas the average within-habitat species diversity is
75% of the average total species diversity. However,
there are similarities between the two habitats, in the
sense that h2 contains half of the species of h1 , there
are no species from h2 that are not found in h1 , and
both h1 and h2 have their species uniformly distributed. These features make h2 somewhat similar to h1 .
Using RGS , the similarity index is:
2.25  10 7
= 0.75.
3 10 7
Remark 3. If habitat h1 contains only one species x1
and habitat h2 contains only one species x2 , then,
obviously:
RGS (h1 ) = 0, RGS (h2 ) = 0,   Div = 0,
Sim =

1
2

1
2



1
 4
0
  Div = 1, Sim = = 0.
1

1
4

  Div = RGS ( , h1 ; , h2 ) = 21    = 1,

4. APPLICATION
There are many discussions of the role and applications of the measures of species diversity in biogeography (for instance, [15,35,39-43]). For example, MacArthur and Wilson [28] analyzed the impact of factors such
as island area and the distance between the island and
the mainland on the species diversity found on various
islands. Some of the findings of this classic study were
also applied to the study of habitat islands and nature
reserves, as well as real islands, surrounded by the sea
[43-45]. When MacArthur, Recher and Cody [27] introduced their measure of the average difference in species
diversity between two habitats, they assigned equal
weights to the respective habitats, taking into account
only the relative frequencies of the species from the two
habitats. More often than not, however, the habitats
could be very different in other respects, and some additional factors, like area or elevation, for instance, may
also have to be taken into account even when the habitats are located in the same general geographic region.
These factors may be given various weights, which can
be taken into account when calculating the alpha, beta,
and gamma species diversities. If there are two habitats
h1 , h2 , and their areas (in km 2 ) are a1 and a2 , respectively, then we may attach to the two habitats the
weights: 1 = a1 /(a1  a2 ) and 2 = a2 /(a1  a2 ) respectively. The same approach can be applied if the elevation (or some other factor of interest) is taken into
account.
Adler [25] analyzed the birdspecies diversity on 14
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different tropical archipelagoes and isolated islands in
the Indian Ocean. The 139 species of resident birds, belonging to 33 families, found on these islands were
grouped into three main categories: Continental, Indian
Ocean (species found only on Indian Ocean islands, in
general), and Endemic (species found only on a single
Indian Ocean archipelago or island). Table 1 contains
the initial data set consisting of: the absolute frequencies
of the Continental species (Cont), Indian Ocean species
(IndOc), and Endemic species (End), the area (in km 2 ),
and the elevation (highest peak in m), for seven archipelago / island habitats from the Indian Ocean, as given
by Adler [25]. The seven archipelagoes or isolated islands (equivalent to seven distinct habitats for the purposes of this study) are: h1 : Christmas Island; h2 :
Rodriguez; h3 : Mauritius; h4 : Reunion; h5 : Seychelles; h6 : Aldabra Islands; h7 : Comoro Islands. Our
objective here is to calculate the numerical values of the
alpha, gamma, and beta diversities, using the quadratic
index RGS , when the weights assigned to the archipelagoes / islands are equal, or are the relative areas or
the relative elevations of the respective archipelagoes /
islands.
Table 2 contains: p1, j , the relative frequency of
Continental species in habitat h j ; p 2, j , the relative
frequency of Indian Ocean species in habitat h j ; p3, j ,
the relative frequency of Endemic species in habitat h j ;
Table 1. Application: The data set.
hj

Cont

IndOc

End

Area( km 2 )

Elevation(m)

h1

7

0

2

135

361

h2

1

0

12

119

396

h3

7

6

15

1865

828

h4

6

6

15

2512

3069

h5

7

1

11

258

905

h6

19

3

1

172

24

h7

32

4

13

2236

2360

Table 2. Relative frequency and the RGS index.
hj

p1, j

p2, j

p3, j

RGS (h j )

h1

0.777778

0.000000

0.222222

0.691358

h2

0.076923

0.000000

0.923077

0.284024

h3

0.250000

0.214286

0.535714

1.813776

h4

0.222222

0.222222

0.555556

1.777779

h5

0.368421

0.052632

0.578947

1.578948

h6

0.826087

0.130435

0.043478

0.896031

h7

0.653061

0.081633

0.265306

1.489380
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the RGS index of habitat h j . We can see that Mauritius has a greater bird species diversity ( RGS =
1.813776) than the other archipelagoes or islands considered here, followed by Reunion ( RGS = 1.777779)
and Seychelles ( RGS = 1.578948). The lowest bird
species diversity by far is on Rodriguez ( RGS =
0.284024). These values have to be compared with the
maximum value of RGS , which in this application is
n 1 = 3 1 = 2 .
Dealing with seven habitats, we calculate the alpha,
gamma, and beta diversities according to the formulas:
7

  Div =  j RGS (h j ),
j =1

  Div = RGS (1 , h1 ;; 7 , h7 ) =
2

3  7
 
= 3  1    j pi , j  ,
 i =1  j =1
 

  Div = (  Div)  (  Div) ,
where the weights are:

 j > 0, ( j = 1,  ,7),

7

 j = 1.
j =1

The similarity index is:
Sim =

  Div
.
  Div

Case 1. If we take all seven archipelago/island habitats together, as a group, and the weights are:
area (h j )
j =
,( j = 1,,7),
area (h1 )    area (h7 )
we get the corresponding relative area weights:
1 = 0.018501, 2 = 0.016308, 3 = 0.255584,
4 = 0.344251, 5 = 0.035357, 6 = 0.023571,
7 = 0.306427,
for which we obtain:
  Div = 1.62633,   Div = 1.86103,
  Div = 0.234693, Sim = 0.873887.
Case 2. If we take all seven archipelago/island habitats together, as a group, and the weights are:
elevat (h j )
j =
,( j = 1, ,7),
elevat (h1 )    elevat (h7 )
we get the following relative elevation weights:
1 = 0.045449, 2 = 0.049855, 3 = 0.104243,
4 = 0.386378, 5 = 0.113937, 6 = 0.003022,
7 = 0.297117,
for which we obtain:
  Div = 1.54668,   Div = 1.81972,
  Div = 0.273039, Sim = 0.849955.
Case 3. If we take all seven archipelago / island habitats together, as a group, and the weights are equal:
Openly accessible at http://www.scirp.org/journal/NS/
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1
7
we obtain the average values:
  Div = 1.21876,   Div = 1.75528,

 j = , ( j = 1,,7),

  Div = 0.536528,

Sim = 0.694339.

Generally, for islands or habitat islands found in a
similar geographic region, species diversity tends to be
greater on the island or habitat island with a larger area
or a higher elevation. The above numerical results obtained by using RGS as the main mathematical tool,
show that by taking the area and elevation into account,
in this order, the alpha and gamma species diversities
increase whereas the beta species diversity decreases
compared to what happens when we calculate the mean
within-habitat and between-habitat species diversity ignoring such factors. Calculating the alpha, beta, and
gamma species diversities by using the relative areas and
the relative elevation as weights, we compensate for the
lack of homogeneity of the habitats with respect to such
essential factors which influence species diversity.

5. CONCLUSIONS
The Gini-Simpson index for species diversity is very
popular with many ecologists. Recently, however, Jost
[18,19,24] showed that this index does not behave well
when the number of species is large and is not suitable
for use in the computation of the between-habitat species
diversity, also called the beta diversity. As a result, Jost
pleaded in favour of abandoning the Gini-Simpson index
and replacing the additive partitioning of species diversity, prefered by many ecologists, with the multiplicative
partitioning. The objective of this paper is to show that
the additive partitioning of species diversity may be
preserved but the classic Gini-Simpson index of diversity should be replaced by the Rich-Gini-Simpson index,
abbreviated as RGS , which behaves well when the
number of species is large, while keeping the useful
basic properties of the classic Gini-Simpson index unchanged. The properties of the RGS index and its use
in the additive partitioning of the species diversity are
analyzed. RGS is also applied to data on the avifaunal
diversity on several tropical Indian Ocean islands (using
some of the numerical data obtained by Adler [25]). The
application shows that by using the RGS index as a
mathematical tool and introducing weights directly proportional with the areas or elevation of the habitats (in
this order), the within-habitat species diversity and the
total species diversity increase while the betweenhabitat species diversity decreases compared to what
happens when we calculate the mean within- habitat and
between-habitat species diversities ignoring such imCopyright © 2010 SciRes.

portant factors.
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ABSTRACT
The NP, PA, PB1, and PB2 proteins of influenza
viruses together are responsible for the transcription and replication of viral RNA, and the
latter three proteins comprise the viral polymerase. Two recent reports indicated that the
mutation at site 627 of PB2 plays a key role in
host range and increased virulence of influenza
viruses, and could be compensated by multiple
mutations at other sites of PB2, suggesting the
association of this mutation with those at other
sites. The objective of this study was to analyze
the co-mutated sites within and between these
important proteins of influenza. With mutual
information, a set of statistically significant comutated position pairs (P value = 0) in NP, PA,
PB1, and PB2 of avian, human, pandemic 2009
H1N1, and swine influenza were identified,
based on which several highly connected networks of correlated sites in NP, PA, PB1, and
PB2 were discovered. These correlation networks further illustrated the inner functional
dependence of the four proteins that are critical
for host adaptation and pathogenicity. Mutual
information was also applied to quantify the
correlation of sites within each individual protein and between proteins. In general, the inter
protein correlation of the four proteins was
stronger than the intra protein correlation. Finally, the correlation patterns of the four proteins of pandemic 2009 H1N1 were found to be
closer to those of avian and human than to
swine influenza, thus rendering a novel insight
into the interaction of the four proteins of the
pandemic 2009 H1N1 virus when compared to
avian, human, and swine influenza and how the
origin of these four proteins might affect the
correlation patterns uncovered in this analysis.
Copyright © 2010 SciRes.

Keywords: Co-mutation; Entropy; Influenza;
Mutation; Mutual Information; Pandemic 2009 H1N1;
Polymerase

1. INTRODUCTION
There are eight single-stranded RNA gene segments in
the influenza A virus, which are present as ribonucleoprotein complexes (vRNPs) with nucleoprotein (NP) and
polymerase within the virus particle. The viral polymerase itself is a heterotrimer composed of two basic
subunits PB1 and PB2, and one acidic subunit PA, which
catalyzes the transcription of viral RNA (vRNA) to
mRNA and the replication of vRNA to complementary
RNA (cRNA). The primary function of NP is to assemble the RNA gene segments into a helical nucleocapsid
to provide structural support in vRNPs. After infection,
vRNPs are transported into the nucleus where the transcription and replication of the viral genome take place,
which means it is the vRNP, rather than the vRNA, that
is utilized as the template for transcription and replication. Moreover, NP could also function as a multifunctional key adaptor for interactions between virus and
host cell [1,2].
The influenza polymerase also plays an important role
in host adaptation and pathogenicity, and mutations at
sites 627,701, and 714 in PB2, 615 in PA, and 319 in NP
could result in enhanced polymerase activity to facilitate
cross species transmission and virulence [3]. A focal
poultry outbreak in Manipur, India in 2007 was caused
by a unique influenza A (H5N1) virus that contained two
unique amino acid mutations, K116R and I411M, in the
PB2 protein [4]. Additionally, several other mutations in
PA, PB1, and PB2 were also shown to influence the polymerase activity [5-12]. Furthermore, the interaction of
NP and PB2 with Importin α1 was found to be a determinant of host range as well [13].
The well-known mutation E627K in PB2 is a determinant marker for host shifts between avian and human
Openly accessible at http://www.scirp.org/journal/NS/
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viruses and increased virulence. However, accumulating
evidence demonstrated that the mutation at position 627
in PB2 could be compensated by multiple mutations at
other sites of PB2 [14,15], implying that mutations in
proteins tend to co-occur at different sites to compensate
each other in order to maintain the structural and functional constraints. To extend our knowledge of the comutations in the proteins of influenza, this study employed entropy and mutual information to analyze covarying sites in NP, PA, PB1, and PB2 and to uncover a
set of statistical significant co-mutated sites to reveal and
quantify the interactions of these proteins that play a key
role in the life cycle of the influenza viruses.
Information theory including entropy and mutual information (MI) enjoyed wide applications in sequence
analysis. Mutual information was employed to identify
groups of covariant mutations in the sequences of HIV-1
protease and to distinguish the correlated amino acid
polymorphisms resulting from neutral mutations and
those induced by multi-drug resistance [16]. With entropy, a simple informational index was proposed in [17]
to reveal the patterns of synonymous codon usage bias.
Further, mutual information was utilized in the construction of site transition network based on 4064 HA1 of
A/H3N1 sequences from 1968 to 2008, which was able
to model the evolutionary path of the influenza virus and
to predict seven possible HA mutations for the next antigenic drift in the 2009-2010 season [18]. Recently, entropy and mutual information were also applied to indentify critical positions and co-mutated positions on
HA for predicting the antigenic variants [19]. In another
report, sequence data of 1032 complete genomes of influenza A virus (H3N2) during 1968-2006 were used to
construct networks of genomic co-occurrence to describe
H3N2 virus evolutionary patterns and dynamics. It suggested that amino acid substitutions corresponding to
nucleotide co-changes cluster preferentially in known
antigenic regions of HA [20].
To investigate the co-mutations in the proteins of influenza, three separate tasks were performed in this
study. The first task was to uncover the variation and
co-variation patterns of proteins NP, PA, PB1, and PB2
by the entropy and mutual information computed from
their concatenated amino acid sequences. The distributions of entropy and MI obtained reflected the unique
sequence characteristics of each protein of avian, human,
pandemic 2009 H1N1, and swine influenza viruses,
based on which a comparative analysis could be conducted to reveal the variation signature of each influenza
species. The second task was to zoom in onto each position pairs in the four proteins to identify a set of statistically significant co-mutated residue pairs (P value = 0),
from which several networks of highly correlated sites
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could be inferred. These correlated pairs and networks of
correlated sites presented, at a different scale, finer information about the co-variation of these four proteins
than that from task one. In a sense, the correlation information obtained from task two was pair dependent,
i.e., it was about pairs. The third task was to mine the
association of these four proteins with a pair independent
approach, where the locations of pairs with positive MI
values were counted according to each protein or to each
functional domain in a protein as described in [21]. The
strength of association was measured by the averaged
counts of correlated pairs located within each protein or
between proteins.

2. MATERIALS AND METHODS
2.1. Sequence Data
The protein sequences of influenza A virus employed
in this study were downloaded from the Influenza Virus
Resource of the National Center for Biotechnology Information (NCBI). All the NP, PA, PB1, and PB2 protein
sequences from the same isolates were concatenated into
single sequences, and there were 1520 such concatenated
sequences of avian viruses, 1928 of human viruses, 164
of pandemic 2009 H1N1, and 232 of swine viruses.
These concatenated sequences, rather than the individual
protein sequences, were used in our analysis. All the sequences utilized in the study were aligned with MAFFT
[22].

2.2. Entropy and Mutual Information
In information theory [23,24], entropy is a measure of the
uncertainty associated with a random variable. Let x be a
discrete random variable that has a set of possible values
{a1 , a2 , a3 ,  an } with probabilities p1 , p2 , p3 ,  pn where.
The entropy H of x is
H  x    i pi log pi
The mutual information of two random variables is a
quantity that measures the mutual dependence of the two
variables or the average amount of information that x
conveys about y , which can defined as
I  x, y   H  x   H  y   H  x, y 
where H(x) is the entropy of x, and H(x,y) is the joint
entropy of x and y. I (x, y) = 0 if and only if x and y are
independent random variables.
In the current study, each of the N columns in a multiple sequence alignment of a set of influenza protein sequences of length N is considered as a discrete random
variable xi (1 ≤ i ≤ N) that takes on one of the 20 (n =
20) amino acid types with some probability. H( xi ) has
its minimum value 0 if all the amino acids at position i
are the same, and achieves its maximum if all the 20
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amino acid types appear with equal probability at position i, which can be verified by the Lagrange multiplier
technique. A position of high entropy means that the
amino acids are often varied at this position. While H( xi )
measures the genetic diversity at position i in our current
study, I ( xi , y j ) measures the correlation between amino
acid substitutions at positions i and j.

2.3. Mutual Information Evaluation
In order to assess the significance of the mutual information value of two positions in a multiple sequence
alignment, it is necessary to show that this value is significantly higher than that based on random sequences.
For each pair of positions in a multiple protein sequence
alignment, we randomly permuted the amino acids from
different sequences at the two positions and calculated
the mutual information of these random sequences. This
procedure was repeated 1000 times. The P value was
calculated as the percentage of the mutual information
values of the permuted sequences that were higher than
those of the original sequences.

3. RESULTS
3.1. Entropy and Mutual Information of NP,
PA, PB1, and PB2
To gain a global view of the sequence variation and
co-variation of these four proteins, the entropy and mutual information of their concatenated sequences were
calculated (Figure 1). The entropy distributions revealed
that the swine influenza had the highest overall sequence
variation and the pandemic 2009 had the least variation,
with avian and human influenza being in the middle.
Within each individual influenza species, it appeared
that PA had the highest entropy average among the four
proteins, with the exception of pandemic 2009 H1N1
(Table 1). Mutual information measures the correlation
of the amino acids at two sites in a multiple sequence
alignment. Therefore, to offer the information of how
each site co-mutated with all other sites within each individual protein and between proteins, for each site, all
the MI values associated with this site were summed
(Figure 1).
These MI values represented the association between
one site and all other sites in the four proteins. The patterns of MI distributions were quite different from those
of entropy, where the ranking of the overall average MI
values was swine (5.9533), human (3.6590), avian (0.
8298), and pandemic 2009 H1N1 (0.0165), suggesting
that variation and co-variation were two distinct measurements of protein sequence changes. The most covarying protein in each influenza species was PA in
avian, PB1 in human, PA in pandemic 2009 H1N1, and
Copyright © 2010 SciRes.

PA in swine (Table 1).

3.2. Highly Correlated Sites in NP, PA, PB1,
and PB2
In order to provide more detailed information about
the highly correlated sites, top 50 MI sites in the concatenated sequences from the four proteins of each influenza species were selected from the sites in Figure 1.
Among the top 50 MI sites (Figure 2), there were several sites that were shared between two different influenza species indicating their significant correlation.
These top 50 MI sites represented their correlation in a
pair independent manner. Next, top 30 MI co-mutated
residue pairs of highest MI values (P value = 0) from
each influenza species were identified (Table 2), and a
collection of highly connected networks of co-varying
sites in the four proteins were established based on these
30 statistically significant pairs. There were two avian,
one human, two pandemic 2009 H1N1, and one swine
correlation networks (Figure 3). All these networks from
various influenza species exhibited their preferred connectivity among the four proteins. In the two avian networks, one had only sites from PA and PB1, and the
other contained only those from NP, PB1, and PB2. The
human network had PA, PB1, and PB2 sites, where the
most connected sites were PA_32, PB1_61, and PB1_63.
In the two pandemic 2009 networks, the first had sites
selected from all four proteins, while the second had
only sites from PA, PB1, and PB2. The swine network
had sites from all four proteins, where the most connected sites were PA_580 and PB2_661. These top 30
MI residue pairs and networks of associated sites presented their correlation in a pair dependent manner.
PB2_627 is a key site for host switches and virulence,
which is also the most extensively studied site. Nevertheless, only avian viruses had it as one of their top 50
MI sites (Figure 2). To find those sites that related to
PB2_627, a set of sites that had high MI values with
Table 1. Averaged entropy and MI of the four proteins.
Entropy

NP

PA

PB1

PB2

Overall Average

Avian

0.0407 0.0499 0.0351 0.0426

0.0420

Human

0.0476 0.0510 0.0448 0.0471

0.0476

Pandemic 2009

0.0040 0.0046 0.0039 0.0050

0.0044

Swine

0.0884 0.1056 0.0751 0.0911

0.0900

MI

NP

PA

PB1

PB2

Overall Average

Avian

0.7560 0.9387 0.7888 0.8358

0.8298

Human

3.3819 3.8160 4.1865 3.2518

3.6590

Pandemic 2009

0.0137 0.0189 0.0157 0.0177

0.0165

Swine

4.7358 7.5761 5.4241 6.0774

5.9533
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Figure 1.Entropy and MI of the four proteins.

PB2_627 (P value = 0) were included in Table 3, where
the MI ranks were based on the MI values of all possible
pairs. In swine, PB2_627 appeared to interact exclusively
Copyright © 2010 SciRes.

with sites in PA and PB2, while in avian, PB2_ 627 correlated with those in NP, PA, PB1, and PB2. The connectivity of PB2_627 with other sites in NP, PA, PB1 and
Openly accessible at http://www.scirp.org/journal/NS/
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Figure 2. Top 50 MI sites from the four proteins.
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Figure 3. Networks of correlated sites from the four proteins that had high MI values (all with P value = 0).
Table 2. Top 30 MI site pairs from the four proteins (all with P value = 0).
Top 30 pairs in avian
(NP_14,NP_384)

(NP_133,NP_149)

(NP_133,NP_384)

(NP_149,NP_384)

(NP_149,PB1_293)

(NP_149,PB1_636)

(NP_149,PB2_64)

(NP_384,PB1_636)

(NP_384,PB1_741)

(NP_113,PB1_293)

(NP_384,PB2_64)

(PA_317,PA_388)

(PA_317,PA_463)

(PA_317,PB1_97)

(PA_317,PB1_212)

(PA_317,PB1_225)

(PA_388,PA_463)

(PA_388,PB1_212)

(PA_388,PB1_255)

(PA_463,PB1_212)

(PA_463,PB1_255)

(PA_531,PA_659)

(PA_607,PB1_169)

(PA_607,PB1_169)

(PB1_97,PB1_212)

(PB1_97,PB1_255)

(PB1_212,PB1_255)

(PB1_293,PB1_636)

(PB1_293,PB1_741)

(PB1_709,PB2_478)

Top 30 pairs in human
(PA_324,PA_325)

(PA_324,PB1_634)

(PA_325,PA_580)

(PA_325,PB1_612)

(PA_325,PB1_634)

(PA_536,PB1_612)

(PA_536,PB1_632)

(PA_580,PB1_612)

(PA_602,PB1_100)

(PA_602,PB1_632)

(PA_602,PB1_634)

(PA_602,PB2_559)

(PB1_100,PB1_277)

(PB1_100,PB1_634)

(PB1_100,PB1_682)

(PB1_161,PB1_632)

(PB1_161,PB2_227)

(PB1_293,PB1_612)

(PB1_293,PB1_643)

(PB1_324,PB1_643)

(PB1_545,PB1_632)

(PB1_602,PB1_718)

(PB1_602,PB2_682)

(PB1_612,PB1_634)

(PB1_612,PB1_682)

(PB1_632,PB1_634)

(PB1_632,PB1_682)

(PB1_632,PB2_227)

(PB1_667,PB2_355)

(PB1_718,PB2_682)

Top 30 pairs in 2009 H1N1
(NP_157,PA_89)

(NP_181,PA_37)

(NP_181,PA_525)

(NP_353,PA_68)

(NP_353,PB1_359)

(PA_37,PA_525)

(PA_68,PB2_471)

(PA_89,PB1_124)

(PA_89,PB1_632)

(PA_89,PB2_526)

(PA_169,PB2_649)

(PA_262,PB2_677)

(PA_483,PA_646)

(PA_483,PB1_171)

(PA_483,PB1_368)

(PA_525,PB1_124)

(PA_525,PB1_632)

(PA_646,PB1_171)

(PA_646,PB1_622)

(PA_646,PB2_368)

(PB1_124,PB1_359)

(PB1_124,PB1_632)

(PB1_124,PB2_526)

(PB1_171,PB1_622)

(PB1_171,PB2_368)

(PB1_359,PB1_632)

(PB1_359,PB2_526)

(PB1_622,PB2_368)

(PB1_632,PB2_526)

(PB2_109,PB2_588)

Copyright © 2010 SciRes.
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Top 30 pairs in swine

(NP_182,PA_120)

(NP_361,NP_375)

(NP_361,NP_430)

(NP_375,PA_659)

(PA_120,PA_580)

(PA_120,PB1_92)

(PA_120,PB2_195)

(PA_324,PA_401)

(PA_324,PA_580)

(PA_324,PB2_453)

(PA_324,PB2_661)

(PA_401,PA_580)

(PA_401,PA_659)

(PA_401,PB2_661)

(PA_531,PA_580)

(PA_531,PA_659)

(PA_531,PB2_66)

(PA_580,PA_611)

(PA_580,PA_659)

(PA_580,PB1_92)

(PA_580,PB2_64)

(PA_580,PB2_195)

(PA_580,PB2_661)

(PA_611,PB2_66)

(PB1_92,PB2_195)

(PB2_184,PB2_243)

(PB2_184,PB2_265)

(PB2_243,PB2_265)

(PB2_453,PB2_661)

(PB2_475,PB2_627)

Table 3. Pearson correlation coefficients of the pair counts between different influenza species in Figures 4 and 5.
(Avian, Human) (Avian,2009 H1N1) (Avian, Swine) (Human,2009 H1N1) (Human, Swine) (2009 H1N1, Swine)
Averaged counts in proteins

0.986644

0.852749

0.974158

0.893431

0.977686

0.78265

Averaged counts in domains

0.63857

0.3873

0.8716

0.7614

0.3893

0.0976

PB2 in human and pandemic 2009 H1N1 viruses was
weak, and therefore no such sites were included in this
report.

3.3. Correlation within Each Individual
Protein and between Proteins
The correlated residue pairs that had a positive MI
value were counted according to their location in the
four proteins (Figure 4). In general, the inter protein
correlation from (NP, PA), (NP, PB1), (NP, PB2), (PA,
PB1), (PA, PB2), (PB1, PB2) was stronger than the intra
protein correlation (NP, NP), (PA, PA), (PB1, PB1) and
(PB2, PB2), with (NP, NP) correlation being the weakest.
Figure 4 also indicated that the correlation between PA
and PB2 was the strongest in avian, human, and pan-

Copyright © 2010 SciRes.

demic 2009 H1N1, and the correlations of PA and PB2,
PA and PB1, and PB1 and PB2 were the strongest in
swine. Similarly, Figure 5 showed that the correlation of
nuclear localization signals (NLS) of PB2 was the
strongest in avian, human, and pandemic 2009 H1N1,
and the correlation of the RNA cap binding domain of
PB2 was the strongest in swine. To further quantify the
correlation of these four proteins, the averaged counts of
positions in the functional domains of the four proteins
that had a positive MI value with other positions were
calculated, based on the domain boundary information
given in [21] (Figure 5). Comprehensive phylogenetic
analysis suggested that the genes of 2009 pandemic
H1N1 were derived from avian (PB2 and PA), human
H3N2 (PB1), classical swine (HA, NP and NS), and
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Figure 4. Averaged correlated pair counts in each individual protein and between proteins.

Figure 5. Averaged counts of sites in the functional domains of the four proteins that had a positive MI value with other sites.
Table 4. Sites from the four proteins of avian and swine influenza that had high MI values with PB2_627.
Avian Sites

MI Rank

P value

Avian Sites

MI Rank

P value

Swine Sites

MI Rank

P value

PA_258

163

0.0

PB1_667

332

0.0

PB2_485

21

0.0

PB2_451

207

0.0

NP_211

395

0.0

PB2_199

242

0.0

PA_626

210

0.0

PB2_339

396

0.0

PA_580

331

0.0

PA_596

220

0.0

NP_390

414

0.0

PA_401

338

0.0

PB1_292

226

0.0

PA_445

421

0.0

PA_314

364

0.0

NP_353

256

0.0

PB2_543

424

0.0

PB2_64

412

0.0

PB2_649

262

0.0

NP_178

428

0.0

PA_615

472

0.0

PB2_368

299

0.0

PB2_147

434

0.0

PA_324

473

0.0

PB1_632

307

0.0

PA_399

449

0.0

PB1_196

323

0.0

PB1_255

491

0.0

PB2_390

331

0.0

Eurasian avian-like swine H1N1 (NA and M) lineages
[25]. With Pearson correlation coefficients (Table 4),
both Figures 4 and 5 consistently illustrated that the
correlation patterns of pandemic 2009 H1N1 were more similar to those of avian and human influenza than to
swine, thus offering a new insight into the interaction
of the four proteins of the pandemic 2009 H1N1 virus
when compared with avian, human, and swine influenza and how the origin of these four proteins might
Copyright © 2010 SciRes.

contribute to the correlation patterns revealed in this
analysis.

4. DISCUSSION
Development of our knowledge about the molecular
mechanism of host range restriction and the adaptation
of influenza viruses to a new host species remains a central topic in flu research. The four proteins NP, PA, PB1,
Openly accessible at http://www.scirp.org/journal/NS/
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and PB2 are crucial components in viral RNA synthesis,
and are also implicated in host adaptation and pathogenicity. Therefore, clear revelation of the function and
action of these four proteins is required. Sequence survey implied that the common host shift markers in the
proteins of avian or swine influenza are not present in
the pandemic 2009 H1N1 virus. Moreover, introduction
of known virulence markers into 2009 H1N1 does not
increase its virulence [26,27]. The combination of its
pandemic potential and absence of traditional host
markers has remained a source for concern and justifies
the search for its own host markers outside of the space
of classical host markers [28,29].
The PB2 of 2009 H1N1 had a glutamic acid at position 627, reflecting its avian origin. Typically avian viruses have a glutamic acid (E) at position 627, while
human viruses usually have a lysine (K) at this position.
Additionally, the presence of a glutamic acid at position
627 in PB2 contributed to the cold sensitivity of polymerase derived from avian viruses in mammalian cells
[3]. However, the clinical experience in 2009 demonstrated that this novel virus was able to transmit and replicate in humans efficiently. A natural assumption was
that some amino acids at other sites in PB2 might be
responsible for its efficiency in reproduction and transmission. It turned out that two amino acids, serine (S) at
site 590 and arginine (R) at site 591, in PB2, termed SR
polymorphism, compensate the lack of amino acid lysine
at site 627 in PB2 [15].
Although our mutual information analysis illustrated
the connectivity was low between PB2_627, PB2_591,
PB2_590, and other sites in pandemic 2009 H1N1, this
study discovered three sites correlating with PB2_590,
which were NP_480 (MI = 0.0219, P value = 0.033, MI
rank = 370), PB1_359 (MI = 0.0060, P value = 0.338,
MI rank = 611), and PB1_124 (MI = 0.0011, P value =
0.0, MI rank = 1093). With the same approach, associations with other critical sites such as PB2_701 and
PB2_271 could also be detected.
Host range and virulence of influenza viruses are multigenically determined through interactions between the
proteins involved, which could be, in part, elucidated
with identification of mutations and co-mutations that
might confer increased pathogenicity or transmissibility.
The absence of familiar host switch markers in 2009
H1N1 added a new dimension in this effort, and motivated the extensive search for other mutations or strategies that influenza viruses evolved to develop and adapt.
To move this direction, this report revealed and quantified the interactions of NP, PA, PB1, and PB2 of avian,
human, pandemic 2009 H1N1, and swine influenza, and
identified a collection of statistically significant covarying sites, not only in each individual protein but also
Copyright © 2010 SciRes.

between proteins, for further investigation of their integrative biological relevance experimentally.
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ABSTRACT

1. INTRODUCTION

Earlier it has been observed that oleoresin of
Zingiber officinale is a potent molluscicide against Lymnaea acuminata. This snail is the
vector of Fasciola species, which cause endemic fascioliasis in eastern Uttar Pradesh. As
this snail breeds and maintain their population
constant through out the year, so that the present study has been designed to find out the
effect of variations in some environmental factors in different seasons, on the molluscicidal
activity of oleoresin of Zingiber officinale and its
relative effect on certain enzymes viz., acetylcholinesterase, acid and alkaline phosphatases
in the nervous tissue of the snail Lymnaea
acuminata. In this study temperature, pH, dissolve oxygen, free carbon dioxide, conductivity
of the water in control, as well as molluscicide
treated water, was measured simultaneously.
LC50 value of oleoresin was determined in each
month of the year. Toxicity of oleoresin in
June-July (24 h LC50 16.54-14.28 mgL-1) is highest. Acetylcholinesterase, acid and alkaline
phosphatases activity in the nervous tissue of
the snails treated with sub-lethal concentration
of oleoresin was simultaneously measured. Significant positive rank correlation, in between the
acetylcholinesterase or acid phosphatase activity and LC50 of oleoresin was observed. The present study conclusively shows that variant abiotic factors can significantly alter the toxicity of
oleoresin of Z. officinale in L. acuminata. The
most suitable period for control of L. acuminata
is June-July.

It has been reported that, oleoresin of Zingiber officinale is a potent molluscicide [1,2]. Fresh water snail
Lymnaea acuminata is the intermediate host of liver
fluke Fasciola gigantica, causing an endemic fascioliasis in the cattle population of eastern region of the
state of Uttar Pradesh in India [3,4]. An effective method
to reduce the incidence of fascioliasis is to control the
population of vector snails and, thereby, break the life
cycle of these flukes [5-8]. Earlier studies have shown
that oleoresin of Zingiber officinale has a powerful molluscicidal action on the snail L. acuminate [1,2]. It has
also been conclusively shown that acetylcholinesterase
(AChE), acid and alkaline phosphatase (ACP and ALP)
in the nervous tissue of L. acuminata are very sensitive
parameters influenced by molluscicides [7-10]. The aim
of the present study was to explore the possibility
whether seasonal changes in abiotic factors, viz temperature, pH, dissolved oxygen and carbon dioxide, and
conductivity of test water can influence the level of
AChE, ACP and ALP assayed in each month of the year
2006-2007 following exposure to sublethal concentrations (40% and 80%) of 24 h LC50 of oleoresin of Z.
officinale.

Keywords: Environmental factors;
Acetylcholinesterase; Oleoresin; Temperature; pH
Copyright © 2010 SciRes.

2. MATERIALS AND METHODS
2.1. Test Materials
Oleoresin was obtained by extraction of prepared
dried rhizomes of Z. officinale with alcohol. The removal of the solvent under vacuum yields oleoresin of Z.
officinale [1,11]. Temperature, pH and conductivity of
water were measured by thermometer and digital pH and
conductivity meters, respectively. Dissolved O2 and CO2
were estimated according to the methods prescribe by
APHA [12].
Openly accessible at http://www.scirp.org/journal/NS/
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2.2. Bioassays for LC50
Adult L. acuminata (length 2.25 ± 0.2 cm) were collected from Ramgarh Lake, located in almost adjacent to
this university campus. Snails were acclimatized in
de-chlorinated tap water for 72 h. The snails were exposed to different concentrations of oleoresin in glass
aquaria containing 3 litres of de-chlorinated water. Ten
experimental animals were kept in each aquarium. Control animals were kept in equal volumes of de-chlorinated tap water under similar conditions. Mortality of
snails was observed after 24, 48, 72, 96 h. No response
to a needle probe was taken as evidence of death. Dissolved O2, CO2 and conductivity, temperature and pH of
treated and control group of water was measured simultaneously with toxicity test at every 24 h of period to 96.
Bioassays for the determination of LC50 value was performed in each month of the year. Lethal concentration
(LC50) values, lower and upper confidence limits (LCL
and UCL) and slopes value were calculated by the
method of POLO computer program of Robertson et al.
[13]. The Product moment correlation coefficient was
determined between LC50 and temperature / pH / conductivity / dissolved O2 / CO2, of water in each of the
twelve months in order to observe any significant correlation according to the method of Sokal and Rohlf [14].

2.3. Enzyme Assays
Twenty snails, kept in glass aquaria containing 5 litres
of dechlorinated water, were exposed to 40% and 80%
of 24 h LC50 of oleoresin in each month. Six such
aquaria were set up for each concentration. After 24 h
treatment, the snails were washed with water and the
nervous tissue was dissected out from the buccal mass
for the measurement of enzyme AChE, ACP and ALP
activities.
2.3.1. Acetylcholinesterase
Acetylcholinesterase (AChE) activity was measured
according to the method of Ellman et al. [15] as modified by Singh et al. [16]. Fifty mg of nervous tissue was
homogenized in 1.0 ml of 0.1 M phosphate buffer pH
8.0 for 5 minute in an ice bath and centrifuged at 1000 g
for 30 minute at 4°C. Supernatant was used as enzyme
source. The change in optical density at 412 nm was
recorded for 3 minute after every 30 second interval.
Enzyme activity was expressed as µ mol “SH” hydrolyzed / min / mg protein.
2.3.2. Phosphatases
Acid (ACP) and alkaline (ALP) phosphatases activities were measured by the method of Bergmeyer [17] as
modified by Singh and Agarwal [18]. Tissue homogenate
(2% w/v) was prepared in ice cold 0.9 % NaCl and centrifuged at 5000 g for 20 minute at 4°C. The 4-nitroCopyright © 2010 SciRes.
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phenyl phosphate disodium was used as substrate. The
acid (ACP) and alkaline phosphatases (ALP) activity has
been expressed as µmole substrate hydrolyzed /30 min/
mg protein.
2.3.3. Protein Estimation
Protein was estimated by the method of Lowry et al.
[19].

2.4. Statistical Analysis
Results have been expressed as mean ± SE of six replicates. Rank correlation was applied in between control
and corresponding changes in the enzyme activity in
different months of the year [14].

3. RESULTS
There was a significant (P < 0.05) time dependent
variation in the toxicity of oleoresin Z. officinale in different months of the year against L. acuminata (Table 1);
highest toxicity was observed in months of June and July
(24 h LC50 14.28-16.54 mgL-1) and lowest (24 h LC50
124.09-126.27 mgL-1) during January and February. A
significant positive correlation (r = 0.89; P = 0.001) between LC50 and water pH was noted for each month and
at each interval of 24 h exposure (Table 1). A similar
finding between LC50 and dissolved O2 (r = 0.82; P =
0.001) was found. Contrastively, significant negative
correlation between LC50 and dissolved CO2 (r = 0.86; P
= 0.001) and with water temperature (r = 0.91; P = 0.001)
was noted. No marked correlation was observed between
the LC50 and conductivity of water. High temperature (36
°
C), and free CO2 (30.0 ppm), low pH (7.11) and dissolved oxygen (1.0 ppm) increases the toxicity of oleoresin against L. acuminata. The slope values were steep
and separate estimations of LC50 based on each of the six
replicates were found to be with in the 95% confidence
limits of LC50. The t-ratio is greater than 1.96 and the
heterogeneity factor is less than 1.0. The g value was
less than 0.5 at all probability levels.
There was significant positive rank correlation (τ =
0.666; P = 0.02 - 40% of 24 h LC50,, τ = 0.636 P= 0.02 80% of 24 h LC50,) between LC50 of different months
and corresponding anti AChE activity in the sub-lethal
treatment (40% and 80% of 24 h LC50) of nervous tissue
of snail L. acuminata. Maximum inhibition in AChE
activity (56.09% of control) was observed in snails exposed to 80% of 24 h LC50 of oleoresin in month of July
(Table 2). There was no significant positive rank correlation between LC50 of different months and alkaline
phosphatase activity in the sub-lethal treatment (40%
and 80% of 24 h LC50) of nervous tissue of snail L. acuminata (Table 3). Like AChE, there was significant positive rank correlation between LC50 and acid phosphatas
Openly accessible at http://www.scirp.org/journal/NS/
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Each experiment was replicated six times and values are the mean of six replications. Temperature, pH, dissolved oxygen, free carbon dioxide and conductivity were measured intervals of 24 h to 96 h.
Product moment correlation coefficient in between the LC50 and different parameters indicate significant (P < 0.05) (+) positive/ (*) negative correlation.

Table 1. Alterations in toxicity (LC50 mL-1) of oleoresin of Z. officinale against L. acuminata and different environmental factors in different months of the year
2006-07.
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Table 2. Effect of 24 h exposure of 40% and 80% of 24 h LC50 of oleoresin of Z. officinale in different months of the year 2006-07
on acetylcholinesterase activity in the nervous tissue of L. acuminata.
Months

24 h LC50 mgL-1

August

39.67

September

54.54

October

55.92

November

58.79

December

62.18

January

126.27

February

124.09

March

74.93

April

24.88

May

21.67

June

16.54

July

14.28

AChE-µ mole “SH” hydrolyzed / min / mg protein
40% of 24h LC50
80% of 24h LC50
Control a
0.093 ± 0.01
0.091 ± 0.01
0.088 ± 0.01
(100)
(97.84)
(94.62)
0.139 ± 0.01
0.136 ± 0.01
0.132 ± 0.01
(100)
(97.84)
(94.96)
0.101 ± 0.02
0.099 ± 0.01
0.097 ± 0.02
(100)
(98.02)
(96.04)
0.106 ± 0.01
0.103 ± 0.02
0.101 ± 0.01
(100)
(97.17)
(95.28)
0.109 ± 0.00
0.107 ± 0.01
0.105 ± 0.01
(100)
(98.17)
(96.33)
0.190 ± 0.00
0.189 ± 0.01
0.186 ± 0.01
(100)
(99.47)
(97.89)
0.176 ± 0.01
0.175 ± 0.00
0.171 ± 0.00
(100)
(99.43)
(97.16)
0.147 ± 0.02
0.142 ± 0.01
0.134 ± 0.01
(100)
(96.60)
(91.16)
0.141 ± 0.02
0.137 ± 0.01
0.133 ± 0.01
(100)
(93.66)
(84.51)
0.104 ± 0.01
0.101 ± 0.02
0.099 ± 0.03
(100)
(75.92)
(70.37)
0.087 ± 0.03
0.083 ± 0.02
0.074 ± 0.02
(100)
(62.19)
(59.75)
0.082 ± 0.02
0.073 ± 0.01
0.071 ± 0.01
(100)
(63.41)
(56.09)

Values are mean ± SE of six replicates. Value in parenthesis indicates % enzyme activity with untreated control taken as 100%. Rank correlation coefficient in
between LC50 and AChE activity in treated group indicate significant (P < 0.05) positive (+) correlation. a, Significant (P < 0.05) when one way of ANOVA was
applied in between the enzyme activity in different months of the year in control group without treatment.

Table 3. Effect of 24 h exposure of 40% and 80% of 24 h LC50 of oleoresin of Z. officinale in different months of the year 2006-07
on alkaline phosphatase activity in the nervous tissue of L. acuminata.
Months

24 h LC50 mgL-1

August

39.67

September

54.54

October

55.92

November

58.79

December

62.18

January

126.27

February

124.09

March

74.93

April

24.88

May

21.67

June

16.54

July

14.28

Control
2.27 ± 0.01
(100)
3.34 ± 0.01
(100)
3.27 ± 0.01
(100)
3.36 ± 0.02
(100)
3.11 ± 0.00
(100)
2.89 ± 0.01
(100)
3.07 ± 0.01
(100)
3.10 ± 0.00
(100)
3.45 ± 0.01
(100)
2.94 ± 0.02
(100)
1.86 ± 0.03
(100)
2.36 ± 0.01
(100)

ALP-µ moles/ 30 min / mg protein
40% of 24 h LC50
2.17 ± 0.01
(95.59)
3.31 ± 0.01
(99.10)
3.23 ± 0.02
(98.77)
3.32 ± 0.02
(98.80)
3.06 ± 0.02
(98.39)
2.85 ± 0.00
(98.62)
3.02 ± 0.01
(98.37)
3.07 ± 0.00
(99.03)
3.42 ± 0.02
(99.13)
2.89 ± 0.00
(98.29)
1.74 ± 0.02
(93.55)
2.23 ± 0.01
(94.49)

80% of 24 h LC50
2.14 ± 0.01
(94.27)
3.27 ± 0.01
(97.90)
3.19 ± 0.02
(97.55)
3.27 ± 0.00
(97.32)
3.02 ± 0.02
(97.10)
2.81 ± 0.01
(97.23)
2.98 ± 0.01
(97.06)
3.02 ± 0.01
(97.41)
3.37 ± 0.02
(97.68)
2.86 ± 0.03
(97.28)
1.64 ± 0.02
(88.17)
2.16 ± 0.02
(91.52)

Values are mean ± SE of six replicates. Value in parenthesis indicates % enzyme activity with untreated control taken as 100%. Rank correlation coefficient in
between LC50 and ALP activity in treated group indicate non significant (P < 0.05) positive correlation. a, Significant (P < 0.05) when one way of ANOVA was
applied in between the enzyme activity in different months of the year in control group without treatment.
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(ACP) (τ = 0.606; P= 0.05 - 40% of 24 h LC50, τ = 0.606;
P = 0.05 - 80% of 24 h LC50,) activity in the nervous
tissue of L. acuminata exposed to sub-lethal treatments
of oleoresin in different months. Maximum inhibition in
ACP activity (91.00% of control) was observed in snails
exposed to 80% of 24 h LC50 in July (Table 4).

4. DISCUSSION
It is clear from result section that toxicity of oleoresin
varies with changes in abiotic environmental factors in
the water. Effect of abiotic variants in aquatic environment i.e. pH [20], Temperature [21] on the toxicity of
different pesticides have been reported. The temperature
of water is a significant factor, which alters the toxicity
of oleoresin in each month of the year. When the water
temperature is higher in summer season June-July, the
toxicity of oleoresin is maximum. Contrarily, in winter
season, the temperature of water is low and toxicity of
oleoresin is less as evident by higher LC50 value. Temperature of environment in which the animal resides is a
crucial factor, when toxicity of pesticides is determined
[22-25]. Osterauer and Kohler [26] reported that the toxicity of diazinon against zebra fish strongly increased at
elevated temperature. Dissolved oxygen is also one of
the factors, which alter the toxicity of oleoresin. Water in winter season holds more oxygen [27]

and as a result, less mortality of snails occurs during this
period. At higher water temperature dissolved oxygen
concentration decreases which is reflected by higher
mortality of the snails. Dissolved oxygen is one of the
major components, which is required by snails during
metabolic activity [28,29]. Consequently, at higher temperature, increasing rate of metabolism in snail body
may release more CO2, which affects the pH of water
[30,31] As the time duration increases concentration of
CO2 increases in the water (released by snails) and it also
affects the pH of water. Murphy [32] reported that pesticides belonging to organophosphate and carbamate
groups are very sensitive to change in pH. Earlier Vasconcellos [33] observed the influence of pH variation on
the molluscicidal activity of Euphorbia splendens latex.
According to them molluscicidal activity was maximum
at pH 5.0 - 6.0 and minimum at pH 7.0 - 8.0. Toxicity of
oleoresin is highest at high temperature, CO2 of water as
well as low pH, dissolved O2 of water. The low concentration of dissolved O2 act as physical stressor on aquatic
animals [34] and in the absence of sufficient dissolved
O2; the snails appear to become more sensitive against
the molluscicide. The pungent moieties of oleoresin are
gingerol, zingirone and shogaol [35]. It is conceivable
that, the active molluscicidal component, present in the
oleoresin might get converted into a more toxic form in

Table 4. Effect of 24h exposure of 40% and 80% of 24h LC50 of oleoresin of Z. officinale in different months of the year 2006-07 on
acid phosphatase activity in the nervous tissue of L. acuminata.
Months

24 h LC50 mgL-1

August

39.67

September

54.54

October

55.92

November

58.79

December

62.18

January

126.27

February

124.09

March

74.93

April

24.88

May

21.67

June

16.54

July

14.28

Control

ACP-µ moles/ 30min / mg protein
40% of 24 h LC50

3.15 ± 0.00
(100)
3.64 ± 0.01
(100)
3.31 ± 0.01
(100)
3.34 ± 0.02
(100)
3.28 ± 0.01
(100)
3.29 ± 0.01
(100)
3.40 ± 0.00
(100)
3.46 ± 0.01
(100)
3.26 ± 0.01
(100)
3.45 ± 0.02
(100)
2.95 ± 0.03
(100)
3.00 ± 0.01
(100)

3.04 ± 0.01
(95.51)
3.58 ± 0.01
(98.35)
3.29 ± 0.01
(99.40)
3.32 ± 0.02
(99.40)
3.23 ± 0.01
(98.48)
3.27 ± 0.00
(99.70)
3.39 ± 0.01
(99.70)
3.40 ± 0.00
(98.27)
3.19 ± 0.01
(97.85)
3.38 ± 0.02
(97.97)
2.86 ± 0.01
(96.95)
2.82 ± 0.01
(94.00)

80% of 24 h LC502.91 ± 0.01
(92.38)
3.52 ± 0.01
(96.70)
3.24 ± 0.00
(97.89)
3.28 ± 0.01
(98.20)
3.19 ± 0.01
(97.26)
3.21 ± 0.02
(97.87)
3.33 ± 0.01
(97.94)
3.34 ± 0.01
(96.53)
3.09 ± 0.02
(94.79)
3.31 ± 0.02
(95.94)
2.72 ± 0.03
(92.20)
2.73 ± 0.01
(91.00)

Values are mean ± SE of six replicates. Value in parenthesis indicates % enzyme activity with untreated control taken as 100%. Rank correlation coefficient in
between LC50 and ACP activity in treated group indicate significant (P < 0.05) positive (+) correlation. a, Significant (P < 0.05) when one way of ANOVA was
applied in between the enzyme activity in different months of the year in control group without treatment.
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the aquarium water or in the snail body due to variant
environmental factors in the month of June and July.
Earlier, it has been shown that the treatment of oleoresin
of Z. officinale caused significant inhibition of AChE,
ALP and ACP activity in the nervous tissue of L. acuminata [9]. The high anti AChE and ACP activity of
oleoresin of Z. officinale was observed in months of
June-July. The enzyme ALP plays a critical role in protein synthesis, [36] and secretary activity, [37] is comparatively less inhibited than AChE, Acid phosphatase
(ACP), a lysosomal enzyme, [38] plays an important role
in autolysis and phagocytosis, pathological necrosis, and
overall catabolism, [8,10,39] was reduced significantly.
Earlier, it has been observed that increased activity of
ACP causes breakdown of existing protein in L. acuminata [18], but inhibition of ACP activity in this study
indicates that it is not used in breakdown of cellular protein. The rank correlation coefficient applied between
the LC50 values of different months and the corresponding inhibition in enzyme activity, point out a positive
correlation between the LC50 and the inhibition of AChE
and ACP. Whereas there was no correlation in between
LC50 and ALP activity indicate that ALP is not altered by
action of oleoresin in different months.
Accurate prediction of molluscicide fate and toxicity
in aqueous environment against snails are hindered due
to lack of information that how abiotic factors of aqueous environment affect the biological activity and related
toxicity of molluscicides. Abiotic factors are not only
correlated with the lethality of molluscicide, but with
each other also. The present study conclusively shows
that variant abiotic factors can significantly alter the
toxicity of oleoresin of Z. officinale in L. acuminata. It is
also obvious that the most suitable period for the control
of this snail in India is the month of June, July. It is suggested that the treatment of a water body with oleoresin
of Z. officinale for the control of L. acuminata and ultimately fascioliasis, is not only more potent and cost effective during these months than spending more money
by using higher concentrations of this molluscicide during the rest ten months of the year.
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ABSTRACT
This study assessed the spatial distribution pattern of soft-sediment polychaetes on the nearshore of Admiralty Bay, King George Island,
Antarctica. In the early and late summer of 2003
/04, seven sites at three different depths (20,30
and 60 meters) were sampled using a van Veen
grab. 8,668 individuals all told, belonging to 67
species and 23 families, were identified. The
families Terebellidae, Syllidae and Maldanidae
were the most speciose. Mean densities ranged
-2
from 45.2 to 388.1 ind. 0.1 m in the early summer, and from 29 to 183 ind.0.1m-2 in the late.
The species Aphelochaeta cincinnata, Levinsenia gracilis and Rhodine antarctica were the
most frequent and abundant. Initially, mean
biomass ranged from 0.11 to 5.27 g.0.1 m-2, in
the early season and from 0.35 to 5.86 g.0.1 m-2
towards the end. Aglaophamus trissophyllus,
Eupolymnia sp. and Barrukia cristata were the
species with the highest biomass. Polychaete
taxocoenosis structure remained similar in both
periods. In the early summer, mean densities,
biomass and number of species were lower at
30 meters and higher at 60, whereas in the late,
these differences were higher among transects.
Ice impacts, mainly anchor-ice, in the early
summer, as well as icebergs later on, most likely
caused the differences encountered.
Keywords: Polychaeta; Soft-Sediment; Benthic
Structure; South Shetland Islands; Antarctic
Peninsula

1. INTRODUCTION
The Antarctic benthos is characterized by pronounced
endemism and a marked dependence on physical condiCopyright © 2010 SciRes.

tions, such as sediment patterns, waves and ice effects
[1]. Distribution of the benthic community in shallow
waters (up to 100 m) could be influenced by depth [2].
According to Sahade et al. [3], benthic density is the
highest at 25 meters. From here down to 50 meter depth,
there is a decrease [4]. Below this, the community is free
from the impacts of icebergs and storms, thereby reaching an advanced stage in development. Besides depth,
distribution is also influenced by habitat heterogeneity,
bottom topography and hydrodynamics, among other
factors [2]. Low and stable water temperatures, low
fluctuations in salinity during the summer, reduced terrigenous sediment input and the seasonality of food resources, could also exert an influence on both the structure and distribution of the Antarctic fauna [1]. Nevertheless, according to Barnes & Conlan [5], ice remains
as one of the foremost agents of disturbance in shallow
water benthos.
The benthic fauna of the Southern Ocean is well
known, the polychaetes being one of the most representative groups in soft-sediment habitats [6-8]. The group
can account for over 50% of the macrofauna in several
Antarctic areas, such as Chile Bay, Greenwich Island [9],
Port Foster, Deception Island [10], Arthur Harbour, Anvers Island [11], McMurdo Sound [12] and Admiralty
Bay, King George Island [6]. Polychaete composition
and distribution in Admiralty Bay was already studied by
several authors [6,13-19] and can be summarized in the
following zonation patterns: the dominance of Leitoscoloplos kerguelensis, Ophryotrocha notialis and Microspio cf. moorei on shallow bottoms (down to 12 m)
and higher densities of Aphelochaeta cincinnata, Apistobranchus glacierae, Rhodine antarctica and Levinsenia gracilis further down. According to Conlan et al.
[20], certain polychaetes, such as Ophryotrocha notialis,
Capitella perarmata, Aphelochaeta sp. and Leitoscoloplos kerguelensis, are dominant in areas under the impact
of sea-waste disposal, besides being capable of colonizOpenly accessible at http://www.scirp.org/journal/NS/
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ing ice-disturbed areas [21,22].
The aim of this survey was to investigate polychaete
spatial distribution in the nearshore soft-sediments at
three depths in Admiralty Bay, during the early and late
austral summer.

2. STUDY AREA
Admiralty Bay, the largest bay in King George Island, is
approximately 122 km², with depths exceeding 500 meters [23]. The fjord-like shaped bay has three inlets,
Mackellar and Martel located in the northern portion,
and Ezcurra located in the western [17]. The bay receives water from the Bransfield Strait through a 500meters-deep channel. Coarse sediments mixed with fine
mud occur down to a depth of 50 meters, the rest consisting mainly of fine mud [24]. The sediment in front of
the Brazilian Antarctic station contained high concentrations of trace metals (B, Mo, Pb, V, Zn, Ni, Cu, Mg and
Mn), organic matter and oil contaminants. However,
despite the evidence of contamination, the low bioavailability of these pollutants is an indication of low environmental risk [25]. Variation in temperature and salinity
is slight, ranging from −0.4°C to 0.9°C and 33.8 to 33.4,
respectively, at the bottom [24]. The phytoplankton from
Admiralty Bay is dominated by diatoms, under the influence of benthic species from sediment resuspension
or ice defrosting [26].

3. MATERIAL AND METHODS
Seven transects located in the Mackellar and Martel
inlets were sampled (Figure 1): Research Station “Comandante Ferraz” (CFA, CFB and CFC), Botany Point
(BP), Hennequin Point (HE), Machu Picchu (MP) and
Thomas Point (AR), during the austral summer of 20032004. At each site, samples were collected at three depths (20, 30 and 60 meters) with a van Veen grab (0.056

m²). In the early summer (November and December,
2003) three replicates were collected, whereas four were
in the late season (February and March, 2004). Samples
were sieved through a 0.5 mm mesh. Specimens were
fixed in 4% formaldehyde and preserved in 70% alcohol.
The polychaetes were identified at the species level.
Unidentifiable individuals were included in the analysis
as morphotypes. Biomass was estimated by the measurement of wet-weight (± 0.01 mg). Dry-sieve and pipette methodologies were used for grain-size analysis, as
described by Suguio [27]. Calcium carbonate content
was determined by dry-weight difference after HCl 10%
attack, and that of total carbon and nitrogen by using an
Elemental Analyser CHNS/O Perkin Elmer (2400 Series
II), with a detection limit of 0.02% for C and 0.03% for
N [28]. Species densities (ind. 0.1 m² ± standard-error)
were used to calculate species dominance, according to
the formula:
Do = (Na/N) * 100
where Do = dominance of species A, Na = density of
species A and N = sum of all species densities.
Species occurrence frequencies were calculated by
using the following formula:
Fa = (Pa/P) * 100
where Fa = frequency of species A, Pa = number of
samples in which species A occurred, and P = total of
samples.
Species with higher than 50% occurrence were considered constant, those between 50% and 10%, common,
and those with less than 10%, rare. Density data were
transformed (square root), and Two-way ANOVA employed to check differences between early and late summer surveys. Cluster analysis was with the UPGMA algorithm using a Bray Curtis similarity index calculated
by densities. Diagrams of ordination were produced
through non-metric Multi-Dimensional Scaling (nMDS)
analysis. The significance of differences among depths
during early and late summer was tested by One-Way
Analysis of Variance by Similarities-ANOSIM [29].
Canonical Correspondence Analysis (CCA) was applied with a matrix of 10 abiotic variables (gravel, coarse
sand, medium sand, fine sand, silt, clay, carbonate, total
carbon, organic carbon and total nitrogen), together with
the most frequent species in each of the summer periods.
The transect AR 60 m was not considered, due to the
lack of grain-size data. Statistical analysis was undertaken with the Statistica 6.0 program, multivariate
analysis with the Primer 6, program, and CCA by using
the Biplot 1.1 add-in routine for Excel [30].

4. RESULTS
4.1. Abiotic Variables
Figure 1. Sampling sites at Admiralty Bay.
Copyright © 2010 SciRes.

The sediment consisted mainly of silt and clay (more
Openly accessible at http://www.scirp.org/journal/NS/
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than 60%) at most transects and depths, although the
percentages of fine sand were higher (ca. 30%) in some
stations like HE and AR. At 60 meters, slightly lower
percentages of both gravel and coarse sand were observed, when compared to shallower transects. Calcium
carbonate content was slightly higher in the late summer
(more than 12%), whereas in the early season, this was
lower at 20 and 30 meters, with the lowest (6.5%) at MP.
Carbon and nitrogen content were very low (< 1%). CFA,
CFB and CFC presented the highest percentages of carbon content (0.54 to 0.75%), and MP the lowest (0.28 to
0.46%). There was no apparent variation of either variable with the increase in depth.

4.2. Polychaete Composition
A total of 8,668 individuals were collected throughout
the period. The set of samples yielded 67 species and
four morphotypes (Cirratulidae gen. sp.1, Cirratulidae
gen. sp.2, Maldanidae gen. sp. and Terebellidae gen. sp.),
belonging to 23 families (Table 1). 21 species were collected in each sampling survey. The most speciose families were Terebellidae and Syllidae with seven species
each, and Maldanidae with six. The families Glyceridae
and Sabellidae were exclusive to the early summer,
whereas Nereididae and Serpulidae were to the late summer. The families Nereididae, Serpulidae and Glyceridae
were each represented by only one species, viz., Nicon
ehlersi, Helicosiphon biscoensis and Glycera capitata,
respectively. The sabellids were represented by three
species: Euchone pallida, Perkinsiana litorallis and
Perkinsiana milae, all somewhat scarce during the
summer.

4.3. Dominance and Frequency
In terms of density, the species Aphelochaeta cincinnata,
Levinsenia gracilis, Cirratulidae gen. sp. 1, Apistobranchus glacierae and Rhodine antarctica dominated,
throughout the whole period studied. The exceptions
were Cirratulidae gen. sp. 1 and A. glacierae, dominant
only at the beginning. Throughout, Aphelochaeta cincinnata was the most frequent species, with 93.55% in
the early summer and 85.71% in the late. The species
Levinsenia gracilis and Rhodine antarctica were also
constant during the whole study period, with 69.35% and
56.45%, respectively, in the first part, and both 65,48%
towards the end. These three species were responsible
for 33.7% of total polychaetes in the early summer and
34.7% in the late. Aricidea (Acmira) strelzovi, Leitoscloplos geminus, Brada villosa, Apistobranchus glacierae, Barrukia cristata and Cirrophorus brevicirratus
were considered common throughout. Scalibregma inflatum, besides being a low-frequency species during the
whole period (8.06% in the early part and 5.95% in the
Copyright © 2010 SciRes.

1157

late), occurred only at 60 meters (Table 1).

4.4. Density and Biomass
Polychaete density ranged from 45.24 to 388.10 ind.0.1
m-2 in the early summer. Apistobranchus glacierae, with
the highest score all told, was also responsible for the
high result observed at CFC (20 m) (173.21 ± 76.79 ind.
0.1 m-2). The species Aphelochaeta cincinnata at CFB
(60 m), Rhodine antarctica at CFC (20 m) and Levinsenia gracilis at CFC (60 m) also presented high values
(Figure 2). In the late summer, polychaete density varied
from 29.02 to 183.93 ind.0.1 m-2. The highest densities,
attributed to R. antarctica, were observed at the MP
transect at 20 and 30 meters (Figure 3).
During sampling, a significant variation in density
among depths was observed (ANOVA, p < 0.002) (Table 2), with lower densities at 30 meters when compared
to both 20 and 60 (Tukey test, p < 0.005), although no
differences among transects were detected (p = 0.599).
Nevertheless, this pattern seems to be rather complex,
since the interaction between transect and depth was
significant (p < 0.02). This interaction occurred at transects CFA and CFC, with no clear bathymetric pattern.
On the contrary, in late summer, significant differences
were found only among transects (p < 0.002), but not
depths (Table 2), with MP and AR presenting higher
densities than CFA and CFC (Tukey test, p < 0.05).
These differences occurred due to the high densities of
cirratulids (Aphelochaeta cincinnata and Cirratulidae
gen. sp.1), paraonids (Levinsenia gracilis, Aricidea (Acmira) strelzovi and Cirrophorus brevicirratus) and the
maldanid Rhodine antarctica, at MP and AR. On the
other hand, biomass encountered at both CFA and CFC
was low. Surprisingly, polychaete density at CFB was
similar to that observed at MP and AR.
In the early summer, biomass means (± standard-error)
ranged from 5.27 ± 4.19 g.0.1 m-2 at CFC-20 m, to 0.11
± 0.06 g.0.1 m-2 at BP-30 m (Figure 4). In the late season, the highest biomass mean was observed at CFB-30
m (5.86 ± 4.72 g.0.1 m-2) and the lowest at BP-30 m
(0.35 ± 0.27 g.0.1 m-2) (Figure 5). The species Aglaophamus ornatus, Eupolymnia sp. and Barrukia cristata
presented the highest values. Although Rhodine antarctica biomass was not high, it remained constant at MP,
all through the later part of summer, this constancy
probably contributing to the proximity of values found at
all depths.

4.5. Multivariate Analysis
In the early summer, the samples were grouped through
cluster analysis, according to depth. The results indicated that in the first group, composed of transects MP,
BP, AR at 20 meters, and MP and AR at 30 meters, the
Openly accessible at http://www.scirp.org/journal/NS/
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Table 1. Frequency (Fo) and dominance (Do) of polychaete species in early and late summer, and species codes used in canonical
correspondence analysis.
Species

Levinsenia gracilis
Aricidea (Acmira) strelzovi
Cirrophorus brevicirratus
Leitoscoloplos kerguelensis
Leitoscoloplos geminus
Scoloplos (Leodamas) marginatus
Orbinia minima
Scalibregma inflatum
Ophelina syringopyge
Ophelina breviata
Ophelina sp.
Capitella sp.1
Capitella sp. 2
Asychis ampliglypta
Maldane sarsi antarctica
Lumbriclymenella robusta
Rhodine antarctica
Praxillella sp.
Maldanidae gen. sp.
Austrolaenilla antarctica
Barrukia cristata
Harmothoe sp.
Glycera capitata
Eulalia varia
Eulalia sp.
Eteone sculpta
Genetyllis polyphylla
Anaitides sp.
Sphaerodoropsis arctowskyensis
Sphaerodoropsis sp.
Ephesiella muelenhardte
Aglaophamus ornatus
Nicon ehlersi
Exogone heterosetosa
Exogone minuscula
Exogone heterosetoides
Exogone sp.
Syllis sp.
Branchiosyllis sp.
Syllides liouvillei
Pettiboneia kerguelensis
Ophryotrocha notialis
Lumbrineris kerguelensis
Augeneria sp.
Apistobranchus glacirae
Spiophanes tcherniai
Laonice antarcticae
Microspio sp.
Scolelepis eltaninae
Pygospiopis dubia
Aphelochaeta cf. cincinnata
Cirratulidae gen. sp. 1
Cirratulidae gen. sp. 2
Brada villosa
Pherusa kerguelarum
Ampharete kerguelensis
Amphicteis gunneri antarctica
Anobothrus cf. patagonicus
Phyllocomus crocea
Hauchiella tribullata
Proclea cf. graffii
Amphitrite kerguelensis
Eupolymnia sp.
Terebellides stroemii kerguelensis
Pista cristata
Trichobranchus sp.
Terebelidae gen sp.
Euchone palida
Perkinsiana milae
Perkinsiana littoralis
Helicosiphon biscoensis
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Code

Lev
Ari
Aph
Lek
Leg

Family

Paraonidae

Orbiniidae
Scalibregmatidae
Ophellidae
Capitellidae

Asy
Mal
Lur
Rho

Maldanidae

Mas
Bar

Polynoidae
Glyceridae
Phyllodocidae

Sphaerodoridae
Agl

Nephtyidae
Nereididae

Syllidae

Pet
Lum
Api

Dorvilleidae
Lumbrineridae
Apistobranchidae
Spionidae

Aph
Cir 1
Cir 2
Bra
Amp

Eup

Cirratulidae
Flabelligeridae
Ampharetidae

Terebellidae

Sabellidae
Serpulidae

Early summer

Late summer

Fo (%)

Do

Fo (%)

Do

69.35
35.48
12.90
22.58
29.03
3.23
8.06
4.84
3.23
1.61
1.61
11.29
11.29
1.61
56.45
1.61
24.19
4.84
22.58
1.61
1.61
3.23
1.61
6.45
1.61
1.61
11.29
4.84
1.61
4.84
4.84
1.61
8.06
17.74
8.06
1.61
24.19
1.61
1.61
1.61
1.61
93.55
32.26
16.13
25.81
3.23
6.45
1.61
1.61
3.23
8.06
8.06
6.45
1.61
1.61
1.61
1.61
-

17.51
4.45
0.85
1.02
1.76
0.04
0.38
0.22
0.07
0.09
0.02
0.44
0.58
0.02
9.50
0.02
0.76
0.07
0.47
0.02
0.02
0.07
0.04
0.20
0.02
0.04
0.18
0.20
0.04
0.11
0.16
0.02
0.18
1.69
0.11
0.02
10.03
0.04
0.02
0.33
0.04
30.57
13.59
2.38
0.62
0.04
0.09
0.04
0.02
0.09
0.20
0.24
0.13
0.02
0.02
0.02
0.02
-

65.48
33.33
23.81
16.67
21.43
2.38
2.38
5.95
4.76
1.19
2.38
4.76
1.19
21.43
11.90
10.71
65.48
19.05
5.95
21.43
1.19
2.38
4.76
2.38
3.57
1.19
2.38
1.19
8.33
1.19
8.33
1.19
1.19
2.38
1.19
1.19
15.48
2.38
15.48
4.76
1.19
1.19
85.71
19.05
5.95
25.00
1.19
4.76
15.48
2.38
1.19
1.19
1.19
21.43
5.95
4.76
1.19
1.19

28.64
4.45
3.94
0.95
1.13
0.08
0.08
0.43
0.33
0.03
0.08
0.13
0.08
1.21
0.60
0.38
20.30
0.98
0.13
0.73
0.03
0.05
0.13
0.05
0.15
0.03
0.05
0.05
0.23
0.03
0.30
0.03
0.05
0.05
0.03
0.03
0.35
0.05
0.73
0.15
0.03
0.05
21.71
6.11
1.76
1.18
0.08
0.10
0.70
0.05
0.03
0.03
0.03
0.53
0.25
0.13
0.03
0.05
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Table 2. Results of Two-way ANOVA in early and late summer.
Factors

Figure 2. Mean densities (± stardard-error) of Polychaeta at
the transects in early summer. Depths: 20 m = black bars; 30 m
= white bars; 60 m = gray bars.

Figure 3. Mean densities (± stardard-error) of Polychaeta at
the transects in late summer. Depths: 20 m = black bars; 30 m
= white bars; 60 m = gray bars.

Figure 4. Mean biomass (± stardard-error) of Polychaeta at the
transects in early summer. Depths: 20 m = black bars; 30 m =
white bars; 60 m = gray bars.

Figure 5. Mean biomass (± stardard-error) of Polychaeta at the
transects in late summer. Depths: 20 m = black bars; 30 m =
white bars; 60 m = gray bars.
Copyright © 2010 SciRes.

Early summer

Late summer

p

F

p

F

Transect

0.599

0.737

0.001

4.286

Depth

0.001

11.716

0.581

0.547

Transect * Depth

0.015

1.554

0.583

0.867

density of Cirratulidae gen. sp. 1 was high, whereas both
Branchiosyllis sp. and S. arctowskyensis were absent. In
the second group (CFB and CFC at 20 m, HE at 30 m,
and MP and HE at 60 m), both R. antarctica and A.
glacirae were the most abundant. In the third group,
formed by CFA at 20 meters, and CFA, CFB, CFC and
BP, all at 30 meters, richness and densities were low in R.
antarctica, A. amphiglypta and A. cincinnata. In the last
group, A. cincinnata, L. gracilis and Cirratulidae gen. sp.
2 were abundant, and both S. inflatum and A. strelzovi
present (Figure 6). The results from cluster analysis
were confirmed through nMDS. In the late summer, no
clear pattern of clustering, in relation to either transects
or depths, was apparent.
When using ANOSIM, no differences were detected
in the polychaete community between the periods sampled (R global = 0.031; p = 20.5%), although the contrary was the case as regards depths. In the early summer,
communities at 60 meters differed from those found at
20 and 30 meters, whereas in the late season, the only
difference was between 20 and 60 meters (Table 3).
Results through Canonical Correlation Analysis (CCA)
were rather similar, in both early and late summer. The
first axis was responsible for 45.9% of the variance in
early summer and 42.8% in late and was positively related to gravel, coarse and fine sand and negatively so to
silt, clay, carbonate, carbon and nitrogen contents. The
sediment in all transects at 20 meters was coarser,
whereas that at 60 meters was characterized by the
dominance of silt and clay fractions, and that at 30 meters an intermediate pattern between the former two. The
second axis accounted for 25.5% and 20.8% of the variance in early and late summer, respectively (Figures 7
and 8). In both summer periods, most species appeared
to be associated with gravel, and coarse and fine sand.
The maldanids Maldane sarsi antarctica and Asychis
amphiglypta were related to stations at 60 meters. The
species L. geminus, L. kerguelensis, A. glacirae and C.
brevicirratus and Cirratulidae gen sp.1 were positively
related with gravel, and coarse and fine sand.

5. DISCUSSION
The number of polychaete species found in the present
study was higher than that presented by Sicinski & JaOpenly accessible at http://www.scirp.org/journal/NS/
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Figure 6. Cluster analysis and nMDS from the transects. (a) polychaete density in early summer; (b) polychaete density in late summer.
Table 3. Results of One-way ANOSIM for effect of depth (20,
30 and 30 m) on polychaete abundance data.
Groups
All depths
20,30
20,60
30,60

Early summer
Significance
R-value
level (%)
0.43
0.1
0.21
8.2
0.60
0.1
0.49
0.1

Late summer
Significance
R-value
level (%)
0.25
1.8
0.15
11.1
0.48
0.3
0.13
13.7

nowska [16] and Bromberg [17], in Admiralty Bay, at
similar depths. However, this richness was low when
compared with that in other Antarctic areas, such as Arthur Harbor on Anvers Island [31], Chile Bay on Greenwich Island [32], Terra Nova Bay [33], Livingston Island
and Port Foster on Deception Island [34], the Weddell
Sea continental shelf and slope, and the Antarctic Peninsula [35]. The relatively low richness found in the
present study might be related to differences in sampling
effort, seeing that in the aforementioned studies, different sampling techniques were used. The dominance of
Aphelochaeta cincinnata is in accordance with the results obtained by Sicinski [6], Gambi et al. [33] and
Bromberg [17]. The high density of Rhodine antarctica
Copyright © 2010 SciRes.

Figure 7. Graphic representation of the two axis of canonical
correspondence analysis for early summer. For species codes
see Table 1.
Openly accessible at http://www.scirp.org/journal/NS/
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Figure 8. Graphic representation of the two axis of canonical
correspondence analysis for late summer. For species codes see
Table 1.

at the MP transect could be related to its life cycle. According to Dayton & Oliver [12], in McMurdo Sound,
the individuals of the family Maldanidae may have
evolved asexual reproduction in response to high predation and juvenile mortality. The dominance of maldanids
was also reported by Gallardo et al. [9], who found a
benthic community dominated by Maldane sarsi antarctica (Maldane assembly) in Chile Bay. Jazdzewski et al.
[24] and Sicinski [6,13] also observed typical maldanid
communities at depths over 100 meters.
The highest mean density observed in the early summer was similar to that reported by Sicinski [14]. On the
other hand, mean density itself, although in accordance
to that observed by Sicinski & Janowska [16], was lower
than that reported by other authors [17,33-35]. These
differences may reflect variations in sampling design,
depth and seasonality. The mean values of biomass were
similar to those observed in Admiralty Bay by Sicinski
& Janowska [16], and were within the range reported by
Gambi et al. [33]. According to Sicinski [13], polychaete
biomass at 50 m may vary from 30 to 40 g.m-2 and might
be responsible for 15% of the local zoobenthic biomass
itself. The species responsible for the increase in biomass values, Aglaophamus ornatus and Eupolymnia sp.
occurred mainly at 20 and 30 meters, respectively. This
may be related to the deposition of organic matter from
phytoplankton bloom, which occurs in the early summer
[36].
Polychaete taxocoenosis structure remained the same
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throughout the period under study, possibly as a result of
the prevailing sedimentary conditions (grain-size percentages) remaining invariable between transects. Nevertheless, certain differences were observed during the
early and late summer, separately. During the early
summer, polychaete mean density, biomass and richness
declined at the 30 meters level and increased at the 60.
An increase in density related to depth had been previously reported in the Martel inlet [16]. The results in
early summer may be an outcome of ice impact. According to Sahade et al. [3], ice impacts (icebergs and anchor-ice) seem to be the major regulating factor of benthic assemblages in shallow waters. Although actually
not observed in this study, but based mainly on underwater observations, anchor-ice impacts have been imputed as promoting winter structuring in benthic communities. The displacement of established fauna in their
area of influence may be attributed to these phenomena,
thereby accounting for the low diversity in early summer
[37]. According to Dayton et al. [38], the influence of
anchor-ice impacts extends down to 33 meters, thus constituting the main cause of low diversity in shallow waters. Anchor-ice usually occurs during the winter, but its
influence might have extended throughout the early
summer of 2003/04, with consequential superficial
sediment defaunation, thus making it difficult for the
community to recover within a few months.
The increase in temperature in the late summer promotes the formation of icebergs. Echeverría & Paiva [39]
reported the presence of one in the summer of 2001 at
the CFB 25 meter station, where it remained for over 20
days. Iceberg impacts are likely to affect benthic communities down to 20 meters. Below this, conditions are
more stable, with higher densities, biomass and richness,
the area below 30 meters thus presenting a substantial
change in benthic megafauna structure, composition and
diversity [37]. In both summer periods, most of the species which appear to be related to coarser sediment fractions are motile or discretely motile polychaetes. On the
other hand, the maldanids (sessile polychaetes) related to
higher percentages of silt and clay, appear mostly at 60
meters. Further analysis of polychaete feeding guilds is
necessary to better evaluate their distribution in Admiralty Bay.
The possible environmental impacts related to activities of the Brazilian research station (Cmte. Ferraz) were
not revealed in this survey, since variability among those
transects under the influence of the station itself (CFA,
CFB and CFC) was higher than among all the others.
Furthermore, the slight variation between early and late
summer seems to be more related to natural impacts than
to the more intense activities at the research station itself.

Openly accessible at http://www.scirp.org/journal/NS/

1162

L. de S. Barbosa et al. / Natural Science 2 (2010) 1155-1163

6. ACKNOWLEDGEMENTS
The authors would like to thank the staff of the Brazilian Antarctic

[12]

Station “Comandante Ferraz” and the Brazilian Antarctic Programm
(PROANTAR) for logistical support, Laboratorio de Ciências Ambientais/UENF for the abiotic data, Lucia Campos (GEAMB/UFRJ) for

[13]

providing biological material, and Rafael Moura for the map. This
work was supported by grant from CNPq/MCT/MMA (PROANTAR),
and a MSC fellowship from Coordenadoria de Aperfeiçoamento de

[14]

Pessoal de Nível Superior (CAPES) for first author and research fellowships from Conselho Nacional de Desenvolvimento Científico e
Tecnológico (CNPq) for second and third author.

REFERENCES
Arntz, W.E., Brey, T. and Gallardo, V.A. (1994) Antarctic
zoobenthos. Oceanography and Marine Biology - An
Annual Review, 32, 241-304.
[2] Clarke, A. (1996) The distribution of Antarctic marine
benthic communities. In: Ross, R.M., et al., Eds., Foundations for Ecological Research West of the Antarctic
Peninsula. Antarctic Research Series, 70, 219-230.
[3] Sahade, R., Tatian, M., Kowalke, J., Kuhne, S. and Esnal,
G.B. (1998) Benthic faunal associations on soft substrates
at Potter Cove, King George Island, Antarctica. Polar
Biology, 19(2), 85-91.
[4] Parulekar, A.H. Ansari, Z.A. and Harkantra, S.N. (1983)
Benthic fauna of the Antarctic Ocean: Quantitative aspects. In: Iyenger, R.V. and Rajaram, R., Eds., Scientific
Report of First Indian Expedition to Antarctica, Department of Ocean Development, New Delhi, 213-218.
[5] Barnes, D.K.A. and Conlan, K.E. (2007) Disturbance,
colonization and developmentof Antarctic benthic communities. Philosophical Transactions of the Royal Society B, 362(1477), 11-38.
[6] Sicinski, J. (1986) Benthic assemblages of polychaeta in
chosen regions of Admiralty Bay (King George Island,
South Shetlands Island). Polish Polar Research, 7(1-2),
63-78.
[7] Arnaud, P.M., Jazdzewski, K., Presler, P. and Sicinski, J.
(1986) Preliminary survey of benthic invertebrates collected by Polish Antarctic Expeditions in Admiralty Bay,
King George Island, South Shetland Islands, Antarctica.
Polish Polar Research, 7(1-2), 7-24.
[8] Clarke, A. and Johnston, N.M. (2003) Antarctic marine
benthic diversity. Oceanography and Marine Biology: An
Annual Review, 41, 47-114.
[9] Gallardo, V.A., Castillo, J.C., Retamal, A.Y., Moyano, H.
I. and Hermosilla, J.G. (1977) Quantitative studies on the
soft-bottom macrobenthic animal communities of shallow Antarctic Bays. In: Llano, G.A., Ed., Adaptations
within Antarctic Ecosystems, Gulf Publishing, Houston,
361-387.
[10] Retamal, M.A., Quintana, R. and Neira, E. (1982) Analisis cualiy cuantitativo de las comunidades bentonicas en
Bahia Foster (Isla Decepción) (XXXV Expedición
Antartica Chilena, enero 1981). Série Científica Instituto
Antártico Chileno, 29, 5-15.
[11] Lowry, J.K. (1975) Soft bottom macrobenthic commu-

[15]

[16]

[1]

Copyright © 2010 SciRes.

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

nity of Arthur Harbor, Antarctica. Antarctic Resesarch
Series, 23(1), 1-19.
Dayton, P.K. and Oliver, J.S. (1977) Antarctic
soft-bottom benthos in oligotrophic and eutrophic environments. Science, 197(4298), 55-58.
Sicinski, J. (1993) Polychaeta. In: Racuksa-Suszczewski,
S., Ed., The Maritime Antartic Coastal Ecosystem of Admiralty Bay, Department of Antarctic Biology, Polish
Academy of Sciences, Warsaw, 101-107.
Sicinski, J. (2000) Polychaeta (Annelida) of Admiralty
Bay: Species richness, diversity, and abundance. Polish
Polar Research, 21(3-4), 153-169.
Wägele, J.W. and Brito, T.A.S. (1990) Die sublitorale
fauna der maritimen Antarktis, Erste unterwasserbiobachtungen in der Admiralitasbucht. Natur und Museum,
120(7), 269-282.
Sicinski, J. and Janowska, E. (1993) Polychaetes of the
shallow sublittoral of Admiralty Bay, King-George Island,
South Shetland Islands. Antarctic Science, 5(2), 161-167.
Bromberg, S., Nonato, E.F., Corbisier, T.N. & Petti, M.A.
V. (2000) Polychaetes distribution in the nearshore zone
of Martel Inlet, Admiralty Bay (King George Island,
Antarctica). Bulletin of Marine Science, 67(1), 175-188.
Echeverría, C.A., Paiva, P.C. and Alves, V.C. (2005)
Composition and biomass of shallow benthic megafauna
during an annual cycle in Admiralty Bay, King George
Island, Antarctica. Antarctic Science, 17(3), 312-318.
Petti, M.A.V., Nonato, E.F., Skowronski, R.S.P. and Corbisier, T.N. (2006) Bathymetric distribution of the meiofaunal polychaetes in the nearshore zone of Martel intel,
King George Island, Antarctica. Antarctic Science, 18(2),
163-170.
Conlan, K.E., Kim, S.L., Leninhan, H.S. and Oliver, J.S.
(2004) Benthic changes during 10 years of organic enrichment by McMurdo Station, Antarctica. Marine Pollution Bulletin, 49(1-2), 43-60.
Conlan, K.E., Leninham, H.S. Kvitek, R.G. and Oliver, J.
S. (1998) Ice scour disturbance to benthic communities
in the Canadian high arctic. Marine Ecology Progress
Series, 166(1), 1-16.
Gerdes, D., Hilbig, B. and Montiel, A. (2003) Impact of
iceberg scouring on macrobenthic communities in the
high-Antarctic Weddell Sea. Polar Biology, 26(5), 295301.
Lipski, M. (1987) Variations of physical conditions, nutrients and chlorophyll a content in Admiralty Bay (King
George, South Shetland Islands, 1979). Polish Polar Research, 8(4), 307-332.
Jazdzewski, K., Jurasz, W., Kittel, W., Presler, E., Presler
P. and Sicinski, J. (1986) Abundance and biomass estimates of the benthic fauna in Admiralty Bay, King
George Island, South Shetland Islands. Polar Biology,
6(1), 5-16.
Santos, I.R., Silva-Filho, E.V., Schaefer, C.E.G.R., Albuquerque-Filho, M.R. and Campos, L.S. (2005) Heavy
metal contamination in coastal sediments and soils near
the Brazilian Antarctic Station, King George Island. Marine Pollution Bulletin, 50(2), 185-194.
Lange, P.K., Tenenbaum, D.R., Braga E.S. and Campos,
L.S. (2007) Micro phytoplankton assemblages in shallow
waters at Admiralty Bay (King George Island, Antarctica)
during the summer 2002-2003. Polar Biology, 30(11),
Openly accessible at http://www.scirp.org/journal/NS/

L. de S. Barbosa et al. / Natural Science 2 (2010) 1155-1163
1438-1492.
[27] Suguio, K. (1973) Introdução à sedimentologia. Editora
da Universidade de São Paulo, São Paulo, 317.
[28] Skoog, D.A. and Leary, J.J. (1992) Principles of instrumental analysis. 4th Edition, Saunders College Publishing, Forth Worth, 801.
[29] Clarke, K.R. and Warwick, R.W. Change in marine
communities: An aproach to statistical analysis and interpretation. Plymouth Marine Laboratory, Bourne Press,
Bournemouth, 1994.
[30] Lipkovich, I. and Smith, E.P. (2002) Biplot and singular
value decomposition macros for Excel. Journal of Statistical Software, 7(5), 1-15.
[31] Richardson, M.D. and Hedgpeth, J.W. (1977) Antarctic
soft-bottom macrobenthic community adaptations to a
cold stable, highly, productive, glacially affected environment. In: Llano, G.A., Ed., Adaptations within Antarctic Ecosystems, Gulf Publishing, Houston, 181-196.
[32] Gallardo, V., Medrano, S.A. and Carrasco, F.D. (1988)
Taxonomic composition of the sublittoral soft-bottom
polychaetes of Chile Bay (Greenwich Island, South
Shetland Islands, Antarctica). Serie Científica Instituto
Antártico Chileno, 37(1), 49-67.
[33] Gambi, M.C., Castelli A. and Guizzardi, M. (1997)
Polychaete populations of the shallow soft bottoms off
Terra Nova Bay (Ross Sea, Antarctica): Distribution, diversity and biomass. Polar Biology, 17(3), 199-210.

Copyright © 2010 SciRes.

1163

[34] San Martin, G., Parapar, J., García F.J. and Redondo, M.
S. (2000) Quantitative analysis of soft-bottoms infaunal
macrobenthic polychaetes from South Shetland Islands
(Antarctica). Bulletin of Marine Science, 67(1), 83-102.
[35] Hilbig, B., Verdes, D. and Montiel, A. (2006) Distribution patterns and biodiversity in polychaete communities
of the Weddell Sea and Antarctic Peninsula area (Southern Ocean). Journal of Marine Biological Association of
the U.K., 86(4), 711-725.
[36] Mincks, S. and Smith, C.R. (2007) Recruitment patterns
in Antarctic Peninsula shelf sediments: Evidence of decoupling from seasonal phytodetritus pulses. Polar Biology, 30(5), 587-600.
[37] Nonato, E.F., Brito, T.A.S., Paiva, P.C., Petti, M.A.V. and
Corbisier, T.N. (2000) Benthic megafauna of the nearshore zone of Martel Inlet (King George Island, South
Shetland Islands, Antarctica): Depth zonation and underwater observations. Polar Biology, 23(8), 580-588
[38] Dayton, P.K., Robilliard, G.A., Paine R.T. and Dayton, L.
B. (1974) Biological accommodation in the benthic community at McMurdo Sound, Antarctica. Ecological Monographs, 44(1), 105-128.
[39] Echeverría, C.A and Paiva, P.C. (2006) Macrofaunal
shallow benthic communities along a discontinuous annual cycle at Admiralty Bay, King George Island, Antarctica. Polar Biology, 29(3), 263-269.

Openly accessible at http://www.scirp.org/journal/NS/

Natural Science

Vol.2, No.10, 1164-1170 (2010)
doi:10.4236/ns.2010.210144

The factorial structure of self-reported
androgen-promoted physiological traits
Lee Ellis1, Shyamal Das2
1

University Malaya, Department of Anthropology, Kuala Lumpur, Malaysia; lee.ellis@hotmail.com;
Elizabeth City State University, North Carolina, USA; sdas@mail.ecsu.edu.

2

Received 27 June 2010; revised 29 July 2010; accepted 4 August 2010.

ABSTRACT
Androgens make major contributions to average sex differences in anatomy, physiology, and
behavior. Despite having established their crucial role in sexual differentiation, much remains
to be learned about how androgens coordinate
their influences. The present study was undertaken to shed light on androgenic effects on the
body using self-reported survey data. We analyzed the ratings provided by over 11,000 college students on the magnitude of eleven traits
that previous research has shown to be influenced by testosterone or other androgens. Predictably, the average values for all eleven traits
were significantly greater in males than in females. Nevertheless, when data were analyzed
separately according to sex of the respondents,
some of the traits failed to positively correlate
with one another, suggesting that not all androgen-influenced traits differentiate in a simple
fashion. Factor analysis of these eleven traits by
sex reinforced this view by identifying four factors. In men, the primary factor loaded most
heavily on: masculine body build, masculine
mannerisms, overall physical strength, upper
body strength, and lower body strength. The
primary factor for women was limited to: upper
body strength, lower body strength, and overall
physical strength. In both sexes, the primary
factor was interpreted as reflecting the influence of perinatal and postpubertal testosterone
exposure. The other three factors may reflect
the effects of other androgens (e.g., androstenediol), or the influence of female hormones
such as estradiol. Findings were discussed in
terms of future use of self-reported physiological measures for assessing androgenic effects
on the human body.
Keywords: Androgen-promoted physical traits;
Copyright © 2010 SciRes.

Testosterone; Masculinization; Physical strength;
Factorial structure; Sex differences

1. INTRODUCTION
A recent literature review provided evidence that the
sexes differ in a mired of ways, ranging from easy-tomeasure traits (e.g., birth weights and adult body size) to
many complex characteristics (e.g., susceptibility to numerous diseases, detailed biochemistry, neurology, perceptual sensitivities, motor coordination, and even many
cognitive and behavioral patterns) [1]. This evidence
raises questions about how sex differences are produced.
Although the details are still far from fully understood,
numerous studies have implicated bodily exposure to
androgens as primarily responsible for sex differences in
traits [2-5].
In broad terms, the sexual differentiation of animals
occurs as follows: The default sex at least for mammals,
is female, meaning that males are a genetic variant on
the female sex [6-9]. Early in the gestation process of
nearly all males, the would-be ovaries are made to begin
differentiating into testes instead by genes located on the
Y-chromosome [10]. As this occurs in humans during the
first five months of gestation, the genitals of males
gradually take on a masculine rather than a feminine
appearance [11-12].
The gestational aspects of sexual differentiation are
referred to as its organizational stage, a stage in humans
extending from the first month of gestation into about
the fourth month following birth [13]. The second phase
of sexual differentiation is known as the activational (or
postpubertal) stage. It is marked by the appearance of
so-called secondary sex characteristics, but also includes
enlargement of the penis and testes in males [14-17].
The traits that are masculinized by bodily exposure to
androgens are numerous. They include the following:
 Growth of body hair [18-20]
 Darkening of the iris of the eye [21,22]
 Facial acne [23-25]
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 Darkening of hair color [26,27]
 Increase in height [28-32]
 Lowering of the voice [33-37]
 Increase in upper body strength [15,38,39]
 Increase in lower body strength [40,42]
 Increase in masculine body appearance [43-44]
 Increase in masculine mannerisms [45,46]
Despite the abundant evidence that androgens masculinize many aspects of human development, the details
are still only vaguely understood. The purpose of the
present study was to examine the eleven androgen-influenced traits listed above using self-ratings, with the
following three questions in mind. First, are all of these
traits in fact sexually dimorphic? Second, within each
sex, how well do the eleven traits correlate with one another? Third, do the within-sex expressions of these
traits cluster together, thereby suggesting that they may
be resulting from a limited number of similar androgenic
regimens?

2. METHODS
As part of a broad-ranging investigation, a standardized questionnaire was completed by a large sample of
college students at twenty United States and two Canadian universities between 1988 and 1998 involving 3,786
males and 7,697 females [47]. Subjects ranged in age
from 18 to 56, with a mean of 22 for both sexes. In terms
of race and ethnicity, the subjects were 85% white, 4%
black, 2% Native American, 2% Asian / Pacific Islander,
1% Hispanic, and 6% providing no answer.
Eight of the androgen-promoted physiological traits
were measured by asking subjects to rate themselves
regarding each trait using a 1 to 100 scale, with 100 representing maximum expression of each trait. These eight
traits were: masculine mannerisms, masculine body appearance, physical strength, low deep voice, upper body
strength, lower body strength, body-hair development,
and facial acne. Height was measured simply in terms of
feet and inches (converted to inches). Eye color and hair
color were measured, first, by asking subjects to give a
one- or two-word description of their eye color and
natural hair color. These descriptions were then interpreted and transcribed into four categories. From highest
to lowest values, eye color was coded as being Black,
Brown, Hazel / Green, and Blue. For hair color, the four
categories were Black, Dark Brown, Light Brown, and
Blond. (A copy of the questionnaire is available upon
request.)
Analysis was carried out in three stages. First, the
sexes were compared regarding their average scores on
all eleven traits using a t-test. Second, to determine how
well the eleven traits correlated with one another, a correlation matrix was created for the sexes separately.
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Third, factorial analysis was performed on the eleven
traits to assess whether or not some of the traits would
form into clusters.

3. RESULTS
Table 1 shows that all eleven androgen-promoted traits
are significantly more pronounced in men than in women, with p = 0.000 in all cases except for eye color
(which attained significance only at the 0.05 level). This
is entirely predictable, given that the levels of testosterone (and other androgens) are higher for males than
for females throughout both the organizational and activational stages of sexual differentiation ([1], pp. 89-93).
Table 2, however, reveals that within each sex, some
of the androgen-promoted traits are not positively correlated with one another. Such a rather surprising finding
can be interpreted as suggesting that the enhancement of
androgen-promoted traits does not occur through a unitary process. Most notably, the variables of eye color and
especially adolescent facial acne correlate negatively
with many of the other androgen-influenced traits among
both sexes.
The results for factor analyzing responses regarding
the eleven androgen-promoted traits are presented in
Table 3 for each sex separately. Regarding males (Table
3(a)), the first factor to emerge was named masculinity /
strength since it was comprised of masculine mannerisms, masculine body build, and all three of the physical
strength measures. We named the second factor pigment
because it only loaded strongly on hair color and eye
color. Body hair development and adolescent facial acne
loaded most heavily on the third factor (with some secondarily strong loadings on upper and lower body
strength), which was named dark pigmentation. Finally,
height and low-deep voice comprised a fourth factor,
which we named physical prowess since both height and
low-deep voice are likely to have evolved primarily to
intimidate rivals (and possibly impress prospective
mates).
Turning to females (Table 3(b)), four factors also
emerged. The first factor had to do with strength. Masculine mannerisms and body build loaded along with
low-deep voice onto a second factor; therefore, we called
it female masculinity. The remaining two female factors
were identical to those in males, a dark pigmentation factor and a skin-hair factor. It is interesting to note that
height loaded heavily on the physical prowess factor in
males but failed to load on any factor among females.

4. CONCLUSIONS
While there is no doubt that androgens play a pivotal
role in differentiating males from females, much remains
Openly accessible at http://www.scirp.org/journal/NS/
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Table 1. Descriptive statistics for androgen-promoted physical traits by comparing males with females.
Traits
Masculine Mannerisms
Female
Male
Masculine Body Appearance
Female
Male
Physical Strength
Female
Male
Height
Female
Male
Low Deep Voice
Female
Male
Upper Body Strength
Female
Male
Lower Body Strength
Female
Male
Body-Hair Development
Female
Male
Facial Acne
Female
Male
Hair Color
Female
Male
Eye Color
Female
Male

N

Mean

Std.
Dev

Effect
Size
(d)

Variance
Explained

Std. Error
Mean

t-Test Results for
Equality of Means

7,456
3,757

21.84
74.88

21.89
74.88

2.59

0.62

0.254
0.309

132.748***

7,447
3,767

12.90
76.82

19.27
19.29

3.32

0.74

0.223
0.314

165.808***

7,697
3,786

60.48
70.00

18.89
17.72

0.52

0.06

0.215
0.288

26.473***

6,655
3,282

65.15
70.88

2.70
2.88

2.05

0.51

0.033
0.050

95.150***

6,540
3,217

21.22
54.98

24.84
23.92

1.38

0.32

0.307
0.422

64.699***

5,016
2,483

52.46
61.57

22.12
22.23

0.41

0.04

0.314
0.446

16.698***

5,834
2,827

57.91
65.72

21.19
21.01

0.38

0.03

0.279
0.395

16.136***

5,806
2,828

46.56
52.06

21.64
23.96

0.24

0.01

0.285
0.451

10.304***

5,793
2,816

29.88
34.39

25.73
25.42

0.17

0.008

0.338
0.479

7.699***

6,399
3,128

2.47
2.68

1.01
0.99

0.21

0.01

0.013
0.018

9.762***

3,881
2,002

1.84
1.89

0.90
0.92

0.05

0.003

0.014
0.021

2.249*

Notes: p < 0.001 = ***, p < 0.01 = **, and p < 0.05 = *; d = Cohen’s d

Table 2. Inter-correlation matrix for androgen-promoted traits by sex. The coefficients for males (bolded) appear in the upper right
quadrant; those for females (italicized) are in the lower left quadrant (the sample sizes used in calculating each correlation are represented in parentheses).

Masculine
Mannerisms
Masculine
Body
Build
Physical
Strength
Height in
inches
LowDeep
Voice
Upper
Body
Strength
Lower
Body
Strength
Body Hair

Masculine
Mannerism

Masculine
Body
Build

Physical
Strength

Height
in
inches

LowDeep
Voice

Upper
Body
Strength

Lower
Body
Strength

Body
Hair

Facial
Acne

Haircolor

Eyecolor

1

0.737**
(3,751)

0.464**
(3,756)

0.053**
(3,246)

0.190**
(3,193)

0.326**
(2,458)

0.285**
(2,804)

0.129**
(2,813)

–0.121**
(2,794)

0.026
(3,100)

0.062**
(1,980)

0.676**
(7,423)

1

0.550**
(3,766)

0.062**
(3,255)

0.206**
(3,201)

0.398**
(2,468)

0.327**
(2,812)

0.149**
(2,813)

–0.098**
(2,802)

0.029
(3,108)

0.065**
(1,987)

0.194**
(7,447)
0.087**
(6,394)

0.158**
(7,436)
0.089**
(6,384)

1

0.052**
(3,273)

0.096**
(6,629)

1

0.215**
(3,216)
0.131**
(2,738)

0.563**
(2,478)
0.036
(2,381)

0.390**
(2,822)
0.039
(2,375)

0.102**
(2,823)
0.005
(2,376)

–0.123**
(2,812)
–0.014
(2,364)

0.007
(3,125)
–134**
(2,707)

0.049**
(2,001)
–0.076**
(1,949)

0.314**
(6,332)

0.284**
(6,321)

0.144**
(6,528)

0.087**
(5,496)

1

0.184**
(2,470)

0.152**
(2,815)

0.149**
(2,816)

0.012
(2,806)

0.014
(3,115)

0.058**
(1,994)

0.172**
(4,814)

0.140**
(4,806)

0.476**
(5,006)

0.063**
(4,844)

0.130**
(4,961)

1

0.588**
(2,477)

0.288**
(2,475)

–0.030
(2,463)

0.007
(2,408)

0.060*
(1,704)

0.170**
(5,632)

0.100**
(5,624)

0.401**
(5,824)

0.083**
(4,837)

0.113**
(5,783)

0.648**
(5,002)

1

0.282**
(2,823)

–0.008
(2,811)

0.014
(2,741)

0.033
(1,700)

0.073**
(5,607)

0.060**
(5,597)

0.049**
(5,796)

-0.019
(4,808)

0.086**
(5,756)

0.266**
(4,969)

0.279**
(5,791)

1

0.066**
(2,811)

0.058**
(2,742)

0.035
(1,701)
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Facial
Acne

0.080**
(5,592)

0.046**
(5,585)

–0.026*
(5,783)

0.016
(4,796)

0.052**
(5,743)

0.082**
(4,947)

Haircolor

–0.039**
(6,153)

–0.021
(6,141)

–0.028*
(6,382)

–0.075**
(5,489)

0.022
(6,331)

–0.035*
(4,858)

Eyecolor

–0.023
(,3739)

0.001
(3,731)

–0.008
(3,871)

–0.085**
(3,824)

0.017
(3,847)

–0.014
(3,298)

Note: * p < 0.05

0.089**
(5,772)
–0.040*
*
(5,663)
–0.010
(3,297)

0.211**
(5,745)

1

–0.015
(2,730)

–0.073**
(1,693)

0.081**
(5,636)

–0.028*
(5,622)

1

0.440**
(1,998)

0.052**
(3,277)

–0.017
(3,267)

0.442**
(3,880)

1

** p < 0.01

Table 3(a). Factor Loadings for Androgen-Promoted Traits for Males.
Items

Factor 1

Factor 2

Factor 3

Factor 4

Masculine Mannerism

0.806

–0.001

–0.125

0.056

Masculine Body Build

0.845

0.011

–0.064

0.071

Height

0.002

–0.158

–0.145

0.835

Low Deep Voice

0.178

0.157

0.290

0.633

Overall Physical Strength

0.780

0.059

0.043

0.082

Upper Body Strength

0.679

0.046

0.445

0.026

Lower Body Strength

0.592

0.023

0.481

0.028

Body Hair

0.172

0.081

0.692

0.066

Facial Acne

–0.263

–0.154

0.566

–0.022

Hair Color

0.004

0.832

0.018

–0.064

Eye Color

0.046

0.829

–0.042

0.036

Factor 1

Factor 2

Factor 3

Factor 4

Masculine Mannerism

0.091

0.856

–0.057

0.050

Masculine Body Build

0.025

0.860

–0.015

0.000

Height

0.132

0.206

–0.212

–0.254

Low Deep Voice

0.119

0.589

0.063

0.017

Overall Physical Strength

0.746

0.164

–0.012

–0.216

Upper Body Strength

Table 3(b). Factor Loadings for Androgen-Promoted Traits for Females.
Items

0.858

0.096

–0.024

0.134

Lower Body Strength

0.825

0.047

–0.013

0.195

Body Hair

0.299

0.017

0.123

0.677

Facial Acne

–0.054

0.101

–0.121

0.775

Hair Color

0.004

0.002

0.835

0.009

Eye Color

–0.010

0.028

0.830

0.003

to be learned about which androgens are involved in
particular traits and when they have their greatest influences. The present study sheds light on the process by
suggesting that in both sexes, four independent factors
emerge when eleven androgen-promoted physiological
traits are measured. The structures of these four factors
are slightly different for males and for females.
In males, the primary factor loads most heavily on
masculinity and strength, whereas in females, the loadCopyright © 2010 SciRes.

ing is strictly on strength. We hypothesize that in both
sexes this primary factor is the result of perinatal and
postpubertal exposure to testosterone. This hypothesis is
consistent with studies showing that testosterone is by
far the most consequential sex hormone regarding both
masculine mannerisms [46] and muscular strength [15,
41]. To explain why mannerisms in females would not
be masculinized by testosterone, we suspect that the levels of this hormone to which most females are exposed
Openly accessible at http://www.scirp.org/journal/NS/
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are insufficient to significantly affect this trait while
muscular strength responds to even low amounts of testosterone. Another possibility is that high (female-typical)
exposure to estradiol or other female hormones may
counteract the effects of testosterone on masculine mannerisms.
The fact that the same factors for the dark pigmentation factor and the skin-hair factor emerged in both sexes
suggests that these traits are (a) the result of androgens
other than testosterone, and (b) that the androgen(s) primarily responsible for hair growth and facial acne is
different from those influencing hair and eye color.
Regarding the three questions posed in the introduction, one can conclude the following: First, all eleven
traits that other studies have shown to be androgenpromoted are, as expected, more pronounced in males
than in females. Second, within each sex, most of the
eleven traits are positively correlated. The fact that there
are exceptions leads one to expect that different androgens are operating in somewhat different ways within
each sex. Third, factor analysis supports this expectation
by demonstrating that there are four clusters of androgen-promoted traits amongst the eleven traits examined
in the present study. We named these four factors and
hypothesized that testosterone is responsible for the first
(and most prominent) factor for both sexes. In males,
this primary factor involved both strength and masculine
mannerisms, while in females it only involved strength.
Research is needed to verify these four factors and to
look for other androgen-promoted traits within each sex.
In future studies, direct measurement would almost certainly provide more reliable data than self-reports. However, the time required for obtaining direct measures
with a sufficiently large sample of subjects needed for
factor analysis could be prohibitive. It can also be said
that the extent to which people can provide accurate information about themselves may surpass expectations. In
this regard, we compared the average heights of our
subjects to estimates recently given by the Center for
Disease Control based on direct measurements [48]. The
results were very similar: 70.88 inches or 5’ 9.1” tall in
our male sample compared to 5’ 9.2” for the national
sample, and 65.15 inches or 5’ 4.3” tall in our female
sample compared to 5’ 3.8” for the national sample.
If the four factor structure of androgen-promoted traits
revealed in the present study can be replicated, the next
phase in this line of research would be to identify each
of their specific causes. In other words, what are the actual androgens involved in producing each factor and
what is the developmental timing involved?
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ABSTRACT
The present paper deals with thermoelastic
problems of finitely long hollow cylinder composed of two different materials with axial symmetry. The medium is traction-free, with negligible body forces and with internal and external
heat generations. The governing equations for
different theories of the generalized thermoelasticity are written in terms of displacement
and temperature increment. The exact solution
of the problem; using different theories of generalized thermoelasticity; has been deduced.
The analytical expressions for displacements,
temperature and stresses are found in final
forms, and a numerical example has been taken
to discuss the effect of the relaxation times.
Finally, the results have been illustrated graphically to find the responses of different theories.
Keywords: Multilayered Hollow Cylinder;
Generalized Theories of Thermoelasticity; Relaxation Times

1. INTRODUCTION
The governing equations for displacement and temperature fields in the linear dynamical theory of classical
thermoelasticity consist of the coupled partial differential equation of motion and Fourier’s law of heat conduction equation. The equation for displacement field is
controlled by a wave type hyperbolic equation, whereas
that for the temperature field is a parabolic diffusion
type equation. This amounts to the remark that the classical thermoelasticity predicts a finite speed for predominantly elastic disturbances but an infinite speed for
predominantly thermal disturbances, which are coupled
together. This means that a part of every solution of the
equations extends to infinity.
Copyright © 2010 SciRes.

Biot [1] formulated the theory of coupled thermoelasticity (named as C-D theory) to eliminate the paradox
inherent in the classical uncoupled theory of thermoelasticity that the elastic changes have no effect on the temperature. But, the classical dynamical coupled theory of
thermoelasticity still based on a parabolic heat equation,
which predicts an infinite speed for the propagation of
heat wave, contradicts the physical facts. Generalized
theories of thermoelasticity have been developed that are
free from this paradox. Lord and Shulman [2] (L-S theory) introduced the theory of generalized thermoelasticity based on a new law of heat conduction by incorporating a flux rate term and involved a hyperbolic type of
heat transport equation (called the generalized thermoelasticity with one relaxation time). The L-S theory was
extended by Dhaliwal and Sherief [3] to the case of anisotropic media. Uniqueness of the solution for the generalized thermoelasticity with one relaxation time under
a variety of conditions was proved by Ignaczak [4] and
Sherief and Dhaliwal [5]; respectively. Generalized theory of thermoelasticity with two relaxation time parameters has also been proposed. Based on a generalized
inequality of thermodynamics, Green and Lindsay [6]
developed the theory of thermoelasticity with two relaxation time parameters (named as G-L theory). The
G-L theory doesn’t violate the Fourier’s law of heat conduction when the body under consideration has a center
of symmetry. In this theory, both the equations of motion
and heat conduction are hyperbolic but the equation of
motion is modified and differs from that of the classical
dynamical coupled theory of thermoelasticity.
The axisymetric multilayered hollow cylinder problems have been discussed by some researchers in the uncoupled, coupled and generalized thermoelasticity in the
recent years. Jane and Lee [7] considered the thermoelasticity of multilayered cylinders subjected to known
temperatures at traction-free boundaries by using Laplace transform and the finite difference method. Kandil
Openly accessible at http://www.scirp.org/journal/NS/
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[8] studied the effect of steady-state temperature and
pressure gradient on compound cylinders fitted together
by shrink fit. Sherief and Anwar [9] discussed the problem of an infinitely long elastic circular cylinder; whose
inner and outer surfaces are subject to known temperature and traction free. Yang and Chen [10] discussed the
transient response of one-dimensional quasi- static coupled thermoelasticity problems of an infinitely long annular cylinder composed of two different materials. Lee
[11] solved the two-dimensional, quasi-static coupled,
thermoelastic problem of finitely long hollow cylinder
composed of two different materials with axial symmetry.
Chen et al. [12,13] discussed also the transient response
of one-dimensional quasi static coupled and uncoupled
thermoelasticity problems of multilayered hollow cylinder. Allam et al. [14] solved the problem of an infinite
body with a circular cylindrical hole in a harmonic field
in the context of the generalized theory of thermoelasticity. In a recent article, Zenkour et al. [15] presented the
static bending response for a simply supported functionally graded rectangular plate subjected to a through-thethickness temperature field under the effect of various
theories of generalized thermoelasticity with relaxation
times.
In the present article, the analytical expressions for
displacements, temperature and stresses of finitely long
hollow cylinder composed of two different materials
with axial symmetry are found in final forms. Numerical
examples have been taken to discuss the effect of the
relaxation times. Finally, the results have been illustrated

r

graphically to find the differences between the different
generalized theories of thermoelasticity.

2. FORMULATION OF THE PROBLEM
Through this area of research, we consider the following boundary value problem. We deal with a problem
of finitely long hollow cylinder composed of three layered of two different materials with axial symmetry. The
length of the multilayered hollow cylinder is L, and; the
inner and outer radii of the cylinder are denoted by ri
and ro , respectively (see Figure 1).
We assume that, the hollow cylinder is taken to be
heated suddenly at the inner and outer surface under
temperature i and o , respectively. We take into account that the body forces are absent, and then the fundamental equations of the boundary value problem in the
context of the different theories of generalized thermoelasticity; in the case of quasi-static; can be written as:
1) Equilibrium equations for the cylinder along r and z
directions:

r  r

 r
 rz
r
    0,
z
r

 rz  r

(1)

 z

 r rz  0.
z
r

(2)
where  ij are the components of stress tensor and
(r ,  , z ) are the cylindrical coordinate system.
2) General heat conduction equation in the context of
generalized thermo-elasticity theories:
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in which     0 is the temperature and 0 is the
reference temperature;  i are the components of strain
tensor; t2 and t3 are the second and third thermal
relaxation times;  r ,  and  z are the thermal con-

ductivity;  is the density; and c is the specific heat
at constant deformation. The components of the thermoelastic tensor are given by

1
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where  rz , r and  z are Poisson’s ratios; Er , E
r
and E z are Young’s moduli; and  r , and  z are
linear thermal expansion coefficients.
3) Duhamel-Neumann’s relations for layer number k:
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(4)

z
Figure 1. The three-layer hollow cylinder and its coordinate
system.
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where t1 is the first thermal relaxation time and U i
are the components of displacement vector. The elastic
constants cij are given by
E r (1  z z )
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The full system equations for the different theories of
generalized thermoelasticity will appear by the following
instructions:
1) t1  t 2  t3  0, C-D theory,
2) t1  0, t2  t3  0, L-S theory,
3) t1  0, t2  0, t3  0, G-L theory.

3. SOLUTION OF THE PROBLEM
Substituting Eqs.5-8 into Eqs.1-3, we get the following system of partial differential equations:
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Eqs.10 and 11 represent the equations of equilibrium
for the hollow cylinder along the r and z directions, respectively, while Eq.12 represents the coupled transient
heat conduction equation for the kth layer of the axisymmetric hollow cylinder. The boundary and interface
conditions of the present composite hollow cylinder are
given by:

3.1. Boundary Conditions
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To solve the above equations, we introduce the following dimensionless quantities:
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3.2. Interface Conditions
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3.3. Initial Conditions
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Note that, the index “1” represents the thermomechanical properties of layer 1. Substituting the above
dimensionless quantities into Eqs.10-12, we get
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The dimensionless stresses are also given by
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The solution of Eqs.16-18 may be given by using the
following substitutions of T  ,U r and U z that satisfy
the boundary conditions given in Eq.13:
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where the functions f1 and f 2 are given, respectively,
by:
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Using Eq.23 into Eqs.15-17, one can get
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Table 1. The geometry and material constants of a finitely long
The solution of the above system of first-order differential equations may be easily given for all theories. The
hollow cylinder.
corresponding solutions for C-D, L-S and G-L theories
Material 1
Material 2
are also obtained from the general one.

 N
Er  2
m

4. NUMERICAL EXAMPLES
In order to illustrate the results graphically, the geometry and thermoelastic constants for the two materials
of the hollow cylinder are given in Table 1. The cylinder
is composed of three layers of two distinct materials
with the same thickness of each layer. Layers 1 and 3
have properties of the same material. So, the two interfaces are given at R = 0.5 and R = 0.75, respectively. The
various non-dimensional parameters used are:
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The numerical results are plotted in Figures 2-17. The
values of 0 and  are taken to have the same value
as  0    5. The values of i and o and 1 ,  2 ,
and  3 are given, respectively, in terms of  0 and
 . The ratio of the outer radius of the cylinder to its
length is given by ro / L  0.2. In addition, the * is
dropped, for simplicity, from the dimensionless relaxation times.
Figure 2 illustrates the variation of dimensionless
temperature T through axial parameter Z, for value of
the dimensionless time namely   8 and at the second
interface of the dimensionless radial direction (R = 0.75).
The computations were carried out for C-D, L-S and
G-L theories of thermoelasticity. Figure 3 shows the
variation of dimensionless radial stress  1 through the
axial parameter Z. The values of dimensionless time and
radial direction are chosen to be 8 and 0.75, respectively.
The results were calculated for L-S and G-L theories.
In what follows, we restrict our attention to the results
of L-S theory. Figures 4,6,8,10,12,14 and 16 illustrate,
respectively, the variation of dimensionless radial and
axial displacements, u1 and u3 ; the dimensionless
temperature T; and the dimensionless stresses  1 ,
 2 ,  3 , and  5 through the radial direction of the
multilayered hollow cylinder for different values of the
dimensionless time   5,7, and 9 with the relaxation
time t3  t2  20 . Similar results are plotted in Figures
5,7,9,11,13,15, and 17 through the radial direction of the
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Figure 2. Variation of dimensionless temperature T through the
axial direction of the hollow cylinder for various thermoelasticity theories (  = 8; R = 0.75).
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Figure 3. Variation of dimensionless radial stress  1 through the axial direction of the hollow cylinder for L-S and G-L
theories (  = 8; R = 0.75).
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Figure 4. Variation of dimensionless radial displacement
u1 through the radial direction of the hollow cylinder for different values of the time parameter  ( t 2  t3  20 ).
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Figure 7. Variation of dimensionless axial displacement u3
through the radial direction of the hollow cylinder for different
values of the relaxation time ( t2  t3 ,   7 ).
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Figure 6. Variation of dimensionless axial displacement u3
through the radial direction of the hollow cylinder for different
values of the time parameter  ( t2  t3  20 ).
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Figure 5. Variation of dimensionless radial displacement u1
through the radial direction of the hollow cylinder for different
values of the relaxation time ( t2  t3 ,   7 ).
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Figure 8. Variation of dimensionless temperature T through the
radial direction of the hollow cylinder for different values of
the time parameter  ( t2  t3  20 ).
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Figure 9. Variation of dimensionless temperature T through the
radial direction of the hollow cylinder for different values of
the relaxation time ( t 2  t3 ,   7 ).
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Figure 11. Variation of dimensionless radial stress  1 through the radial direction of the hollow cylinder for different
values of the relaxation time ( t2  t3 ,   7 ).
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Figure 13. Variation of dimensionless axial stress  3 through the radial direction of the hollow cylinder for different
values of the relaxation time ( t2  t3 ,   7 ).
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Figure 10. Variation of dimensionless radial stress  1 through the radial direction of the hollow cylinder for different
values of the time parameter  ( t2  t3  20 ).
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Figure 12. Variation of dimensionless axial stress  3 through
the radial direction of the hollow cylinder for different values
of the time parameter  ( t2  t3  20 ).
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Figure 14. Variation of dimensionless circumferential stress
 2 through the radial direction of the hollow cylinder for
different values of the time parameter  ( t2  t3  20 ).
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multilayered hollow cylinder for different values of the
relaxation time (t3  t 2  20, 21, 22) when the dimensionless time   7 .
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5. CONCLUSIONS
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Figure 15. Variation of dimensionless circumferential stress
 2 through the radial direction of the hollow cylinder for
different values of the relaxation time ( t 2  t3 ,   7 ).
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Figure 16. Variation of dimensionless shear stress  5
through the radial direction of the hollow cylinder for different
values of the time parameter  ( t2  t3  20 ).

at King AbdulAziz University, Grant No. 181/428.

t2 = 20
t2 = 21
t2 = 22

120
Shear stress σ5

6. ACKNOWLEDGEMENTS
This paper is fully supported by the Deanship of Scientific Research

160

80

REFERENCES
[1]

40

[2]

0
-40

[3]

L-S
-80
0.25

The conclusion of the above results may be given as:
1) Figure 2 illustrates that the dimensionless temperature is slightly changed and the differences
between C-D, L-S, and G-L are very small (tiny).
The coupled theory (C-D) may give results with
small relative error compared with those given by
Lord and Shulman’s (L-S) and Green and Lindsay’s
(G-L) theories. However, the results of L-S and G-L
are much closed to each other (see Figure 3).
2) The plots of results given by Lord and Shulman’s
theory show that the effect of the dimensionless
time is slightly clear in the first layer, but in the
second and third layers the effect is not declared.
This happened for dimensionless radial and axial
displacements (see Figures 4-7), and axial, circumferential, and shear stresses (see Figures 12-17).
3) However, for dimensionless temperature and radial
stress, the effects of dimensionless time is very
clear in the first layer and start to decrease with the
increase of radial direction in the second and third
layer (see Figures 8-11).
4) The effect of the relaxation time of Lord and Shulman’s theory in all physical waves (displacements,
temperature and stresses) is clear in the first layer,
but is less considerable in the second and third layers. This revealed that the effect of the relaxation
time has no effect when the dimensionless radius is
increasing.

0.375

0.5
0.625
0.75
Radial parameter R

0.875

1

Figure 17. Variation of dimensionless shear stress  5 through the radial direction of the hollow cylinder for different
values of the relaxation time ( t2  t3 ,   7 ).
Copyright © 2010 SciRes.

[4]
[5]

Biot, M. (1956) Thermoelasticity and irreversible thermo-dynamics. Journal of Applied Physics, 27, 240-253.
Lord, H.W. and Shulman, Y.A. (1967) A generalized
dynamical theory of thermoelasticity. Jornal of Mechanics and Physics of Solids, 15, 299-309.
Dhaliwal, R.S. and Sherief, H.H. (1980) Generalized
thermoelasticity for anisotropic media. Quarterly of Applied Mathematics, 38, 1-8.
Ignaczak, J. (1979) Uniqueness in generalized thermoelasticity. Journal of Thermal Stresses, 2, 171-175.
Sherief, H.H. and Dhaliwal, R. (1980) A uniqueness
theorem and a variational principle for generalized thermoelasticity. Journal of Thermal Stresses, 3, 223-230.
Openly accessible at http://www.scirp.org/journal/NS/

D. S. Mashat et al. / Natural Science 2 (2010) 1171-1179
[6]

Green, A. and Lindsay, K. (1972) Thermoelasticity.
Journal of Elasticity, 2, 1-7.
[7] Jane, K.C. and Lee, Z.Y. (1999) Thermoelasticity of multilayered cylinder. Journal of Thermal Stresses, 22,
57-74.
[8] Kandil, A. (1975) Investigation of stress analysis in compound cylinders under high pressure and temperature.
M.Sc. Thesis, CIT Helwan.
[9] Sherief, H.H. and Anwar, M.N. (1988) A problem in
generalized thermoelasticity for an infinitely long annular cylinder. International Journal of Engineering Science, 26, 301-306.
[10] Yan, Y.C. and Chen, C.K. (1986) Thermoelastic transient
response of an infinitely long annular cylinder composed of two different materials. International Journal of
Engineering Science, 24, 569-581.
[11] Lee, Z.-Y. (2006) Generalized coupled transient response
of 3-D multilayered hollow cylinder. International Com-

Copyright © 2010 SciRes.

1179
117

munications in Heat and Mass Transfer, 33, 1002-1012.
[12] Chen, C.K., Hung, C.I. and Lee, Z.Y. (2001) Transient
thermal stresses analysis of multilayered hollow cylinder.
Acta Mechanica, 151, 75-88.
[13] Chen, C.K., Hung, C.I. and Lee, Z.Y. (2001) Thermoelastic transient response of multilayered hollow cylinder
with initial interface pressure. Journal of Thermal Stresses, 24, 987-1006.
[14] Allam, M.N., Elsibai, K.A. and Abouelregal, A.E. (2002)
Thermal stresses in a harmonic field for an infinite body
with a circular cylindrical hole without energy dissipation. Journal of Thermal Stresses, 25, 57-67.
[15] Zenkour, A.M., Mashat, D.S. and Elsibai, K.A. (2009)
Bending analysis of functionally graded plates in the
context of different theories of thermoelasticity. Mathematical Problems in Engineering, 2009, Article ID
962351, 1-15.

Openly accessible at http://www.scirp.org/journal/NS/

9 772150 409002

10

