
Abstract

Multianalyte immunoassay has gained increasing
attention due to its high sample throughput, short
assay time, low sample consumption and reduced
overall cost per assay. Most of the current
developed approaches for multianalyte
immunoassay are based on spatial-resolved,
multilabel or separation mode. This paper
reviews the progress of multianalyte
immunoassay and its applications in different
fields with 90 references. The outlook of this
promising technique has been discussed.
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Introduction

As a promising approach for selective and
sensitive analysis, immunoassay has recently
gained increasing attention in different fields
including environmental monitoring, clinical
diagnosis, food safety, pharmaceutical analysis
and bacteria identification. It is often necessary
to monitor or quantitate several components in a
complex system. For example, due to the limited
specificity and sensitivity of biomarkers for
clinical diagnosis, the measurement of a single
biomarker is usually insufficient for diagnostic
purpose. Some studies have showed that the
measurement of biomarkers panel can avoid false
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positive or false negative results to improve their
diagnostic value (1). Traditionally, immunoassay
of analytes panel is performed as discrete tests,
i.e., one analyte per assay run, and several runs
are needed to detect all components in a complex
system. Great consumptions of time, reagent and
labor limit the application. To dissolve these
limitations, multianalyte immunoassay (MAIA)
that can measure two or more analytes in a single
run has become a long-cherished goal of
immunochemist since simultaneous
radioimmunoassay of human insulin and growth
hormone in serum sample using I-131 and I-125
as labels was reported in 1966 (2). Compared
with parallel single-analyte immunoassay
methods, MAIA offers some remarkable
advantages, such as high sample throughput,
improved assay efficiency, low sample
consumption and reduced overall cost per assay
(3). This review focuses on the progress and
applications of MAIA, including spatial-
resolved, multilabel and separation modes.

1.  Spatial-Resolved Mode

The spatial resolution of different
immunoreaction areas using a universal label for
fluorescent, chemiluminescent (CL),
spectrophotometric, electrochemical, and
piezoelectric detections with array detectors
including charge-coupled device (CCD) camera
and multichannel electrochemical workstation is
the most popular MAIA method.
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1.1 Optical detection

Antigen and antibody arrays dotted on planar
supports, such as multi-well plate, nylon
membrane and glass slide, combined with
fluorescent probes (4-10) and enzymes (9, 11-
13) as labels are traditionally adopted to perform
spatial-resolved MAIA using CCD and laser
scanner detector.

Weller’s group (14) proposed a parallel affinity
sensor array for the rapid analysis of 10
antibiotics in milk. Microscope glass slide
modified with (3-glycidyloxypropyl)
trimethoxysilane was used for the preparation of
hapten microarray and inserted into a flow cell
to act as an automated flow-through CL
multianalyte immunosensor. After incubation
process, the horseradish peroxidase labeled
immunocomplexes of the 10 antibiotics
generated enhanced CL signals, which were
recorded with a CCD camera. The fully
automated liquid handling and sample processing
enabled one analysis cycle to be completed in
less than 5 min. With the similar device and
protocol, multiple herbicides (15, 16) and
allergen-specific IgE in human serum (17) have
been assayed in array mode.

Jiang et al. (18) reported a miniaturized,
microfluidic version of serial-dilution fluorescent
immunoassay for antibodies in HIV+ human
serum. In this assay, serially diluted solutions of
serum flowed in channels across orthogonal,
parallel strips of HIV ENV proteins (gp41 and
pg 120) adsorbed on a polycarbonate membrane.
The bound antibodies could be measured using
a second, fluorescent labeled antibody. This assay
used a microdilutor network to achieve serial
dilution and allowed simultaneous, quantitative
analysis of multiple analytes with high
concentrations on a single chip.

Some immunosensors arrays composed of
recognition component, fluidics component for

movement of various solutions and detector for
collection of signals produced from positive
samples have been developed at the Navel
Research Laboratory, USA. Sandwich
fluoroimmunoassays are performed on the
surface of microscope slides previously patterned
with stripes of capture antibodies. After both
sample and fluorescent tracer antibodies are
introduced in a direction perpendicular patterned
with stripes of capture antibodies, the
immunocomplexes formed can be observed as a
checkerboard pattern of fluorescent spots excited
by evanescent wave on the surface. These array
immunosensors have been successfully applied
in MAIA of proteins, bacterias and biohazards
(19-27).

Barzen et al. (28-30) proposed several optical
multianalyte immunosensors for environment
pollutants based on flow-injection immunoassay
coupled with total internal reflection fluorescent
detection. They immobilized haptens on the
different areas of transducer surface of the flow
cell and determined simultaneously multiple
pollutants in a spatial-resolved and competitive
mode. Rodriguez-Mozaz et al. (31)
simultaneously detected atrazine, isoproturon
and estrogen estrone in river water using an
immunosensor fabricated with a similar protocol
(Figure 1). The performance of the developed
immunosensor was evaluated against a well-
accepted traditional method based on solid-phase
extraction followed by liquid chromatography-
mass spectrometry, and the results obtained from
the two methods indicated good agreement.

A one-step lateral flow immunoassay on a strip
format for the rapid and simultaneous detection
of free and total prostate specific antigens (f-PSA
and t-PSA) and estimation of f-PSA to t-PSA
ratio (f/t-PSA) in serum has been reported (32).
Herein, f-PSA or t-PSA is sandwiched between
anti-f-PSA or anti-t-PSA monoclonal antibodies
parallel immobilized on the strip and a colloidal
gold labeled anti-PSA tracer antibody. The
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presence of f-PSA and t-PSA results in the
appearance of two parallel pink colour lines. Two
membrane-based competitive immunoassays
using gold particles and horseradish peroxidase
(HRP) as tracers in lateral flow format have also
been developed for MAIAs of carbaryl and
endosulfan (33). The visual detection limits for
carbaryl and endosulfan are 100 and 10 µg/L with
gold and 10 and 1 µg/L with HRP as labels,
respectively.

Yacoub-George et al. (34) designed a portable
multichannel immunosensor for biological
warfare agents, which was based on a capillary
ELISA technique in combination with a
miniaturized fluidics system and used CL as the
detection principle (Figure 2). The fluidic system
allowed three CL immunoassays to be performed
simultaneously within three fused silica
capillaries with three photodiodes as detectors.
Koch et al. (35) also presented a portable optical
multichannel immunosensor for the simultaneous
operation of three flow-through capillary enzyme
immunoassays. The parallel operation was
achieved by stop-flow incubation. When one
capillary was in the process of signal collection,
the other two were in incubation procedure. This
work represented a versatile tool for
immunoassay of several biological warfare
agents in parallel with only one non-array
detector.

The application of a surface plasmon resonance-
based biosensor with four flow channels in
combination with a mixture of four specific
antibodies resulted in a competitive inhibition
MAIA for the simultaneous detection of five
aminoglycosides in reconstituted skimmed milk
(36). Chung et al. (37) developed a sequential
method for the analysis of HRP and bovine serum
albumin using a surface plasmon resonance
biosensor. Non-array fluorescent detector has
also been used for spatial-resolved detection of
multiple pesticides (38), hormones (39) and
proteins (40) by moving the antigens or

antibodies immobilized affinity microcolumn
and capillary immunosensor with a motorized
translational stage. Owing to the relatively
complicated detection device, this strategy needs
to be further improved.

1.2   Electrochemical detection

Amperometric immunosensor array fabricated
with multiple working electrodes sharing one
common counter electrode and reference
electrode has been successfully used for MAIA
of pepsinogens (41), tumor markers (42-45) and
hormones (46). CombiMatrix Corporation (47)
developed a microarray of individually
addressable electrodes using conventional
CMOS integrated circuitry. This microarray
system provided a host for MAIA due to the large
number of electrodes available, which integrated
over 1000 electrodes per square centimeter. The
results for human α 1 acid glycoprotein, ricin,
M13 phage, Bacillus globigii spore, and
fluorescein indicated that this method was one
of the most sensitive available, with limits of
detection in the attomole range. Electrochemical
sensor array often suffers from cross-talk due to
the diffusion of electroactive product generated
at one electrode to a neighboring electrode
(43,45). Thus, an enough spatial distance
between adjacent electrodes is necessary to
cumber the diffusion procedure. Use of double
siloxane layer (45) and iridium oxide (42-44)
matrix can retard the diffusion of enzyme-
generated product to lower cross-talk.

Ju et al. (48,49) proposed two disposable
immunosensor arrays for simultaneous
electrochemical determination of multiple tumor
markers. The low-cost immunosensor arrays
were fabricated simply using cellulose acetate
membrane to co-immobilize thionine as a
mediator and antigens on different working
electrodes of a screen-printed chip, on which the
immobilized thionine shuttled electrons between
HRP labeled to antibodies and the electrodes for
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enzymatic reduction of H
2
O

2
 to produce

detectable signals. This chip could avoid the
electrochemical and electronic cross-talks
between the electrodes, which enabled the arrays
to be miniaturized without considering the
distance between immunosensors.

Kong et al. (50,51) proposed two arrays of eight
electrodes for label-free capacitive and
conductive immunoassay of liver fibrosis
markers using ultrathin α 1 alumina sol-gel films
and electrochemically deposited polypyrrole to
immobilize antibodies, respectively.

1.3. Mass-sensitive detection

Luo et al. (52) constructed a 2x5 model
piezoelectric immunosensor array fabricated
with disposable quartz crystals for quantification
of microalbumin, 1-microglobulin, α 2
microglobulin, and IgG in urine. With the
piezoelectric immunosensor array, 4 urinary
proteins could be quantified within 15 min. This
method had an analytical interval of 0.01-60 mg/
L. Similarly, a novel simultaneous immunoassay
technique has been developed for the
determination of complement factors (C

4
,C

5
,C

lq

and B factor) by constructing a piezoelectric
quartz crystal array system (53). These mass-
sensitive piezoelectric immunosensor arrays can
provide a convenient label-free approach to
MAIA.

1.4. Optical encoding and addressing

Spatial-resolved arrays are typically
manufactured by labor-intensive methods
requiring high precision such as ink-jet printing,
micromachining, photolithography, and
photodeposition. Randomly ordered addressable
sensor array developed in Walt’s laboratory (54)
provided an alternative approach to array
fabrication. In this approach, micrometer-sized
sensors were produced by immobilizing different
recognition molecules on the surface of
microparticles encoded using two fluorescent

dyes. The addressing procedure was performed
by taking the fluorescence intensity at each
emission wavelength and then dividing the two
values to get the signature of that particular ratio.
With this principle, multiple drugs (55), proteins
(56-58), biological warfare agents (59) and
cytokines (60) were simultaneously detected with
CL or fluorescent method and randomly ordered
antibodies immobilized copolymer microspheres
or metallic particles as microsensors.

Theoretically, thousands of antigens or antibodies
can be spotted onto one single planar support to
screen thousands of analytes. Although this mode
can screen large numbers of analytes, accurate
quantitative data in these arrays are usually
limited or difficult to be obtained (44). Requiring
of complicated and expensive spotting technique
with high precision also greatly limits its
application. Although optical encoding and
addressing allows randomly ordered sensor
arrays to be identified for MAIA, the encoding
process complicates the manipulation.
Furthermore, spatial-resolved MAIA is typically
performed with expensive array detector such as
CCD camera for optical detection or multi-
channel workstation for electrochemical
measurement (61).

2. Multilabel Mode

The second dominant mode for MAIA is
performed using different labels to tag antibodies
or antigens (one per analyte), including
radioisotopes, enzymes, fluorescent and metal
compounds. Different analytes can be easily
distinguished using these labels by such
parameters as potential, wavelength, decay time
and so on.

2.1 Wavelength resolution

ELISA for MAIA involves labeling the analytes
with various enzymes, whose catalyzed reactions
can easily be distinguished from each other by
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absorption spectra (62, 63). Selection of the
enzyme labels is a key step in the development
of an ELISA based MAIA. Blake et al. (62)
mentioned that the ideal enzyme labels for MAIA
should meet the following requirements: (i) the
enzymes should be readily available,
inexpensive, and have high turnover numbers;
(ii) each enzyme must be stable under the
selected simultaneous assay conditions and not
easily to be interfered by other enzyme or its
substrate; (iii) all enzymes must have similar
optimal assay conditions; (iv) the assay method
for each enzyme should be simple, sensitive,
rapid, and cheap; (v) all enzymes should not
occur in the practical sample to be assayed, and
interfering factors should be absent; (vi) each
enzyme should contain potentially reactive
groups that allow linking to antigen or antibody
while retaining the enzyme activity; (vii) the
spectra of the products of the enzyme-catalyzed
reactions should not overlap with each other.

Ihara et al. (64) immobilized a mixture of
antigenic peptides of FAK and c-Myc to
nanospheres with red emission, and a mixture of
c-Myc and α catenin to green nanospheres,
respectively. As seen in Figure 4 (64), anti-FAK
and anti α catenin antibodies could form
aggregates with red and green emissions,
respectively. The anti-c-Myc antibody could
form aggregate emitting yellow light as a result
of color overlapping. This strategy enabled
specific antibodies to be detected in one-step
procedure with color-encoded nanospheres.
Swartzman et al. (65) proposed a bead-based
two-color MAIA for cytokines IL-6 and IL-8
using Cy5.5 and Cy 5 as fluorescent labels,
respectively. The linear dynamic ranges of them
were 125-4000 pg/mL and 15.6-2000 pg/mL,
respectively. This work utilized fluorometric
microvolume assay technology to image and
measure bead-bound fluorescence while the
background fluorescence was ignored.
Consequently, no wash steps were required to
remove unbound antibody, ligand, and

fluorophore. Goldman et al. (66) used antibody-
conjugated quantum dots with emission
maximums at 510, 555, 590, and 610 nm to
demonstrate multiplex assays for four protein
toxins present in the same sample. However, a
deconvolution of composite spectra was needed
to distinguish the overlapping signals.

2.2. Time resolution

The fluorescence of lanthanide chelates has the
advantages of high quantum yield, long decay
time, exceptionally large Stoke’s shift, and
narrow emission peak. Specific chelate
fluorescence can be easily distinguished from the
sample matrix fluorescence and the scattered
light, and the fluorescence from different
lanthanides can also be easily discriminated due
to their difference in decay time and emission
wavelength, which makes the lanthanide chelates
preferable to any other probes for developing
multilabel-based time-resolved MAIA. Of the 15
lanthanide ions, Eu3+, Sm3+, and Tb3+ are the most
commonly employed probes, and have been
widely used for time-resolved fluorescent MAIA
of multiple tumor markers (67), hormones (68),
recombinant proteins (69) and antibodies (70).

Ito et al. (71) developed a simple and rapid time-
resolved fluoroimmunoassay for simultaneous
determination of alpha-fetoprotein (AFP), human
chorionic gonadotropin (hCG) and estriol (E3)
using Eu3+ and Sm3+ chelates. In this proposed
method, a 96-well microtiter plate for AFP and
hCG assay and a transferable solid phase plate
for E3 assay were combined to perform MAIA
of the three analytes with only two probes. The
measurable ranges for AFP, hCG and E3 were
3.91-1000 ng/mL, 877-250 000 IU/L and 0.39-
100 ng/mL, respectively.

2.3. Potential resolution

The dual-analyte homogeneous immunoassay of
phenobarbital and phenytoin was carried out
simultaneously at physiological pH by square-
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wave voltammetry on Nafion-loaded carbon
paste electrode. Phenobarbital and phenytoin
were labeled by cobaltocenium salt and
ferroceneammonium salt with standard redox
potentials of -1.05V and 0.26 V, respectively.
Detection limits of 0.25 and 0.2 mu were
achieved for the two antiepileptic drugs,
respectively (72). As seen in Figure 5 (73), an
electrochemical stripping immunoassay protocol
using different inorganic nanocrystal as tracers
and magnetic beads as support has been
developed for the simultaneous measurements
of proteins. Each biorecognition event yields a
distinct voltammetric peak, whose position and
size reflect the identity and concentration of the
corresponding analyte, respectively. This
protocol has been used for a simultaneous
immunoassay of β 2 microglobulin, IgG, bovine
serum albumin, and C-reactive protein using
ZnS, CdS, PbS, and CuS colloidal crystals as
labels, respectively (73). Hayes et al. (74)
proposed a MAIA method for human serum
albumin and IgG. Bismuth and indium ions were
coupled to the two proteins through the
bifunctional chelating agent diethylenetriamine-
pentaacetic acid. Following the competitive
reactions between unlabeled and labeled proteins
for limited amount of specific antibodies
immobilized on polystyrene, the bound metal ion
labels were released by acidification and detected
by differential pulse anodic stripping
voltammetry with detection limits of 1.8 and 0.6
pg/mL for human serum albumin and IgG,
respectively.

2.4. M/e resolution

Zhang et al. (75) developed a dual-label
immunoassay method for the simultaneous
determination of AFP and free hCG  β  in human
serum. Monoclonal antibodies immobilized on
microtiter plates captured AFP and hCG beta,
which were detected by Eu3+-labeled AFP and
Sm3+-labeled hCG β tracer antibodies with
inductively coupled plasma mass spectrometry

(ICPMS) after Eu3+ and Sm3+ were dissociated
from the plates with HNO

3
 solution. However,

this technique could not be used for microarray
detection since it was necessary to dissolve the
elemental tags before introducing them into the
plasma source. They (76) also reported the
detection of multiple proteins on each spot of
the immuno-microarray by laser ablation
ICPMS. AFP, carcinoembryonic antigen (CEA)
and human IgG were detected as model proteins
in sandwich format on a microarray with Sm3+-
labeled AFP antibody, Eu3+-labeled CEA
antibody, and Au nanoparticle-labeled IgG
antibody as tracer antibodies. The detection limits
were 0.20, 0.14, and 0.012 ng/mL for AFP, CEA,
and human IgG, respectively. This detection
method allowed detection of multiple analytes
from each spot of microarray with a spatial
resolution at micrometer range, which could
alleviate the stress to fabricate high-density
arrays.

2.5. Scintillation energy resolution

In 1966, as the founder of MAIA, Morgan (2)
proposed an original simultaneous
radioimmunoassay of human insulin and growth
hormone in serum sample using I-131 and I-125
as labels and exploiting the difference in
scintillation energy produced from the two
radioisotopes to discriminate the two analyte.
Similarly, the simultaneous radioassay of
vitamins (77) and hormones (78) could be carried
out using Co-57 and I-125 as probes. Recently,
few attention is paid to the radioimmunoassay
based MAIA due to the damage of radioisotopes
to environment and operator.

2.6. Substrate zone resolution

It has been noted that the different labels used in
multilabel mode often need markedly different
optimal assay conditions, and traditionally
simple combination of multiple labels often leads
to loss of assay performance (2). Furthermore,
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this mode sometimes suffers from signal
overlapping of different labels (66).

Ju et al. (61) designed a substrate zone-resolved
multianalyte immunosensing system, with which
HRP labeled carcinoma antigen 125 (CA 125)
immunocomplex and alkaline phosphatase
labeled CEA immunocomplex were sequentially
detected in their corresponding CL substrate
zones. This designed technique solved two key
problems in multilabel mode: one was to obtain
distinguishable CL signals without consideration
of wavelength, and the other was to enable each
CL reaction to be catalyzed by the label in its
optimal assay condition without loss of assay
performance. Unfortunately, as other MAIA
methods based on multilabel mode, this
technique encountered a difficulty to find more
available enzyme labels, which limited the
number of analytes. In order to overcome this
limitation, this group further proposed a two-
dimensional resolution system of channels and
substrate zones (79). Using CA 125, CA 153, CA
199 and CEA as two couples of model analytes,
two couples of capture antibodies were
immobilized in two channels, respectively. With
a sandwich format the CL substrates for alkaline
phosphatase and horseradish peroxidase were
delivered into the channels sequentially to
perform multiplex immunoassay after the sample
and trace antibodies were introduced into the
channels for on-line incubation. When three or
four channels were used in the flow-through
device, the detectable analytes in a single run
could be 6 or 8, respectively, with a 10 s longer
analytical time for each added channel.

3. Separation Mode

Another method coupled with separation
techniques such as capillary electrophoresis (CE)
and high-performance liquid chromatography
(HPLC) can be used for MAIA. Competitive
immunoassay combined with fluorescent
detection is generally adopted to perform CE

based MAIA, the analytes includes abused drugs
(79, 81) and peptides (82). Obviously this
strategy often suffers from the adsorption of
immunoreagents on inner wall of the capillary,
which can be prevented by optimization of
separation buffer type and pH that allowes
application of high electric field (82). An on-line
coupling of a label-free reflectometric
interference spectroscopic biosensor to a HPLC
system has been described for MAIA of four
pesticides (83). In this system a highly cross-
reactive antibody against the four pesticides is
used to bind the pesticides. The eluate of the
HPLC is mixed continuously with the antibodies,
and the presence of antigens is detected by a
reduction of the antibody binding to the
transducer.

Roda et al. (84) proposed a field-flow
fractionation (FFF)-CL based solid-phase
competitive immunoassay, in which micrometer-
sized beads coated with the capture antibody
were used as solid phase, and analyte-HRP
conjugate was used as tracer. Once the
competitive immunoreaction took place within
the injection loop of the system, the antibody-
bound tracer was separated from tracer in
solution in a few minutes by means of FFF. FFF-
based MAIA could be developed by use of beads
with different sizes (1-50 mu), each coated with
the specific antibody for one analyte. The beads
could be fractionated by FFF before CL signals
collection to realize detection of multiple
analytes in a single run.

The thermosensitive poly (N-
isopropylacrylamide) (PNIP) and magnetic beads
have been widely utilized as the separation
carriers for immunoassays. A fast homogeneous
immunoreaction as well as a simple
heterogeneous separation process is carried out
for MAIA in the light of some certain
characteristics of water-soluble PNIP and
magnetic beads, and thus, lower nonspecific
affinity and higher sensitivity are accomplished
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(85). The results of CL detection of IgG and IgA
indicate the detection limits as low as 2.0 and
1.5 ng/mL, respectively.

4. Cross-Reactivity

Cross-reactivity is a crucial analytical parameter
regarding specificity and reliability of MAIA,
which is frequently encountered in MAIA of
small molecule analytes. In many cases, the
antibodies recognize a variety of analogs and
metabolites of the target analyte, for example,
some s-triazines and their metabolites with
similar structures shown in Figure 6 (86). Even
monoclonal antibodies are often unable to
discriminate absolutely molecular analogs with
small structural differences. Efforts to derive
monoclonal antibodies to small analytes
generally produce panels of antibodies that differ
in their cross-reactivity for the primary target
analyte and its analogs and metabolites.
Antibodies arrays combined with some
chemometric means inclusive of neural network
are often used to overcome the difficulty in exact
quantitation resulted from the cross-reactivity
(86-90).

5. Conclusion and Outlook

In recent yeas, MAIA has attracted considerable
interest due to its outstanding advantage in assay
speed, cost and labor consuming. So far the
spatial-resolved mode has been the most popular
mode due to its high analyte throughput and large
information amount. The further work needs to
develop arrays with higher density and simpler
preparation protocol using cheaper array detector.
Most of the multilabel mode based methods focus
on using of lanthanide chelates as labels and
time-resolved fluorescent detection. More labels
with higher signal resolution degree and less
requirement to assay condition are urgently
needed. Various resolution methods in time,
space, substrates, reactants, labels and detection
methods will be designed and developed for
MAIA in the future. Military application and

environment monitor are anxious to
miniaturized, integrated and portable MAIA
system fit for field application. MAIA system
with high sample throughput and rapid assay
speed has great application potential in disease
screen.
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Fig 2 : Scheme representing the arrangement of the fluidics components of the CL multichannel
immunosensor for biological warfare agents.

Fig 1 : Scheme of flow-injection immunosensor used for detection of multiple pollutants in river
water.
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Fig 4 : Schematic illustration of the MAIA using selective aggregation of antigenic peptide-modi-
fied nanospheres.

Fig 3 : Schematic diagrams of (A) screen-printed four-electrode system and (B) preparation of
immunosensor array and MAIA procedure: (a) Nylon sheet, (b) silver ink, (c) graphite auxiliary
electrode, (d) Ag/AgCl reference electrode, (e) W1, (f) W2 and (g) insulating dielectric.
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Fig 6 : Some s-triazines and
their metabolites with similar
structures.

Fig 5 : Multiprotein electro-
chemical stripping immunoassay
protocol using different inorganic
nanocrystal tracers: (A) introduc-
tion of antibody-immobilized
magnetic beads, (B) capture of the
antigens to the antibodies-immo-
bilized magnetic beads, (C) cap-
ture of the nanocrystal-labeled
secondary antibodies and forma-
tion of sandwich immuno-
complexes, (D) dissolution of
nanocrystals and electrochemical
stripping detection.
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Abstract

Carrier erythrocytes, resealed erythrocytes loaded
by a drug or other therapeutic agents, have been
exploited extensively in recent years for both
temporally and spatially controlled delivery of a
wide variety of drugs and other bioactive agents
owing to their remarkable degree of
biocompatibility, biodegradability and a series of
other potential advantages. Biopharmaceuticals,
therapeutically significant peptides and proteins,
nucleic acid-based biologicals, antigens and
vaccines, are among the recently focused
pharmaceuticals for being delivered using carrier
erythrocytes. In this article, the potential
applications of erythrocytes in drug delivery have
been reviewed with a particular stress on the
studies and laboratory experiences on successful
erythrocyte loading and characterization of the
different classes of drugs.

Keywords

Erythrocyte, Carrier erythrocytes, Cellular
carriers, Resealed erythrocytes, Carrier RBCs.

Introduction

Drug delivery is now entering quite an exciting
and challenging era. Significant high costs
involved in the development of new drug
molecule has compelled scientists all over the
world to search for alternative ways of
administering the existing drug molecules with
enhanced effectiveness. Improper drug
administration inside the biological system not
only causes distress to other body tissues but also
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demands more therapeutic molecules to elicit the
appropriate response. Among the various carriers
used for targeting drugs to various body tissues,
the cellular carriers meet several criteria desirable
in clinical applications, among the most important
being biocompatibility of carrier and its
degradation products. Leucocytes, platelets,
erythrocytes, nanoerythrocytes, hepatocytes, and
fibroblasts etc. have been proposed as cellular
carrier systems (1, 2). Among these, the
erythrocytes have been the most investigated and
have found to possess greater potential in drug
delivery. Therapeutic uses of a variety of drug
carrier systems have significant impact on the
treatment and potential cure of many chronic
diseases, including cancer, diabetes mellitus,
rheumatoid arthritis, HIV infection, and drug
addiction.

Erythrocytes are natural products of the body,
biodegradable in nature, isolation of these is easy
and large amount of drug can be loaded in small
volume of cells, non immunogenic in action and
can be targeted to disease tissue or organ, prolong
the systemic activity of the drug while residing
for a longer time in the body (3), protest the
premature degradation, inactivation and excretion
of proteins and enzymes, act as a carrier for
number of drugs, target the drugs within the
reticuloendothelial system (RES) as well non
RES organs/sites. Moreover, the possibility of
targeting carrier erythrocytes to non-RES organs
has been exploited in recent years, e.g., using
homing devices such as IgG or IgM. Also these
cells are non-immunogenic and biodegradable;
they freely circulate throughout the body and
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offer ease of preparation; they have the capacity
to carry large amounts of drug; and can behave
as a slow-release long-acting system (4). Also,
as aging erythrocytes are normally phagocytized
by cells of the reticuloendothelial system, thus,
these cells could serve as a natural target for
delivery of their pay load to these organs.
Potential clinical indications for “RES targeting”
include iron over-storage diseases (5), parasitic
diseases (6), hepatic tumors (7), and lysosomal
storage diseases. Erythrocytes, also known as red
blood cells, have been extensively studied for
their potential carrier capabilities for the delivery
of drugs and drug-loaded microspheres. Such
drug-loaded carrier erythrocytes are prepared
simply by collecting blood samples from the
organism of interest, separating erythrocytes from
plasma, entrapping drug in the erythrocytes, and
resealing the resultant cellular carriers. Hence,
these carriers are called resealed erythrocytes.
Upon re injection, the drug-loaded erythrocytes
serve as slow circulating depots and target the
drugs to a reticuloendothelial system (RES).

Morphology and physiology of erythrocytes

Erythrocytes are the most abundant cells in the
human body (5.4 million cells/mm3 blood in a
healthy male and 4.8 million cells/mm3 blood in
a healthy female). These cells were described in
human blood samples by Dutch Scientist Lee Van
Hock in 1674. In the 19th century, Hope Seyler
identified hemoglobin and its crucial role in
oxygen delivery to various parts of the body.
Erythrocytes are biconcave discs with an average
diameter of 7.8µm, a thickness of 2.5µm in
periphery, 1µm in the center, and a volume of
85–91 µm3. The flexible, biconcave shape enables
erythrocytes to squeeze through narrow
capillaries, which may be only 3µm wide. Mature
erythrocytes are quite simple in structure (8), they
lack a nucleus and other organelles. Their plasma
membrane encloses hemoglobin, a heme-
containing protein that is responsible for O

2
–CO

2

binding inside the erythrocytes (9). The main role
of erythrocytes is the transport of O

2
 from the

lungs to tissues and the CO
2
 produced in tissues

back to lungs. Thus, erythrocytes are a highly
specialized O

2
 carrier system in the body. Because

a nucleus is absent, all the intracellular space is
available for O

2
 transport.

Erythrocytes live only about 120 days because
of wear and tear on their plasma membranes as
they squeeze through the narrow blood
capillaries. Worn-out erythrocytes are removed
from circulation and destroyed in the spleen and
liver (RES), and the breakdown products are
recycled. The process of erythrocyte formation
within the body is known as erythropoiesis (10).
In a mature human being, erythrocytes are
produced in red bone marrow under the
regulation of a hemopoietic hormone called
erythropoietin.

Source and isolation of erythrocytes

Various types of mammalian erythrocytes have
been used for drug delivery, including
erythrocytes of mice, cattle, pigs, dogs, sheep,
goats, monkeys, chicken, rats, and rabbits. To
isolate erythrocytes, blood is collected in
heparinized tubes by venipuncture (11).

Fresh blood is typically used for loading purposes
because the encapsulation efficiency of the
erythrocytes isolated from fresh blood is higher
than that of the aged blood. Freshly collected
blood is immediately freezed to 4 0C and stored,
it can be used for a period of two days. The
erythrocytes are then harvested and washed by
centrifugation. The washed cells are suspended
in buffer solutions at various hematocrit values
as desired and are often stored in acid–citrate–
dextrose buffer at 4 0C for a period of 48 h before
use (12).

Advantages of erythrocytes as drug carriers
(13)

1. These are biocompatible, particularly when
autologous cells are used, hence no
possibility of triggered immune response
and circulate throughout the body.
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2. These are biodegradable carriers with no
generation of toxic products, relatively inert
in intracellular environment and wide
variety of drugs that can be loaded.

3. These carriers prevent degradation of the
loaded drug from inactivation by
endogenous chemicals.

4. These carriers can be used for modification
of pharmacokinetic and pharmacodynamic
parameters of drug and attains steady-state
plasma concentration thereby decreases
fluctuations in blood concentration. The
incorporated drug can be released in zero-
order kinetics

Erythrocytes can be used as carriers in two
ways (14)

1. Targeting particular tissue/organ

2. For continuous or prolonged release of
drugs.

For targeting, only the erythrocyte membrane is
used. This is obtained by splitting the cell in
hypotonic solution and after introducing the drug
into the cells, allowing them to reseal into
spheres. Such erythrocytes are called Red cell
ghosts. Ghosts do not remain in the circulation
for a long time as they are quickly sequestered
and rapidly phagocytosed by the reticulo
endothelial cells in the liver and spleen. The
disadvantage of using ghosts is that they can be
targeted only to those tissues which contain
phagocytic cells (liver and spleen) and not to all
other tissues in the body alternatively,
erythrocytes can be used as a continuous or
prolonged release system, which provides
prolonged drug action. There are different
methods for encapsulation of drugs within
erythrocytes. They remain in the circulation for
prolonged periods of time (up to 120 days) and
release the entrapped drug at a slow and steady
rate.

Various methods of preparation of resealed
erythrocytes

Methods of Drug loading in resealed Erythrocytes

Membrane Electroen- Hypo- Lipid fusion
Perturbation capsulation osmotic endocytosis

 lysis

Dilution Dialysis Preswell Osmotic
Method method method lysis

When erythrocytes are osmotically lysed and then
resealed, there is an exchange of intracellular and
extracellular solutes. Therefore, a drug added
during the lysis procedures will be encapsulated
within the membrane envelope of erythrocytes.

Methods of drug loading (15)

Several methods can be used to load drugs or
other bioactive compounds in erythrocytes,
including physical (electrical pulse method)
osmosis-based systems, and chemical methods
(chemical perturbation of the erythrocytes
membrane). Irrespective of the method used, the
optimal characteristics for the successful
entrapment of the compound requires the drug
to have a considerable degree of water solubility,
resistance against degradation within
erythrocytes, lack of physical or chemical
interaction with erythrocyte membrane, and well-
defined pharmacokinetic and pharmacodynamic
properties. The comparison of different types of
methods of drug entrapment is shown table 1.
Schematic representation of entrapment of drug
into erythrocytes is given in figure 1.

Hypotonic hemolysis (16)

This method is based on the ability of
erythrocytes to undergo reversible swelling in a
hypotonic solution. Erythrocytes have an
exceptional capability for reversible shape
changes with or without accompanying volume
change and for reversible deformation under
stress. An increase in volume leads to an initial
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change in the shape from biconcave to spherical.
This change is attributable to the absence of
superfluous membrane; hence the surface area
of the cell is fixed. The cells assume a spherical
shape to accommodate additional volume while
keeping the surface area constant. The volume
gain is ~25–50%. The cells can maintain their
integrity up to a tonicity of ~150 mosm/kg, above
which the membrane ruptures, releasing the
cellular contents. At this point (just before cell
lysis), some transient pores of 200–500 Å are
generated on the membrane. After cell lysis,
cellular contents are depleted. The remnant is
called an erythrocyte ghost.

The principle of using these ruptured erythrocytes
as drug carriers is based on the fact that the
ruptured membranes can be resealed by restoring
isotonic conditions. Upon incubation, the cells
resume their original biconcave shape and
recover original impermeability.

Use of red cell loader (17)

Novel method for entrapment of non-diffusible
drugs into erythrocytes. Piece of equipment called
a “red cell loader”. With as little as 50 mL of a
blood sample, different biologically active
compounds were entrapped into erythrocytes
within a period of 2h at room temperature. The
process is based on two sequential hypotonic
dilutions of washed erythrocytes followed by
concentration with a hemofilter and an isotonic
resealing of the cells. There was ~30% drug
loading with 35–50% cell recovery. The
processed erythrocytes had normal survival in
vivo. The same cells could be used for targeting
by improving their recognition by tissue
macrophages.

Hypotonic dilution (18)

Hypotonic dilution was the first method
investigated for the encapsulation of chemicals
into erythrocytes and is the simplest and fastest.
In this method, a volume of packed erythrocytes

is diluted with 2–20 volumes of aqueous solution
of a drug. The solution tonicity is then restored
by adding a hypertonic buffer. The resultant
mixture is then centrifuged, the supernatant is
discarded, and the pellet is washed with isotonic
buffer solution. The major drawbacks of this
method include low entrapment efficiency and a
considerable loss of hemoglobin and other cell
components. This reduces the circulation half life
of the loaded cells. These cells are readily
phagocytosed by RES macrophages and hence
can be used for targeting RES organs. Hypotonic
dilution is used for loading enzymes such as
ßgalactosidase and ßglucosidase, asparginase,
and arginase, as well as bronchodilators such as
salbutamol.

Hypotonic preswelling (19)

This method was developed by Rechsteiner in
1975 and was modified by Jenner et al. for drug
loading. The technique is based upon initial
controlled swelling in a hypotonic buffered
solution. This mixture is centrifuged at low g
values. The supernatant is discarded and the cell
fraction is brought to the lysis point by adding
100–120 µL portions of an aqueous solution of
the drug to be encapsulated.

The mixture is centrifuged between the drug-
addition steps. The lysis point is detected by the
disappearance of a distinct boundary between the
cell fraction and the supernatant upon
centrifugation. The tonicity of a cell mixture is
restored at the lysis point by adding a calculated
amount of hypertonic buffer. Then, the cell
suspension is incubated at 370 C to re anneal the
resealed erythrocytes. Such cells have a
circulation half life comparable to that of normal
cells. This method is   simpler and faster than
other methods, causing minimum damage to
cells. Drugs encapsulated in erythrocytes using
this method include propranolol, methotrexate,
insulin, metronidazole, levothyroxine,
enalaprilat, and isoniazid.
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Hypotonic dialysis (20)

Several methods are based on the principle that
semipermeable dialysis membrane maximizes the
intracellular:extracellular volume ratio for
macromolecules during lysis and resealing. In the
process, an isotonic, buffered suspension of
erythrocytes with a hematocrit value of 70–80 is
prepared and placed in a conventional dialysis
tube immersed in 10–20 volumes of a hypotonic
buffer. The medium is agitated slowly for 2 h.
The tonicity of the dialysis tube is restored by
directly adding a calculated amount of a
hypertonic buffer to the surrounding medium or
by replacing the surrounding medium by isotonic
buffer. The drug to be loaded can be added by
either dissolving the drug in isotonic cell
suspending buffer inside a dialysis bag at the
beginning of the experiment or by adding the drug
to a dialysis bag after the stirring is complete. In
this method, the erythrocyte suspension and the
drug to be loaded were placed in the blood
compartment and the hypotonic buffer was placed
in a receptor compartment. This led to the concept
of “continuous flow dialysis,” which has been
used by several other researchers.

This method has been used for loading enzymes
such as ßgalactosidase, glucoserebrosidase,
asparginase, inositol hexaphosphatase, as well as
drugs such as gentamicin, adriamycin,
pentamidine and furamycin, interlukin-2,
desferroxamine, and human recombinant
erythropoietin.

Isotonic osmotic lysis (21)

This method, also known as the osmotic pulse
method, involves isotonic hemolysis that is
achieved by physical or chemical means. The
isotonic solutions may or may not be isoionic. If
erythrocytes are incubated in solutions of a
substance with high membrane permeability, the
solute will diffuse into the cells because of the
concentration gradient. This process is followed
by an influx of water to maintain osmotic

equilibrium. Chemicals such as urea solution,
polyethylene glycol, and ammonium chloride
have been used for isotonic hemolysis. However,
this method also is not immune to changes in
membrane structure composition. In 1987,
Franco et al. developed a method that involved
suspending erythrocytes in an isotonic solution
of dimethyl sulfoxide (DMSO). The suspension
was diluted with an isotonic-buffered drug
solution. After the cells were separated, they were
resealed at 37 0C.

Chemical perturbation of the membrane (22)

This method is based on the increase in
membrane permeability of erythrocytes when the
cells are exposed to certain chemicals. In 1973,
Deuticke et al showed that the permeability of
erythrocytic membrane increases upon exposure
to polyene antibiotic such as amphotericin B. In
1980, this method was used successfully by Kitao
and Hattori to entrap the antineoplastic drug
daunomycinin human and mouse erythrocytes.
Lin et al used halothane for the same purpose.
However, these methods induce irreversible
destructive changes in the cell membrane and
hence are not very popular.

Electro-insertion or electroencapsulation (23)

In 1973, Zimmermann tried an electrical pulse
method to encapsulate bioactive molecules. Also
known as electroporation, the method is based
on the observation that electrical shock brings
about irreversible changes in an erythrocyte
membrane. In 1977, Tsong and Kinosita
suggested the use of transient electrolysis to
generate desirable membrane permeability for
drug loading. The erythrocyte membrane is
opened by a dielectric breakdown. Subsequently,
the pores can be resealed by incubation at 37 0C
in an isotonic medium. The procedure involves
suspending erythrocytes in an isotonic buffer in
an electrical discharge chamber. A capacitor in
an external circuit is charged to a definite voltage
and then discharged within a definite time interval
through cell suspension to produce a square-wave
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potential. The optimum intensity of an electric
field is between 1–10 kW/cm and optimal
discharge time is between 20–160µs. An inverse
relationship exists between the electric-field
intensity and the discharge time. The compound
to be entrapped is added to the medium in which
the cells are suspended from the commencement
of the experiment. The characteristic pore
diameter created in the membrane depends upon
the intensity of electric field, the discharge time,
and the ionic strength of suspending medium. The
colloidal macromolecules contents of the cell
may lead to cell lysis because of the increase in
osmotic pressure. This process can be prevented
by adding large molecules (e.g., tetrasaccharide
stachyose and bovine serum albumin) and
ribonucleose.

One advantage of this method is a more uniform
distribution of loaded cells in comparison with
osmotic methods. The main drawbacks are the
need for special instrumentation and the
sophistication of the process. Entrapment
efficiency of this method is >35%, and the life
span of the resealed cells in circulation is
comparable with that of normal cells.

Various compounds such as sucroseurease,
methotrexate, isoniazid, DNA fragments, and
latex particles of diameter 0.2µm can be
entrapped within erythrocytes by this method.
Mangal and Kaur achieved sustained release of
a drug entrapped in erythrocytes with the use of
electroporation.

Entrapment by endocytosis (24)

This method was reported by Schrier et al. in
1975. Endocytosis involves the addition of one
volume of washed erythrocytes to nine volumes
of buffer containing 2.5 mM ATP, 2.5 mM
MgCl2, and 1mM CaCl2, followed by incubation
for 2 min at room temperature. The pores created
by this method are resealed by using 154 mM of
NaCl and incubation at 37 0C for 2 min. The
entrapment of material occurs by endocytosis.
The vesicle membrane separates endocytosed

material from cytoplasm thus protecting it from
the erythrocytes and vice-versa. The various
candidates entrapped by this method include
primaquine and related 8–amino–quinolines,
vinblastine, chlorpromazine and related
phenothiazines, hydrocortisone, propranolol,
tetracaine, and vitamin A.

Loading by electric cell fusion (25)

This method involves the initial loading of drug
molecules into erythrocyte ghosts followed by
adhesion of these cells to target cells. The fusion
is accentuated by the application of an electric
pulse, which causes the release of an entrapped
molecule. An example of this method is loading
a cell-specific monoclonal antibody into an
erythrocyte ghost. An antibody against a specific
surface protein of target cells can be chemically
cross-linked to drug-loaded cells that would direct
these cells to desired cells.

Loading by lipid fusion
 
(26)

Lipid vesicles containing a drug can be directly
fused to human erythrocytes, which lead to an
exchange with a lipid-entrapped drug. This
technique was used for entrapping inositol
monophosphate to improve the oxygen carrying
capacity of cells. However, the entrapment
efficiency of this method is very low (~1%).

In vitro characterization

The in vivo performance of resealed erythrocytes
is affected to a great extent by their biological
properties. Hence, in vitro characterization forms
an important part of studies involving such
cellular carriers.

Physical characterization (27)

Shape, surface morphology, vesicle size and size
distribution of drug loaded erythrocytes can be
studied by using transmission electron
microscopy, scanning electron microscopy
(Figure 2 and 3), phase contrast microscopy,
optical microscopy (28). Drug release from the
erythrocytes can be carried using diffusion cell
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method. Surface charge of the erythrocytes can
be measured by zeta potential measurement.

Cellular characterization (29)

Percentage Hb content is determined by
deproteinization of cell membrane followed by
hemoglobin assay. Percentage cell recovery is
carried out by Neubaur’s chamber and
hematological analyzer. Osmotic fragility test
involves stepwise incubation with isotonic to
hypotonic saline solutions and determination of
drug and hemoglobin assay. Osmotic shock is
determined by dilution with distilled water and
estimation of drug and hemoglobin. Turbulent
shock is determined by  Passage of cell
suspension through 30- gauge hypodermic needle
at 10 mL/min flow rate and estimation of residual
drug and hemoglobin, vigorous shaking followed
by hemoglobin estimation. Erythrocyte
sedimentation rate by ESR methods.

Biological characterization (30)

Biological characterization of the developed
erythrocytes includes sterility test, pyrogenicity
test, LAL test and toxicity tests. The morphology
of erythrocytes decides their life span after
administration. Light microscopy reveals no
observable change in resealed cells but in few
cases spherical erythrocytes (spherocytes) are
detected. Scanning electron microscopic studies
will show that a majority of the cells maintain
their biconcave discoid shapes after the loading
procedure, and few stomatocytes—a form of
spherocytes. In some cases, cells of smaller size
(microcyte) are also observed.

Shape change (deformability) is another factor
that affects the life span of the cells. This
parameter evaluates the ease of passage of
erythrocytes through narrow capillaries and the
RES. It determines the rheological behavior of
the cells and depends on the viscoelasticity of
the cell membrane, viscosity of the cell contents,
and the cellular surface-to-volume ratio. The
deformability is measured by passage time of

definite volume of cells through capillary of 4
µm diameter or polycarbonate filter with average
pore size of 45 µm. Another indirect approach is
to evaluate chlorpromazine induced shape
changes turbidimetrically.

The osmotic fragility of resealed erythrocytes is
an indicator of the possible changes in cell
membrane integrity and the resistance of these
cells to osmotic pressure of the suspension
medium. The test is carried out by suspending
cells in media of varying sodium chloride
concentration and determining the hemoglobin
released. In most cases, osmotic fragility of
resealed cells is higher than that of the normal
cells because of increased intracellular osmotic
pressure.

The turbulence fragility is yet another
characteristic that depends upon changes in the
integrity of cellular membrane and reflects
resistance of loaded cells against hemolysis
resulting from turbulent flow within circulation.
It is determined by the passage of cell suspension
through needles with smaller internal diameter
(e.g., 30 gauges) or vigorously shaking the cell
suspension. In both cases, hemoglobin and drug
released after the procedure are determined. The
turbulent fragility of resealed cells is found to be
higher.

Routine clinical hematological tests also can be
carried out for drug-loaded cells, including mean
corpuscular volume, mean corpuscular
hemoglobin, mean corpuscular hemoglobin
content.

Studies have shown that the average size and
hemoglobin content of resealed cells is lower than
that of normal cells.

Drug release kinetics

The most important parameters for evaluation of
resealed erythrocytes are the drug release pattern.
Hemoglobin is also invariably released because
drug release involves the loss of cell membrane
integrity indicating hemolysis. On the basis of
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the various in vitro release experiments carried
out on these cells, three general drug release
patterns are observed:

● The rate of drug release is considerably
higher than that of hemoglobin. In other
words, drug diffuses readily. Such a pattern
is shown by lipophilic drugs, including
methotrexate, phenytoin, dexamethasone,
primpquin, and vitamin B12. Cell lysis is not
essential for the release of such drugs.

● The rate of drug release is comparable to that
of hemoglobin. This indicates that cell lysis
is essential for drug release and drug can not
be released by mere diffusion. Polar drugs
such as gentamicin, heparin, and enalaprilat,
and enzymes such as asparginase, peptides,
including urogasterone and l-lysine-l-
phenylalanine follow such pattern.

● The rate of drug release lies between the
above mentioned two extremes; for example,
propranolol, isoniazid, metronidazole , and
recombinant human erythropoietin.

The two factors that determine the drug release
pattern are size and polarity of the drug molecule.
The release rate can be modified by cross-linking
cell membrane with gluteraldehyde, which results
in a slower drug release. This can also be achieved
by entrapping biodegradable prodrug such as o-
acetyl propranolol, o-pivaloyl propranolol,
cortisol-21- phosphate, prednisolone-21-sodium
succinate, and cytosine arabinoside
monophosphate. The complexation of a drug with
macromolecules such as dextran and albumin also
retard the release rate.

Mechanism of release of resealed erythrocytes
(31)

● Phagocytosis

● Diffusion through the membrane of cell

● Using a specific transport system

The rate of diffusion depends upon the rate at
which a particular molecule penetrates through

a lipid bilayer. Many substances enter cells by a
specific membrane protein system because the
carriers are proteins with many properties
analogous to that of enzymes, including
specificity e.g. nucleotides and nucleosides.
Release of drugs from erythrocytes is rapid
followed by sustained release profile and rate of
exit is proportional to the instantaneous
intracellular drug concentration (first order
kinetics). By incorporating polymer into
erythrocytes, the release pattern may be modified.
The drug, however, could be resealed from
macrophages after phagocytosis if the linkage is
susceptible to lysosomal enzymes.

In vitro storage (32)

The success of resealed erythrocytes as a drug
delivery system depends to a greater extent on
their in vitro storage. Preparing drug-loaded
erythrocytes on a large scale and maintaining
their survival and drug content can be achieved
by using suitable storage methods. However, the
lack of reliable and practical storage methods has
been a limiting factor for the wide-spread clinical
use of the carrier erythrocytes.

The most common storage media include Hank’s
balanced salt solution and acid–citrate–dextrose
at 4 0C. Cells remain viable in terms of their
physiologic and carrier characteristics for at least
2 weeks at this temperature. The addition of
calcium-chelating agents or the purine
nucleosides improve circulation survival time of
cells upon reinjection.

Exposure of resealed erythrocytes to membrane
stabilizing agents such as dimethyl sulfoxide,
dimethyl ,3 ,3-di - th io-bispropionamide,
gluteraldehyde, toluene-2-4-diisocyanate
followed by lyophilization or sintered glass
filtration has been reported to enhance their
stability upon storage. The resultant powder was
stable for at least one month without any
detectable changes. But the major disadvantage
of this method is the presence of appreciable
amount of membrane stabilizers in bound form
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that remarkably reduces circulation survival time.
Other reported methods for improving storage
stability include encapsulation of a prodrug that
undergoes conversion to the parent drug only at
body temperature, high glycerol freezing
technique, and reversible immobilization in
alginate or gelatin gels.

Crosslinking, stability and in-vivo survival of
resealed erythrocytes (33)

The cells treated with dimethyl sulphoxide
(DMSO), toluene 2, 4-di-isocyanate (TD1) and
gluteraldehyde are even resistant to sonication,
freezing and thawing. Chemically cross linking
of erythrocytes renders a yield of 55-97% of non-
lysed cells. An attempt was made to get drug
loaded cells in lyophilized form. The dried
powder was filled in amber color glass vials and
stored at 4ϒC for one month. Improvement in
shelf-life of the carrier erythrocytes was achieved
by storing the cells in powder form ready for
reconstitution at 4ϒC. This is important in the
large scale manufacturing of drug loaded
erythrocytes.

In vivo life span (34)

The efficacy of resealed erythrocytes is
determined mainly by their survival time in
circulation upon reinjection. For the purpose of
sustained action, a longer life span is required,
although for delivery to target-specific RES
organs, rapid phagocytosis and hence a shorter
life span is desirable. The life span of resealed
erythrocytes depends upon its size, shape, and
surface electrical charge as well as the extent of
hemoglobin and other cell constituents lost during
the loading process.

The various methods used to determine in vivo
survival time include labeling of cells by 51Cr or
fluorescent markers such as fluorescin
isothiocyanate or entrapment of 14C sucrose or
gentamicin.

The circulation survival kinetics of resealed
erythrocytes show typical bimodal behavior with

a rapid loss of cells during the first 24 h after
injection, followed by a slow decline phase with
a half life on the order of days or weeks. The
early loss accounts for ~15–65% loss of total
injected cells. The erythrocytic carriers
constructed of red blood cells of mice, cattle, pigs,
dogs, sheep, goats, and monkeys exhibit a
comparable circulation profile with that of normal
unloaded erythrocytes. On the other hand,
resealed erythrocytes prepared from red blood
cells of rabbits, chickens, and rats exhibit
relatively poor circulation profile.

Applications of resealed erythrocytes (35)

Resealed erythrocytes have several possible
applications in various fields of human and
veterinary medicine. Such cells could be used as
circulating carriers to disseminate a drug within
a prolonged period of time in circulation or in
target-specific organs, including the liver, spleen,
and lymph nodes. A majority of the drug delivery
studies using drug-loaded erythrocytes are in the
preclinical phase. In a few clinical studies,
successful results were obtained.

Slow drug release (36)

Erythrocytes have been used as circulating
depots for the sustained delivery of
antineoplastics, antiparasitics, veterinary
antiamoebics, vitamins, steroids, antibiotics, and
cardiovascular drugs.

Drug targeting (37)

Ideally, drug delivery should be site-specific and
target-oriented to exhibit maximal therapeutic
index with minimum adverse effects. Resealed
erythrocytes can act as drug carriers and targeting
tools as well. Surface-modified erythrocytes are
used to target organs of mononuclear phagocytic
system/ reticuloendothelial system because the
changes in the membrane are recognized by
macrophages. However, resealed erythrocytes
also can be used to target organs other than those
of RES.
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Targeting RES organs (38)

Damaged erythrocytes are rapidly cleared from
circulation by phagocytic Kupffer cells in liver
and spleen. Resealed erythrocytes, by modifying
their membranes, can therefore be used to target
the liver and spleen. The various approaches to
modify the surface characteristics of erythrocytes
include Surface modification with antibodies,
gluteraldehyde, sialic acid, sulphydryl and
Surface chemical cross-linking e.g. delivery of
125 I-labeled carbonicanhydrase loaded in
erythrocytes cross-linked with sulfosuccinmidyl
propionate.

Targeting the liver- Enzyme deficiency/
replacement therapy (39)

Many metabolic disorders related to deficient or
missing enzymes can be treated by injecting these
enzymes. However, the problems of exogenous
enzyme therapy include a shorter circulation half
life of enzymes, allergic reactions, and toxic
manifestations.

These problems can be successfully overcome
by administering the enzymes as resealed
erythrocytes. The enzymes used include
ßglucosidase, ßglucoronidase, ßgalactosidase.
The disease caused by an accumulation of
glucocerebrosides in the liver and spleen can be
treated by glucocerebrosidase- loaded
erythrocytes.

Treatment of hepatic tumors (40)

Hepatic tumors are one of the most prevalent
types of cancer. Antineoplastic drugs such as
methotrexate, bleomycin, asparginase and
adriamycin have been successfully delivered by
erythrocytes. Agents such as daunorubicin diffuse
rapidly from the cells upon loading and hence
pose a problem. This problem can be overcome
by covalently linking daunorubicin to the
erythrocytic membrane using gluteraldehyde or
cisaconitic acid as a spacer. The resealed
erythrocytes loaded with carboplatin show
localization in liver.

Treatment of parasitic diseases

The ability of resealed erythrocytes to selectively
accumulate within RES organs make them useful
tool during the delivery of antiparasitic agents.
Parasitic diseases that involve harboring parasites
in the RES organs can be successfully controlled
by this method. Results were favorable in studies
involving animal models for erythrocytes loaded
with antimalarial, antileishmanial and
antiamoebic drugs.

Removal of RES iron overload

Desferrioxamine-loaded erythrocytes have been
used to treat excess iron accumulated because of
multiple transfusions to thalassemic patients.
Targeting this drug to the RES is very beneficial
because the aged erythrocytes are destroyed in
RES organs, which results in an accumulation of
iron in these organs.

Removal of toxic agents

Cannon et al. reported inhibition of cyanide
intoxication with murine carrier erythrocytes
containing bovine rhodanase and sodium
thiosulfate. Antagonization of organophosphorus
intoxication by resealed erythrocytes containing
a recombinant phosphodiestrase also has been
reported.

Targeting organs other than those of RES

Recently, resealed erythrocytes have been used
to target organs outside the RES. The various
approaches include Entrapment of paramagnetic
particles, photosensitive material along with the
drug  and Antibody attachment to erythrocyte
membrane to get specificity of action.

Zimmermann proposed that the entrapment of
small paramagnetic particles into erythrocytes
might allow their localization to a particular
location under the influence of an external
magnetic field. The loading of ferrofluids
(colloidal suspension of magnetite) has been
reported by Sprandel et al. Jain and Vyas reported
entrapment of the anti-inflammatory drugs
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diclofenac sodium and ibuprofen in
magnetoresponsive erythrocytes. Photosensitized
erythrocytes have been studied as a
phototriggered carrier and delivery system for
methotrexate in cancer treatment. Chiarantini et
al. have reported in vitro targeting of erythrocytes
to cytotoxic T-cells by coupling of Thy-1.2
monoclonal antibody.

Price et al. reported delivery of colloidal particles
and erythrocytes to tissue through microvessel
ruptures created by targeted microbubble
destruction with ultrasound. IV fluorescent
erythrocytes were delivered to the interstitium
of rat skeletal muscle through microvessel
ruptures by insonifying microbubbles in vivo.
This technique provides a noninvasive means for
delivering resealed erythrocytes across the
endothelial carrier to the target tissue. Other
approaches for targeting organs outside the RES
include the preparation of carrier erythrocytes
fused to thermoresponsive liposomes and their
localization using an external thermal source,
intraperitoneal injection of resealed erythrocytes
for drug targeting to peritoneal macrophages, and
lectin pretreatment of resealed cells loaded with
antineoplastic drugs to improve targeting tumor
cells.

Delivery of antiviral agents

Several reports have been cited in the literature
about antiviral agents entrapped in resealed
erythrocytes for effective delivery and targeting.
Because most antiviral drugs are nucleotides or
nucleoside analogs, their entrapment and exit
through the membrane needs careful
consideration. Nucleosides are rapidly
transported across the membrane whereas
nucleotides are not, and thus exhibiting prolonged
release profiles. The release of nucleotides
requires conversion of these moieties to purine
or pyrimidine bases. Resealed erythrocytes have
been used to deliver deoxycytidine derivatives,
recombinant herpes simplex virus type 1 (HSV-
1) glycoprotein B, azidothymidine derivatives,

azathioprene, acyclovir, and fludarabine
phosphate.

Enzyme therapy

Enzymes are widely used in clinical practice as
replacement therapies to treat diseases associated
with their deficiency (e.g., Gaucher’s disease,
galactosuria), degradation of toxic compounds
secondary to some kind of poisoning (cyanide,
organophosphorus), and as drugs. The problems
involved in the direct injection of enzymes into
the body have been cited. One method to
overcome these problems is the use of enzyme-
loaded erythrocytes. These cells then release
enzymes into circulation upon hemolysis act as
a “circulating bioreactors” in which substrates
enter into the cell, interact with enzymes, and
generate products or accumulate enzymes in RES
upon hemolysis for future catalysis.

The first report of successful clinical trials of the
resealed erythrocytes loaded with enzymes for
replacement therapy is that of
ßglucoserebrosidase for the treatment of
Gaucher’s disease. The disease is characterized
by inborn deficiency of lysosomal
ßglucoserebrosidase in cells of RES thereby
leading to accumulation of ßglucoserebrosides
in macrophages of the RES.

The most important application of resealed
erythrocytes in enzyme therapy is that of
asparginase loading for the treatment of pediatric
neoplasms. This enzyme degrades aspargine, an
amino acid vital for cells. This treatment prevents
remission of pediatric acute lymphocytic
leukemia. There are reports of improved intensity
and duration of action in animal models as well
as humans.

To treat lead poisoning, the concentration of
ßaminolevulinate dehydrogenase (ALA-D) in
erythrocytes decreases. This leads to an
accumulation of ßaminolevulinic acid in tissues,
blood, and urine. This state leads to acute
porphyria and CNSrelated problems. An injection
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of resealed erythrocytes loaded with ALA–D to
lead intoxicated animal significantly reduces
toxic manifestations. Other enzymes used for
loading resealed erythrocytes include urease,
galactose-1-phosphate uridyl transferase, uricase
and acetaldehyde dehydrogenase.

Improvement in oxygen delivery to tissues

Hemoglobin is the protein responsible for the
oxygen-carrying capacity of erythrocytes. Under
normal conditions, 95% of hemoglobin is
saturated with oxygen in the lungs, whereas under
physiologic conditions in peripheral blood stream
only ~25% of oxygenated hemoglobin becomes
deoxygenated. Thus, the major fraction of oxygen
bound to hemoglobin is recirculated with venous
blood to the lungs. The use of this bound fraction
has been suggested for the treatment of oxygen
deficiency. 2, 3-Diphosphoglycerate (2,3-DPG)
is a natural effector of hemoglobin. The binding
affinity of hemoglobin for oxygen changes
reversibly with changes in intracellular
concentration of 2, 3-DPG. This compensates for
changes in the oxygen pressure outside of the
body, as the affinity of 2, 3-DPG to oxygen is
much higher than that of hemoglobin.

Other organic polyphosphates can serve as
allosteric effectors of hemoglobin with binding
affinities higher than those of 2, 3-DPG and can
compete with 2, 3-DPG for binding to
hemoglobin. Inositol hexophosphate (IHP) is one
of the strongest effectors of this type. However,
because of its ionization at physiologic pH, it
cannot enter erythrocytes. Hence, it is entrapped
by the electroporation process.

Upon encapsulation, IHP irreversibly binds to
hemoglobin, thereby decreasing the oxygen
affinity to hemoglobin and subsequent shift of
oxygen binding isotherm to the right. As a result,
the oxygen pressure corresponding to 50% of the
total binding capacity of hemoglobin to oxygen
(P50 value) increases from 26–27 mm Hg to >50
mm Hg. In the presence of IHP encapsulated in
erythrocytes, the difference between the oxygen

bound fraction of hemoglobin in lungs and tissues
increases, thereby increasing the oxygen
concentration in tissues. Also, the extent of
carbamate formed in the N-terminal amine group
of ßchain of hemoglobin decreases, which is
compensated by an uptake of H+ and CO

2
 that

leads to increased formation of bicarbonate ion.

Intravenous injection of IHP-loaded erythrocytes
to piglets led to a decrease in cardiac output with
a constant oxygen consumption by animals. This
indicates that because of an increased extraction
ratio of oxygen by tissues, a given amount of
oxygen can be delivered in lower blood flow. In
addition, these erythrocytes reduce ejection
fraction, left ventricular diastolic volume, and
heart rate. An isolated perfused-heart model
showed reduction in coronary blood flow with
increased oxygen consumption by myocardium
upon administration of IHP-loaded erythrocytes.
The same results are reported when intact animal
models were used.

An application of IHP-loaded erythrocytes for
improved oxygen supply is beneficial under the
following conditions, such as high altitude
conditions where the partial pressure of oxygen
is low, reduction in the number of alveoli, where
exchange surface of the lungs is decreased,
increased resistance to oxygen diffusion in the
lungs, reduction in oxygen transport capacity,
mutation or chemical modification, which
involves a decrease in oxygen affinity for
hemoglobin, increased radiosensitivity of
radiation-sensitive tumors, restoration of oxygen-
delivery capacity of stored blood and ischemia
of myocardium, brain, or other tissues.

Microinjection of macromolecules (41)

Biological functions of macromolecules such as
DNA, RNA, and proteins are exploited for
various cell biological applications.

Hence, various methods are used to entrap these
macromolecules into cultured cells (e.g.,
microinjection). A relatively simple structure and
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a lack of complex cellular components (e.g.,
nucleus) in erythrocytes make them good
candidates for the entrapment of macromolecules.
In microinjection, erythrocytes are used as
microsyringes for injection to the host cells.

The microinjection process involves culturing
host eukaryotic cells in vitro. The cells are coated
with fusogenic agent and then suspended with
erythrocytes loaded with the compound of
interest in an isotonic medium. Sendai virus
(hemagglutinating virus of Japan, HVJ) or its
glycoproteins or polyethylene glycol have been
used as fusogenic agents. The fusogen causes
fusion of cosuspended erythrocytes and
eukaryotic cells. Thus, the contents of resealed
erythrocytes and the compound of interest are
transferred to host cell. This procedure has been
used to microinject DNA fragments, arginase,
proteins, nucleic acids, ferritin, latex particles,
bovine and human serum albumin, and enzyme
thymidine kinase to various eukaryotic cells.

Advantages of this method include quantitative
injection of materials into cells, simultaneous
introduction of several materials into a large
number of cells, minimal damage to the cell,
avoidance of degradation effects of lysosomal
enzymes and simplicity of the technique.
Disadvantages include a need for a larger size of
fused cells, thus making them amenable to RES
clearance, adverse effects of fusogens and
unpredictable effects on cell resulting from the
co-introduction of various components. Hence,
this method is limited to mainly cell biological
applications rather than drug delivery.

Novel approaches

Erythrosomes

These are specially engineered vesicular systems
that are chemically cross-linked to human
erythrocytes support upon which a lipid bilayer
is coated (42). This process is achieved by
modifying a reverse-phase evaporation
technique. These vesicles have been proposed as

useful encapsulation systems for macromolecular
drugs.

Nanoerythrosomes

These are prepared by extrusion of erythrocyte
ghosts to produce small vesicles with an average
diameter of 100 nm (43). Daunorubicin was
covalently conjugated to nanoerythrosomes using
gluteraldehyde spacer. This complex was more
active than free daunorubicin alone, both in vitro
and in vivo.

Conclusion

The use of resealed erythrocytes looks promising
for a safe and effective delivery of various drugs
for passive and active targeting. However, the
concept needs further optimization to become a
routine drug delivery system. The same concept
also can be extended to the delivery of
biopharmaceuticals and much remains to be
explored regarding the potential of resealed
erythrocytes.

References

1. Gothoskar, A.V. (2004). Resealed erythro-
cytes: a  Review. Pharm Tech. March. 1-6,
Fraternale, A.

2. Rossi, L. and Magnani, M. (1996).
Encapsulation,Metabolism, and Release of
2-Fluoro-Ara-AMP from Human
Erythrocytes.  Biochim. Biophys. Acta. 1291
(2): 149–154.

3. Lejeune, A., Poyet, P., Gaudreault, R.C.,
Gicquaud, C. (1997). Nanoerythrosomes, A
New Derivative of Erythrocyte Ghost: III. Is
Phagocytosis Involved in the Mechanism of
Action?.  Anticancer Res. 17: 5A.

4. Al-Achi, A. and Boroujerdi, M. (1990).
Pharmacokinetics and tissue uptake of
doxorubicin associated with erythrocyte-
membrane: erythrocytes-ghosts vs.
erythrocytes-vesicles. Dev. Ind. Pharm. 16:
2199–2219.

5. Jain, S.  and Jain, N.K. (1997). Engineered
Erythrocytes as a Drug Delivery System.
Indian J. Pharm. Sci. 59: 275–281.

Gopal et al30



6. Jain, S., Jain, S.K., Dixit, V.K. (1995).
Erythrocytes Based Delivery of Isoniazid:
Preparation and In Vitro Characterization.
Indian Drugs 32: 471–476.

7. Guyton, C.A. and Hall, J.E. (1996). Red
Blood Cells,Anemia and Polycytemia,” in
Textbook of Medical Physiology (W.B.
Saunders, Philadelphia, PA,), pp. 425–433.

8. Jain, S., Jain, S.K., Dixit, V.K. (1997).
Magnetically Guided Rat Erythrocytes
Bearing Isoniazid: Preparation,
Characterization, and Evaluation. Drug Dev.
Ind. Pharm. 23: 999–1006.

9. Torotra, G.J.  and Grabowski, S.R. (1993).
The Cardiovascular System: The Blood,” in
Principles of Anatomy and Physiology
(Harper Collins College Publishers, New
York, NY, 7th ed.), pp. 566–590

10. Jain, S.K.  and Vyas, S.P. (1994).
Magnetically Responsive Diclofenac
Sodium- Loaded Erythrocytes: Preparation
and In Vitro Characterization, J.
Microencapsul. 11 (2): 141–151.

11. Gaudreault, B., Bellemare, Lacroix, J.
(1989). Erythrocyte Membrane- Bound
Daunorubicin as a Delivery System in
Anticancer Treatment. Anticancer Res. 9 (4):
1201-5.

12. Banker, G.S., Rhodes, C.T. (2002). Modern
Pharmaceutics. Marcel Dekker Inc., New
York.

13. Lewis, D.A. (1984). Red Blood Cells for
Drug Delivery.  Pharm. J. 233: 384–385.

14. Mitchell, D.H., James, G.T., and Kruse, C.A.
(1990). Bioactivity of Electric Field-Pulsed
Human Recombinant Interleukin-2 and Its
Encapsulation into Erythrocyte Carriers.
Biotechnol. Appl. Biochem. 12 (3): 264–275.

15. Pitt, E., Johnson, C.M., Lewis, D.A., Jenner,
D.A., Offord, R.E. (1983). Encapsulation of
Drugs in Intact Erythrocytes: An Intravenous
Delivery System. Biochem. Pharmacol. 22:
3359–3368.

16. Alvarez, F.J., Jordán, J.A., Calleja, P., Lotero,
L.A., Olmos, G., Díez, J.C., Tejedor, M.C.
(1998). Cross-Linking Treatment of Loaded
Erythrocytes Increases delivery of Encapsu-
lated Substance to Macrophages. Biotechnol.
Appl. Biochem. 27 (pt 2): 139–143.

17. Gutierrez Millan, C., Zarzuelo Castaneda, A.,
Sayalero Marinero, M.L., Lanao, J.M.,
(2004). Factors associated with the
performance of carrier erythrocytesobtained
by hypotonic dialysis. Blood Cells Mol. Dis.
33: 132–140.

18. Tajerzadeh, H. and Hamidi, M. (2000).
Evaluation of the Hypotonic Preswelling
Method for Encapsulation of Enalaprilat in
Human Intact Erythrocytes. Drug Dev. Ind.
Pharm. 26: 1247–1257.

19. Alpar, H.O. and Irwin, W.J. (1987). Some
Unique Applications of Erythrocytes as
Carrier Systems. Adv. Biosci. (Series) 67:1–
9.

20. Hamidi, M., Tajerzadeh, H., (2003). Carrier
erythrocytes: an overview. Drug Deliv.10: 9–
20.

21. Jaitely, V., Kanaujia, P., Venkatesan, N., Jain,
S., Vyas, S.P. (1996). Resealed erythrocytes:
carrier potentials and biomedical application.
Indian Drugs 33: 549–589.

22. Pei, L., Omburo, G., McGuinn, W.D.,
Petrikovics, I., Dave, K., Raushel, F.M.,
Wild, J.R., DeLoach, J.R., Way, J.L. (1994).
Encapsulation of Phosphotriesterase within
Murine Erythrocytes.  Toxicol. Appl.
Pharmacol. 124 (2): 296–301.

23. Li, L.H., Hensen, M.L., Zhao, Y.L., Hui, S.W.
(1996). Electrofusion between
Heterogeneous-Sized Mammalian Cells in a
Pellet: Potential Applications in Drug
Delivery and Hybridoma Formation.
Biophys J. 71 (1): 479–486.

24. Alvarez-Guerra, M.  Nazaret, C.  and Garay,
R.P. (1998). The Erythrocyte Na, K, Cl Co
Transporter and Its Circulating Inhibitor in
Dahl Salt- Sensitive rats. J Hypertens. 10:
1499–1504. 100.

Erythrocytes as Carrier Systems 31



25. Hamidi, M.  and Tajerzadeh, H. (2003).
Carrier Erythrocytes: An Overview. Drug
Delivery 10: 9–20.

26. Hamidi, M., Tajerzadeh, H., Dehpour, A.R.,
Ejtemaee-Mehr, S. (2001). ACE Inhibition
in Rabbits Upon Administration of
Enalaprilat-Loaded Intact Erythrocytes.
J.Pharm. Pharmacol. 53: 1281–1289.

27. Hamidi, M., Tajerzadeh, H., Dehpour, A.R.,
Rouini, M.R., Ejtemaee-Mehr, S. (2001). In
Vitro Characterization of Human Intact
Erythrocytes Loaded by Enalaprilat. Drug
Delivery 8: 231–237.

28. Hamidi, M., Zarei, N., Zarrin, A.H.,
Mohammadi-Samani, S. (2007).  Preparation
and in vitro characterization of carrier
erythrocytes for vaccine delivery. Int. J.
Pharm. 338: 70–78.

29. Magnani, M., Bianchi, M., Rossi, L., Stocchi,
V. (1989). Acetaldehyde Dehydrogenase-
Loaded Erythrocytes as Bioreactors for
Removal of Blood Acetaldehyde,
Alcoholism. Clin. Exp. Res. 13: 849–859.

30. Magnani, M.  and Rossi, L. (1998).
Erythrocyte Engineering for Drug Delivery
and Targeting. Biotechnol. Appl. Biochem.
28: 1–13.

31. Moorjani, M., Lejeune, A., Gicquaud, C.,
Lacroix, J., Poyet, P., Gaudreault, R.C.
(1996). Nanoerythrosomes, A New
Derivative of Erythrocyte Ghost II:
Identification of the Mechanism of Action,
Anticancer Res. 16 (5A): 2831–2836.

32. Talwar, N. and Jain, N.K, (1992).
Erythrocytes as Carriers of Primaquin
Preparation: Characterization and Evalua-
tion. J. Controlled Release. 20: 133–142.

33. Talwar, N., and Jain, N.K.  (1992).
Erythrocytes as Carriers of Metronidazole:
In-Vitro Characterization. Drug Dev. Ind.
Pharm. 18: 1799–1812.

34. Mangal, P.C., and Kaur, A.  (1991).
Electroporation of Red Blood Cell

Membrane and its Use as a Drug Carrier
System, Ind. J. Biochem. Biophys. 28 (3):
219-221.

35. Price, R. J., Skyba, D.M., Kaul, S., Skalak,
T.C. (1998). Delivery of Colloidal Particles
and Red Blood Cells to Tissue through
Microvessel Ruptures Created by Targeted
Microbubble Destruction with Ultrasound,
Circulation 98 (13): 1264–1267.

36. Rossi, L., Serafini, S., Pierige, F., Antonelli,
A., Cerasi, A., Fraternale, A., Chiarantini, L.
and Magnani, M. (2005). Erythrocyte-based
delivery. Exp. Opin. Deliv. 2: 311–322.

37. Bhaskaran, S. and. Dhir, S.S (1995).
Resealed Erythrocytes as Carriers of
Salbutamol Sulphate.  Indian J. Pharm. Sci.
57: 240–242.

38. Schrier, S.L., Junga, I., Johnson, M. (1975).
Energized Endocytosis in Human
Erythrocyte Ghosts. J. Clin. Invest. 56 (1):
8–22.

39. Vyas, S.P.  and Khar, R.K. (2002).  Resealed
Erythrocytes in Targeted and Controlled
Drug Delivery: Novel Carrier Systems
(CBS Publishers and Distributors, India),
87–416.

40.  DeLoach, 1983. R. Encapsulation of
Exogenous Agents in Erythrocytes and the
Circulating Survival of Carrier Erythrocytes.
J. Appl. Biochem. 5 (3): 149–157.

41. Kravtzoff, R., Ropars, C., Laguerre, M.,
Muh, J.P., Chassaigne, M. (1990).
Erythrocytes as Carriers for L-Asparaginase:
Methodological and Mouse In-Vivo Studies.
J. Pharm. Pharmacol. 42: 473–476.

42. Vyas, S.P. and Dixit, V.K. (1999).
Pharmaceutical Biotechnology 1 (CBS
Publishers & Distributors, New Delhi), 655.

43. Jaitely, V., Kanaujia, P., Vyas, S.P. (1996).
Resealed Erythrocytes: Drug Carrier
Potentials and Biomedical Applications.
Indian Drugs 33: 589–594.

Gopal et al32



Table 1.  Comparison of various hypo-osmotic lysis methods

Method % loading Advantages Disadvantages

Dilution method 20-40% Fastest and simplest especially Entrapment efficiency is
for low molecular weight drugs less

Dialysis 30-45% Better in vivo survival of Time consuming
erythrocytes better structural  heterogenous size
integrity of membrane distribution of resealed

erythrocytes

Preswell dilution 30-90% Good retention of cytoplasm —
constituents and good survival
in vivo

Isotonic — Better in vivo surveillance Impermeable only to large
osmotic lysis molecules, process is time

consuming

Fig 1. Schematic representation of entrapment
of drug into erythrocytes

Fig 2. SEM photograph of unloaded erythrocytes
(magnification of 5000)

 Fig 3.  SEM photograph of drug-encapsulated
erythrocytes prepared by hypotonic
preswellingmethod (magnification of 3500)
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Abstract

Some relatively low-cost supports were
assessed for the immobilization of inulinase
produced by the yeast strain Kluyveromyces
marxianus var. bulgaricus. Crude enzyme in
the culture supernatant was immobilized on
various solid supports: activated carbon,
diatomite, hen egg shell, Amberlite, porous
silica and gelatin. The best performance was
obtained in the gelatin-water support after
treatment with glutaraldehyde as a cross-
linking reagent, which showed an
immobilization yield of 82.60 % for inulinase
specific activity.

Keywords

Inulinase. Kluyveromyces marxianus,
Fructose, Immobilization, Gelatin support.

Introduction

The inulinases are 2,1-_-D-fructan
fructanohydrolases (EC 3.2.1.7), which
hydrolyze inulin to practically pure fructose
(13, 2). Fructose is a GRAS (Generally
Recognized as Safe under U.S. FDA
regulations) sweetener that enhances flavor,
color and product stability (10) and is

considered as a safe alternative to sucrose.
Fructose metabolism bypasses some of the
metabolic pathway of glucose and therefore
does not require insulin (18). Furthermore,
fructose increases iron adsorption in children
and has a higher sweetening capacity and
lower glycemic index than sucrose. Owing
to its beneficial effects, fructose is fast
emerging as an important ingredient in the
food and drug industries (6).

Inulinases are usually thermostable and
commercially available for industrial use in
fructose syrup production (5). However, there
are two major problems associated with
industrial application: at ambient
temperature, inulin has a limited solubility
and there is a good chance that microbial
contamination will occur. Therefore,
inulinase preparations have been
immobilized by several processes on various
supports, so as to improve the thermostability
of the enzymes (6).

Yeasts of the genus Kluyveromyces show a
high capacity to produce inulinase (15) with
activity against both inulin and sucrose (8).
Conversion of sucrose to high quality invert
syrups is currently performed with strong
cationic resins (5). However, the chemical
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approach is associated with some drawbacks,
namely formation of unwanted by-products
and color forming compounds that lower
product yield and require more demanding
downstream processing (16).

Inulinase hydrolysis is becoming recognized
as an alternative procedure in fructose syrup
production (6). This approach is particularly
effective if an immobilized biocatalyst is used
and such systems have been described by
several authors, employing immobilized
inulinase (4, 9, 19, 20; 1, 23, 24). A cheap
and simple, but effective, immobilization
method would provide a key asset, if an
experimental set-up amenable to scale-up
were envisaged (11). Thus, this study was
designed to screen relatively cheap solid
supports for the immobilization of inulinase
produced by yeast strain Kluyveromyces
marxianus var. bulgaricus.

Materials and Methods

Microorganism

The yeast strain Kluyveromyces marxianus
var. bulgaricus ATCC 16045 used in this
study was obtained from the Department of
Food Engineering, UNICAMP, Brazil.

Fed-batch culture

The yeast K. marxianus var. bulgaricus was
grown in 2 L of a fermentation medium
containing (w/v) 1% sucrose, 0.5% yeast
extract, 1% peptone, 0.5% KH

2
PO

4
, 0.15%

NH
4
Cl, 0.12% KCl and 0.07% MgSO

4
.7H

2
O.

The inoculum was grown in a rotary
incubator shaker for 16 h at 30 ºC and 180
rpm, in 200 mL of the fermentation medium.
The culture was fed with a 20% sucrose
solution and maintained at 30 ºC and pH 5.0

for 72 h, the pH being controlled
automatically with 1M KOH. The shaking
and aeration rates were gradually increased
up to 600 rpm and 1.0 vvm, respectively,
during this period.

Enzyme preparations

Preparation of crude enzyme

The fermented broth was centrifuged at
5600g for 20 min. The supernatant obtained
was used as crude enzyme for activity and
protein assays and enzyme immobilization.

Partial purification of crude extract

The crude enzyme was partially purified on
a column (23 x 1.4 cm) containing 15 g of
activated charcoal particles, at a flow rate of
15 mL/h at room temperature. The filtrate
was used for enzyme immobilization on
porous silica beads.

Enzyme and protein assays

The inulinase activity was assayed, as
detailed in Suzuki, Ozawa & Maeda (21), by
determining the reducing sugars formed
during incubation of soluble or immobilized
enzyme in a solution of 2% sucrose in 0.05
M citrate-phosphate buffer (pH 4.0), with the
reagent 3,5-dinitrosalicylic acid, as described
by Miller (17). Glucose was used as a
standard. One inulinase unit (IU) was defined
as the amount of enzyme that released 1.0
µmol of reducing sugar per min under the
above conditions. Protein content was
measured as described by Lowry et al (14),
using bovine serum albumin as standard. The
protein content for the immobilized enzyme
was calculated from the protein concentration
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of the initial solution and the final
concentration of unbound protein. The
immobilization yield was calculated as the
ratio of the specific activity of immobilized
enzyme to that of the soluble enzyme.

Enzyme immobilization

Activated charcoal

The enzyme solution (2 mL containing 7.6
mg of protein) was incubated with 300 mg
of activated carbon particles for 3 h, at room
temperature. The same procedure was carried
out after ethanol treatment of the charcoal to
remove manufacturing impurities.

Diatomite

The crude enzyme (2 mL containing 7.6 mg
of protein) was incubated with 300 mg of
diatomite for 3 h, at room temperature.

Hen egg shell

The enzyme solution was immobilized on
hen egg shell with and without subsequent
glutaraldehyde treatment, as described by
Chatterjee et al (3), with some modifications.
The dried triturated egg shell (500 mg) was
added to 10 mL of crude enzyme (containing
38 mg of protein) with constant stirring for
48 h, at 25 ºC. The residue after centrifugation
(5600g for 10 min) was repeatedly washed
with 0.05 M citrate-phosphate buffer at pH
4.0 until no protein was detected in the
washings.

Amberlite

The crude enzyme was immobilized on
Amberlite XAD-2 (Sigma-Aldrich Co.) by
both adsorption and covalent coupling. In the
adsorption method, the enzyme solution (2
mL containing 7.6 mg of protein) was

incubated with 100 mg of Amberlite XAD-2
for 3 h, at 25 ºC. The second method,
immobilization by covalent coupling, has
been described by Weetall (22) and involves:
a) amination of the inert support with silane
coupling reagent (0.5% _-
aminopropyltriethoxysilane), b) activation
with 2.5 % (v/v) glutaraldehyde and c)
incubation with inulinase solution (20 mg of
protein per g of support).

Porous silica beads

Both the crude and the partially purified
enzymes were immobilized on porous silica
beads, using the procedure of Weetall (22).

Gelatin

The immobilization was carried out as
described by Chatterjee et al. (3), with some
modifications. Gelatin (500 mg) was
dissolved in 5 mL of water at 50 ºC or 0.05
M citrate-phosphate buffer at pH 4.0, and
thereafter allowed to cool to room
temperature. To this, 0.5 mL and 1mL
(containing 1.69 mg and 3.38 mg protein,
respectively) of crude enzyme was added
with constant stirring. After the suspension
had set to a gel, it was covered with 10 mL
glutaraldehyde (2.5 %) for 30 min. To remove
excess glutaraldehyde, the resultant gel was
washed with distilled water and then cut into
small pieces. Finally, the gel was suspended
in 0.05 M citrate-phosphate buffer at pH 4.0.

Results and Discussion

Immobilization of inulinase

With the aim of identifying a suitable solid
support for the immobilization of inulinase,
attempts were made to immobilize the crude

Paula et al36



enzyme from K. marxianus var. bulgaricus
on various supports (Table 1). Under the
experimental conditions described here, the
immobilization yield was highest on gelatin-
water (82.60 %). The immobilization on
untreated and ethanol-treated activated
charcoal gave low yields (2.25% and 3.04%,
respectively). The remaining methods
screened were not successful either because
no protein binding occurred or because the
immobilization process resulted in activity
loss.

Crude enzyme immobilization on porous
silica beads resulted in no activity retention
on this support. After purifying partially the
crude enzyme on an activated charcoal
column, the specific activity was thus
increased 9.09-fold to 137.32 IU/mg protein
according Table 2 and the enzyme was then
immobilized on porous silica beads, giving
an immobilization yield of 16.98 %.

Table 1

Table 2

Various supports have been used for inulinase
immobilization. Gill et al (7) immobilized
the purified inulinase from Aspergillus
fumigatus on chitin, casein and sodium
alginate. The same authors reported retention
of the enzyme on the anion exchangers
DEAE-Sephacel (yield 100%), QAE-
Sephadex (100%), Dowex (63%), Amberlite
(39%) and also the affinity matrix of
concanavalin A linked to amino-activated
silica beads (100 %). The inulinase from
Aspergillus ficuum was immobilized on
porous glass beads of various porosities by
Ettalibi & Baratti (5), with a range of activity
retention from 70 to 77%. On the other hand,

inulinase from Kluyveromyces fragilis
showed 22.5% and 54% activity retention
when immobilized on tygon tube and
aminoethyl cellulose, respectively (12),
whereas 30-40% of the inulinase from
Fusarium oxysporum was retained on DEAE-
cellulose (9).

Reusability of immobilized inulinase

The highest immobilization yield was
observed on the gelatin-water support.
Although alternative gelatin preparations
were tested, replacing the water with citrate-
phosphate buffer and doubling the amount
of enzyme solution, neither of these
alternatives increased the immobilization
yield. Since gelatin is cheaper than the other
supports, it is the most suitable for the
economic viability of this process. Therefore,
the inulinase immobilized on gelatin-water
was tested in a batch reactor to assess its
reusability (Table 3). The trials were carried
out over four reaction cycles. After 24 h
(batch 1), the bioconversion medium was
replaced with fresh medium and a new
bioconversion cycle allowed to proceed for
a further 24 h, with great success. The degree
of sucrose conversion was maintained over
96% in all four reaction cycles and the
inulinase activity remained unchanged.

Table 3

Storage Stability of immobilized inulinase

After 34 days of storage in cold conditions,
the inulinase immobilized on gelatin-water
lost 9.80% of its initial enzyme activity,
whereas the soluble inulinase lost 22.50%
over the same interval.
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To conclude, these results suggest that
inulinase immobilization on gelatin, a low
cost support, could be used in commercial
processes for production of high purity
fructose syrups.
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Table 1 : Immobilization of inulinase on different solid supports

Support Immobilized  Immobilized Retention of Immobilization
protein (mg) activity (IU)a activity  (IU)b  yield (%)

Activated charcoal 6.95 39.48 2.4 2.25

Activated charcoal-ethanol 6.52 28.39 3.00 3.04

Diatomite nd nd nd nd

Hen egg shell nd nd nd nd

Hen egg shell-glutaraldehyde nd nd nd nd

Amberlite-absorption 2.20 24.26 nd nd

Amberlite-covalent coupling nd nd nd nd

Porous silica beads-crude enzyme nd nd nd nd

Porous silica beads-partially 1.8 427.99 41.98 16.98

purified inulinase

Gelatin-water (1.69 mg of protein) 1.69 27.30 22.54 82.60

Gelatin-citrate-phosphate buffer 1.69 27.30 10.36 37.96

(1.69 mg of protein)

Gelatin-water (3.38 mg of protein) 3.38 27.30 15.48 56.72

a  Theoretical activity (calculated as difference between initial soluble activity and activity found in washings).

b Immobilized activity experimentally measured. nd –not detected

Table 2 : Partial purification of K. marxianus var. bulgaricus on actived charcoal

Purification Enzyme Protein Specific Yeld  (%) Purification
step  activity   (mg/mL) activity  factor

(UA/mL)   (UA/mg) (x)

Crude broth 57.42 3.80 15.11 100.00 1.00

Filtred broth  on 42.57 0.31 137.32 74.14 9.09
actived charcoal

Table 3: Reusability of the gelatin-immobilized inulinase (the bioconversion medium contained 10 mL of 1%
sucrose solution prepared with 0.05M citrate-phosphate buffer, pH 4.0, at 45 ºC)

Batch Residual activity (%) Sucrose conversion (%)

1(24 h) 100 100

2(48 h) 100 99.94

3(72 h) 100 99.03

4(96 h) 100 96.97
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Abstract

In this study, we established ITS sequences from
20 strong wood degraders from different fungal
genera and from 15 strains of the coprini which
are occasionally found on wood. These se-
quences were used in blast searches to evaluate
their species identity. ITS sequences confirmed
for 25 strains previous morphological species de-
termination. ITS sequences from Coprinopsis
scobicola were determined for the first time from
DNA of two different strains. Finally, eight
strains were found assigned to a wrong species
or assignments were uncertain. We present prob-
lems encountered in fungal identification by mo-
lecular data, such as difficulties in previous mor-
phological identification, occurrence of contami-
nations or mixing-up of strains in fungal culture
collections, and wrong entries in the NCBI
GenBank sequence dataset. A long-term target
of ITS sequencing of wood-inhabiting fungi is
to establish a specific database that can be either
used for blast searches or in ITS barcoding for
species identification. We present first studies in
ITS barcoding of coprini.

Key words

Wood degraders, Coprinoid mushrooms,
misidentifications, phylogenetic analysis,
barcoding

Introduction

Wood is threatened by various types of fungal
damage. Blue stain fungi grow within parenchy-
matic cells in wood and live from storage prod-
ucts within these cells. They do not influence
dimensional properties and stability of the wood.
However, infestation by blue stain fungi makes
wood unattractive for use because of melanin in
the fungal cell walls that gleams in dirty blue-
greyish colours through the wood. Furthermore,
moulds might grow on the surface of wood spoil-
ing its looks as well as being a hygienic problem
by abundant production of asexual spores. Other
fungi attack the wood structure by degrading cell
wall compounds. Three major kinds of fungal
decay are distinguished. White rot fungi degrade
the lignin in the plant cell walls while brown rots
and soft rots preferentially degrade cellulose and
hemicellulose. As a result of such decay, stabil-
ity of the wood is affected in early stages until
the decay is completed leaving white strings of
cellulosic materials in case of white rot, brown
cubicles of lignin in case of brown rot and the
middle lamellae in case of soft rot (1).

Under certain environmental conditions such as
higher levels of humidity and when in contact
with soil, wood in service is in danger to be in-
fested by destructive fungi. Early detection of
fungi can be crucial, e.g. for rescuing houses in
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case of a dry rot infestation in a wooden construc-
tion or for avoiding health problems such as spore
allergies in case of moulds on wood. In living
trees, early detection can help to decide upon
measures to be taken against fungal pathogens.
Early detection of harmful wood-inhabiting fungi
implies in the best possible case also species
identification [discussed further in references (2),
(3) and (4)]. Traditionally, species identification
has been done in late stages of infestation when
sexual fruiting bodies occur or asexual spores
are produced on the surface of infested wood (5).
This, however, does not exclude that there are
other species present in the wood not producing
any obvious morphological structures. Such
fungi might be isolated from wood on suitable
artificial medium for further evaluation of myc-
elial cultures. Despite that not all fungi might be
growing in culture or species might be overgrown
by others during the isolation process (6), iden-
tification by mycelial growth characters is very
difficult or often impossible to perform even for
a trained mycologist (7). Modern molecular bi-
ology offers more accurate ways of identifica-
tion. Very common is to apply sequencing of
PCR (polymerase chain reaction)-amplified ITS
(internal transcribed spacer) fragments, non-cod-
ing regions localized in between ribosomal RNA
genes (rDNA). rRNA gene clusters are conserved
within species, but differ in sequence between
species with the degree of differences reflecting
distance of relation between organisms [(1), (4),
(Fig. 1)]. PCR-amplification of ITS sequences
can be applied on isolated fungal cultures but
also on DNA obtained from wood samples
without prior fungal strain isolation (8)-(12), our
unpublished results]. In such a way, any bias by
loss of species due to non- or unequal growth on
artificial medium during fungal isolation is
overcome.

Although wood-inhabiting fungi are often del-
eterious for wood as such, there are various bio-
technological applications for such fungi [(1),
(13)]. A variety of species are used in mushroom

production on lignocellulosic waste materials
from agriculture and forestry (14). Particularly
the white rot fungi are sources of enzymes such
as cellulases, hemicellulases, peroxidases,
laccases, and others used in various types of in-
dustry. Furthermore, such fungi are appointed in
bioremediation of contaminated soils, purifica-
tion of industrial effluents, etc. [(15), (16)]. Also
in biotechnology, it is of interest to unequivo-
cally identify the species for an exact definition
of the fungal material applied in a process.

Whilst analysis of ITS sequences is technically
easy, there are, however, also problems related
to this molecular approach. Established se-
quences are usually submitted to public databases
such as the NCBI GenBank (http://
www.ncbi.nlm.nih. gov/ ) or the EMBL Nucle-
otide Sequence Database (http://www.ebi.ac.uk/
embl/). These databases are open to submissions
by everybody, with the consequence that up to
20% of sequence entries within a group of fungi
may be faulty [(4), (17)]. Reasons for this can
be that a species name has been assigned by ITS
sequence identity to a formerly wrongly assigned
species, that a parallel mycological identifica-
tion by morphological characters was wrong, that
another mycelium has been isolated unnoticed
from a morphologically assigned fungal struc-
ture taken non-sterile from nature, that unseen
contaminations occurred in isolates in culture,
or that fungal cultures were accidentally mixed
up in a laboratory. Searchable experts´ sequence
databases with controlled data entries are there-
fore required [(1), (4)].

In this paper, we present case studies on ITS se-
quences obtained from fungal cultures for the
long-term goal to establish a large sequence da-
tabase on wood-inhabiting fungi.

Material and Methods

Fungal strains and culture conditions: Fungi
were routinely grown at 25°C or 28°C on 2%
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malt extract (agar) with the exception of
Coprinopsis cinerea strains that were cultured
at 37°C. Aerial mycelia were scraped from the
surface of the agar for chromosomal DNA isola-
tion by established methods [(18), 19)]. Origins
of fungal strains used in this study for ITS
sequencing are given in the footnotes of Table 1
and 2.

Coprinoid mushrooms collected from the wild
were morphologically identified according to the
keys by Uljé (20) and Orton and Watling (21).
Inner tissues from mushroom stipes were used
to establish further fungal cultures for DNA iso-
lation and barcoding by ITS sequence amplifi-
cation. Coprinus comatus strains 1-2004, 2-2004,
MN-23, MN-24 and MN-25 were mycelial iso-
lates obtained from stipe tissues from independ-
ent mushrooms collected in 2004 and 2006 on
the grounds of the North Campus of the Georg-
August-University Göttingen. Coprinellus
micaceus strain MN-7 was isolated from a colony
of fruiting bodies found in year 2006 on the
grounds of the Georg-August-University Hos-
pital in the bifurcation of a forked Robinia
pseudoacacia tree breaching through its bark.

ITS sequence characterization: PCR was
performed with ca 5 ng DNA of a fungal isolate
in a total volume of 25 µl containing 10 mM Tris
pH 8.8, 50 mM KCl, 0.1% Triton X-100, 1.5 mM
MgCl

2
, 0.2 mM dNTPs (Fermentas, St. Leon-

Rot, Germany), each 0.4 µM of primer ITS1 [5'-
TCCGTAGGTGAACCTGCGG-3' (22)] and
primer ITS4 [5'-TCCTCCGCTTATTGATATGC
-3', (22)], and 1 U of Taq DNA polymerase. PCR
conditions were 2 min initial denaturation at 94
°C, followed by 35 cycles of 30 s at 94 °C, 30 s
at 55 °C, and 30 s at 72 °C, and a final extension
at 72 °C for 10 min. 20 µl per PCR reaction were
precipitated with isopropanol and resuspended
in 20 µl H

2
O. Restriction enzyme digests and

agarose gel electrophoresis of purified DNAs
were performed by standard methods (23). For
cycle sequencing reactions, 2 µl of the purified

DNA were mixed with BigDye Terminator v3.1
(Applied Biosystems, Darmstadt, Germany) ap-
plying a quarter of the reagents recommended
by the manufacturer and either primer ITS1 or
ITS4. After cycling following the manufacturer’s
instructions, the reaction products were purified
by sodium acetate/ethanol precipitation and
washing with 70% ethanol and subsequently run
on an ABI PRISM 3100 Genetic Analyzer (Ap-
plied Biosystems). Obtained sequences were
compared against the nucleotide entries in the
NCBI GenBank by using search tool blastn
(http://www.ncbi.nlm.nih.gov/). Identity values
were taken either from the blastn results or from
alignments performed by the tool for blasting two
sequences bl2seq (http://www.ncbi.nlm.nih.gov).
For phylogenetic analysis, appropriate sequences
were taken from the NCBI database and aligned
with sequences established in this study using
ClustalX (http://www-igbmc.u-strasbg.fr/
BioInfo/ClustalX/Top.html) and GeneDoc ver-
sion 2.6.002 (http://www.psc.edu/biomed/
genedoc/). Phylogenetic trees of the nucleotide
sequence alignments were calculated by the
neighbour joining method of the programme
MEGA version 3.1 (24).

Results and Discussion

Evaluating correct species assignment in a se-
lection of wood-rotting fungi

ITS sequences were determined from 20 strains
of strong fungal wood-decayers. The ITS se-
quences of fifteen of them matched perfectly or
nearly perfectly to sequences published in NCBI
GenBank for strains registered under the same
species names (Table 1). In the special cases of
Polyporus brumalis FBI 5 and Trametes versi-
color 051130.2, each two sequences were estab-
lished that distinguished by a 1 bp insertion
(Table 1). Such restricted nucleotide polymor-
phism within one strain is not uncommon in
higher basidiomycetes [(25)-(27), Hoegger et al.
unpublished]. It is also quite often observed be-
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tween strains of a same species [(28)-(30)]. Spe-
cies identification by ITS sequences is thus not
always relying on 100% sequence identity but
can include a certain degree of variation [(30),
Table 1] that however might indicate ongoing
specification in diverging morphotaxons [(31),
(32)].

The five further cases of ITS sequences estab-
lished in this study are discussed in the follow-
ing:

Pleurotus ostreatus var. florida N001 is a com-
mercial mushroom production strain used in ge-
netic characterisation of the genome of the spe-
cies (33). The ITS sequence of the strain is pre-
sented for the first time. It is 100% identical to
region 61-654 of sequence AY540322 from a
fungus identified as Pleurotus floridanus. P.
floridanus is considered a synonym for P.
ostreatus (34).

For Gloeophyllum odoratum, an ITS sequence
was so far not present in the NCBI database. In
blastn searches, the most similar sequence to the
ITS sequence of strain G. odoratum 050601.3
was therefore from Gloeophyllum abietinum
(AJ420947) with 86% identity.

The ITS sequence from Trametes zonata
921011.17 was 99% identical to an ITS sequence
from a strain called Trametes versicolor 3633
(AY840580) and 98% identical to an ITS se-
quence from a strain called Trametes ochracea
PRM 900601 (AY684177). T. ochracea is a syn-
onym of T. zonata (35).  Tomsovsky˘  et al. (36)
recently published a first extensive phylogenetic
analysis of the genus Trametes. The ITS sequence
of their T. versicolor voucher strain PRM 900594
(AY684179) showed 98% identity to our se-
quence. Many of the GenBank entries involving
the genus Trametes are mislabelled. There are
several T. versicolor ITS sequences wrongly at-
tributed to other fungal genera (4) but by the dif-
ficult morphological definitions of Trametes

fruiting bodies there are also various ITS se-
quences assigned within the genus to a wrong
species. The high level of identity of ITS se-
quences from different Trametes species makes
species definition in this genus difficult. A thor-
ough analysis of ITS sequences in larger num-
bers of Trametes isolates is in progress (Hoegger
et al. unpublished).

The ITS sequence of a strain from the institute’s
collection labeled Coniophora arida FBI 516
was 99% identical to region 30-677 of the ITS
sequence from Coniophora puteana strain EBW
15 [(AJ344110), (37)]. Fig. 2 shows that in a phy-
logenetic tree of C. arida and C. puteana ITS
sequences taken from GenBank, the two species
clearly distinguish from each other. The species
concept within Coniophora is difficult since there
are few and unstable morphological characteris-
tics, especially for mycelia but also for fruiting
bodies [(1), (7), (38)]. Present species identifi-
cation is therefore based on molecular methods
by comparing ITS sequences with those of stan-
dard strains [(1), (32), (37)]. In conclusion, by
the clustering of the strain from our institute’s
collection with the C. puteana reference strains
(Fig. 2), we suggest to rename our strain C.
puteana. Regions 54-470 and 598-648 of the ITS
sequence of our strain showed only 91% and 88%
identity, respectively to regions 91-510 and 583-
630 of the reference strain MUCL 30844 of C.
arida (AJ345007).

The most complicated case links to the strain FBI
52 from our institute’s collection labelled
Trichaptum abietinum (Hirschioporus abietinus).
Originally obtained as H. abietinus CBS 376.68
from the CBS culture collection (Centraalbureau
voor Schimmelcultures), this strain has been
stored for decades in our institute´s collection.
In blastn searches of the ITS sequence of this
strain, perfect or nearly perfect hits (98-100%
identity) were obtained with a number of se-
quences that should represent either
Entrophospora sp., Ceratobasidium stevensii,

Naumann et al44



Thanatephorus cucumeris (or its anamorph
Rhizoctonia solani) or Bjerkandera strains. The
one assignment (AY035664) of a soil fungus
from a community of arbuscular mycorrhizal
fungi to Entrophospora sp. (39) is easily identi-
fied as being wrong by the fact that the genus
Entrophospora belongs to the phylum
Glomeromycota that is evolutionary distantly
related to fungi from the phylum Basidiomycota
in the subkingdom Dikarya (40). A number of
NCBI GenBank submissions labelled T.
cucumeris or with the anamorph name
Rhizoctonia (AF455419, AF455435, AF455438,
AF455459, AF455461, AF455463, AJ000198,
AJ276054, AY443531, DQ117961, DQ278948,
DQ426512, DQ426519, DQ426529) as well as
one submission labelled Ceratobasidium
stevensii (AJ427405) from the same fungal fam-
ily Ceratobasidiaceae of the Basidiomycota have
also to be considered as wrongly assigned. This
mislabelling likely goes back to sequence
AJ000198 obtained from a strain T4 (IMI
360314, sequenced also in another laboratory:
DQ278948) listed as Rhizoctonia solani isolated
from rice from Ghana (41). Johanson et al. (41)
noted at the time of first analysis that this se-
quence was highly dissimilar to sequences from
Rhizoctonia labelled strains from other sources.
The other sequences were obtained later in his-
tory from sequences amplified by PCR from air
in hospital laboratory environment (DQ426512,
DQ426519, DQ426529), nasal mucus (42) and
leaf material from Ipomea asarifolia (43) and
from fungi from root material of orchids (44).
The ITS sequence from the single strain labelled
C. stevensii came from a fungus that has been
isolated from a twig of an apple tree (AJ427405).
The final large group of about 20 sequences with
high similarity to our ITS sequence represents
the genus Bjerkandera. Among these are at least
three sequences from independent isolates that
were identified morphologically as Bjerkandera
[(45), (46), DQ060096]. From strain Bjerkandera
adusta VH57 (AB096737) in addition the se-
quence from the 28S rDNA gene is known that

matches with 98% identity that of strain
B. adusta DAOM 215869 [(45), (47), (48)]. Mor-
phological identification of at least four differ-
ent strains argues strongly for correct assign-
ments. These and some other Bjerkandera se-
quences were extracted from the NCBI GenBank
and used to construct the phylogenetic tree shown
in Fig. 3. Two of the sequences had only 95-96%
identity to the sequence of our strain and were
obviously from the same species (Bjerkandera
fumosa according to AJ006673) closely related
to B. adusta (Fig. 3). The only entry labelled T.
abietinum (U63474) showing a high degree iden-
tity to our sequence (96%) was also included and
two other T. abietinum labelled entries not hit in
the blastn search by our ITS sequence. When
comparing each two sequences in the direct
alignment, the ITS sequence of our strain
matched only in each two short stretches to the
sequences U63475 (190-353 with 96% identity
and 540-572 with 96% identity) and AY781273
(190-353 with 98% identity and 510-533 with
95% identity). Finally, ITS sequences from
Trametes versicolor (AY354226), Ganoderma
tsuga (DQ206985) and Polyporus squamosus
(DQ267123) from the Polyporales were included
in the phylogenetic analysis and the ITS sequence
from Schizophyllum commune (AF249390) from
the Agaricales was used as an outgroup (Fig. 2).
The sequence submitted under U63474 clearly
clustered with Bjerkandera sequences, although
in an own short branch, whereas the sequences
of the two other T. abietinum-labelled species
grouped further away from the sequences of the
three other genera of the Polyporales (Fig. 2).
Grouping with B. adusta has been noted before
and interpreted as likely misidentification or mis-
labelling of the respective strain (49). The ITS
sequence established in this study for strain FBI
52 implies that there has been also an error with
this strain. T. abietinum CBS 376.68 is also
known as DAOM 72245A. Ko & Jung (50)
analyzed the mitochondrial small subunit ribos-
omal DNA of DAOM 72245A and found it to
cluster with those of other T. abietinum strains.
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It is thus likely, that a mislabelling has
happened at some point in the past in case of
strain FBI 52. The ITS analysis implies that the
strain in our collection should be relabelled as
B. adusta.

Evaluating ITS sequences from coprini

Coprini present a group of approximately 200
different species that, with a few exceptions, are
very difficult to distinguish from each other by
morphological means. Coprini have been com-
piled in one genus Coprinus until recently, when
molecular data divided them into four new gen-
era belonging to the Psathyrellaceae
(Coprinopsis with an estimated 100 species,
Coprinellus with more than 40 species and
Parasola with currently 18 defined species) and
the Agaricaceae (Coprinus with just three spe-
cies), respectively (51). Most species grow on
dung and plant litter in soil but about a third of
the species has been observed growing also on
(decaying) wood (Navarro-González, PhD the-
sis in preparation). A collection of coprini ob-
tained from different sources (Table 2) for test-
ing of growth behaviour on wood (Navarro-
González, PhD thesis in preparation) were sub-
jected in this study to an analysis of ITS se-
quences.

ITS sequences verified species identity of two
C. comatus strains, of a Coprinellus radians
strain, 3 Coprinellus xanthothrix strains, and a
Coprinopsis cinerea strain (Table 2). ITS se-
quences for Coprinopsis scobicola were so far
not available and we provide new ITS sequences
from two monokaryotic strains well established
in mating type analysis of C. scobicola [(52)-
(53)]. Misidentified within the family of the
Psathyrellaceae were obviously the strains la-
belled as Coprinellus disseminatus C50,
Parasola plicatilis C65, and Coprinopsis
atramentaria C67. The first two should present
two different further to be defined species from
the genus Coprinellus, the third one a further to

be defined species from the genus Coprinopsis
(Table 2, Fig. 4).

Mushrooms of the related species Coprinopsis
lagopus and Coprinopsis lagopides are very dif-
ficult to distinguish and misidentifications are
easily possible (20). The ITS sequences of the
Coprinopsis strains labelled C. lagopus C215 and
C. lagopides C262 are both related to the NCBI
sequence AF345815 assigned to C. lagopides and
poorly to the NCBI sequence AF345813 assigned
to C. lagopus (Table 2, Fig. 4). Since further
background on the sequences AF345815 and
AF345813 is not available, at the current state a
complete species designation to the two tested
strains is better left open until a more thorough
analysis on the two species with several differ-
ent isolates has been made.

Finally, the snow mould used as Coprinopsis
psychromorbida in microbiological practicals to
demonstrate growth at low temperatures (2-4°C,
optimum at 15°C) turned out to be an unknown
basidiomycete with clamp cells at its hyphal
septa. The only highly similar sequence (98 %
identity) in the NCBI database is from an uncul-
tured basidiomycete from forest soil
(AY969953). The next similar sequence is from
Athelia bombacina (ABU85795) (86% identity)
belonging to the family of Atheliaceae in the
Atheliales (Table 2, Fig. 4).

ITS in molecular barcoding of coprini

Once ITS sequences have been established and
positions of recognition sites of restriction en-
zymes deduced from these sequences, the infor-
mation can be used as barcodes in species iden-
tification (54), eliminating the need for further
tedious sequencing and allowing also less
equipped laboratories without modern
sequencers an easy access to molecular species
identifications. In the following, we describe ex-
amples of barcoding of new isolates of
C. comatus and Coprinellus micaceus.
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The edible C. comatus (Fig. 5 A to C) able to
grow on wood (Navarro-González, PhD thesis
in preparation) is not as easily mixed up with
other coprini by the large size and the character-
istic elongated-ovoid shape of the mushroom cap,
the floccose, shaggy scales on the cap surface, a
white annulus on the stipe upon opening the cap
and an elastic cord suspended in the stipe that is
not found in coprini belonging to the
Psathyrellaceae (21). PCR-amplified ITS frag-
ments of new isolates from C. comatus mush-
rooms collected at different times and places on
the grounds of the North Campus of the Georg-
August-University Göttingen and a PCR-ampli-
fied ITS fragment of the C. comatus strain C108
were digested with restriction enzymes HinfI and
HhaI (Fig. 5 E and F). All showed the same band-
ing patterns. Within the error range of the agarose
gels, the size of the DNA fragments obtained cor-
responded well with the expected sizes (Fig. 5
D). The ITS sequence of the closest related spe-
cies, Coprinus sterquilinus (AF345821), is iden-
tical in size to the ITS fragment of C. comatus
strains. HinfI and HhaI digests can however
clearly distinguish these two species by the fact
that in the C. sterquilinus sequence the first HinfI
site is missing (not shown).

Other genera of the coprini containing many
more species than the newly defined genus
Coprinus are more difficult to categorize. Fig. 6
shows an analysis of a strain isolated from easy
to recognize fruiting bodies of the tree-patho-
genic species C. micaceus. The HhaI restriction
pattern of its ITS sequence is identical to that of
strain C56 (Fig. 6C) that according to ITS
sequencing (Table 2) likely presents a C.
flocculosus strain. In contrast, the HinfI digests
distinguish these two species (Fig. 6B). An evalu-
ation of ITS sequences of other species of the
genus showed that HhaI and HinfI digests are
not always sufficient to distinguish C. flocculosus
from other species such as Coprinellus
verrucispermus and e.g. Coprinellus radians
from species such as Coprinellus xanthothrix on

agarose gels (Fig. 7). Whilst these four species
divide into two groups due to a restriction site
for HhaI shared only between C. flocculosus and
C. verrucispermus, a third digest for example
with enzyme DpnI is required to resolve the oth-
erwise alike species (Fig. 7). In contrast, C.
micaceus is easily recognized from the other
species by a HinfI site shared only with C.
disseminatus that in turn is characterized by
multiple HhaI and HinfI sites (Fig. 7).
Coprinellus curtus (of which currently only a
partial ITS sequence is available – AY461834)
is distinct from all discussed species by lack of
HinfI and/or HhaI sites (Fig. 7). Considering only
7 different species is a start of barcoding differ-
ent members of the genus Coprinellus through
restriction enzyme analysis of PCR-amplified
ITS fragments. It is to be expected that in
barcoding of the over 40 species of the genus,
further enzymes will have to be incorporated in
such ITS analysis.

Conclusion

In this study, we established the ITS sequences
from collections of fungal strains of wood-in-
habiting species and of a collection of coprini,
of which several also occur on wood (Navarro-
González, PhD thesis in preparation). To the best
of our knowledge, in 71 % of the cases (25 of
totally 35 sequences), ITS sequences confirmed
species names assigned previously to the isolates.
For one species (C. scobicola), ITS sequences
were determined for the first time making use of
different two strains. Two different strains
(Bjerkandera sp. and an unidentified snow
mould) were assigned to a wrong genus and in
the six other cases left, strains were assigned to
a wrong species within a genus (considering in
case of Coprinellus sp. C65 the traditional ge-
nus Coprinus) or assignments were uncertain.

Our study documents the difficulty of correct
identifications of fungal species by molecular
means due to various types of errors that can oc-
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cur in the process (e.g. wrong morphological
identification of a species, mixing up cultures in
stock collections, assigning names to strains by
wrong entries in the sequences databases). Once
introduced into the databases, such mistakes are
carried on and tend to multiply.

To avoid mistakes in molecular identification,
correct linkage between morphological charac-
teristics and DNA sequences are required and in
best cases, fungal voucher strains have been de-
posited in a suitable strain collection allowing at
any time a control (55). Since wrong entries in
public databases cannot be avoided by the prin-
ciple that submitting of sequences is open to eve-
ryone, separate databases controlled by experts
are required as already founded for mycorrhizal
species and certain groups of food-inhabiting
fungi (4). With enough numbers of species en-
tries, such databases can then on the one hand
be used for blast searching of sequences. On the
other hand, such data are open to be used with
suitable computer programs in the technically
easier to perform barcoding of species.
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Table 1 : Strains of wood-rotting fungi analyzed by ITS sequencing

Strain as originally Fragment Hits in NCBI GenBank Gen Bank
named # length Accession Species % Identity accession

in bp + number number/new
(region) species name *

Basidiomycota/Agaricales
Armillaria gallica 750 AY190248 Armillaria 99 EU140578
910224.1 1 (55-805) gallica
Armillaria mellea 782 AF163581 Armillaria 98 EU162047
901010.3 1 (36-819) mellea
Pleurotus ostreatus 594 AY540322 Pleurotus 100 EU162048
N001 2 (61-654)  floridanus
Schizophyllum 563 AF348142 Schizophyllum 100 EU162049
commune 4-39 x 4-40 3 (71-633) commune
Basidiomycota/Boletales
Coniophora arida 648 AJ344110 Coniophora 99 EU162050/
FBI 516 4 (40-687) puteana Coniophora sp.
Serpula lacrymans 538 AF335275 Serpula 100 EU162051
FSU 2886 5 (75-612) lacrymans
Basidiomycota/Polyporales
Antrodia serialis 561 AJ345010 Antrodia 99 EU162052
910310.8 1 (37-594) serialis
Ganoderma adspersum 570 EF060012 Ganoderma 100 EU162053
FBI 59 (CBS 351.74) 4 (10-579) adspersum
Gloeophyllum 509 AJ420947 Gloeophyllum 86 EU162054
odoratum 050601.3 1 (219-521) abietinum
Gloeophyllum 559 AJ420946 Gloeophyllum 99 EU162055
sepiarium 041118.30 1 (31-589) sepiarium
Fomes fomentarius 565 AY354213 Fomes 99 EU162056
980706.7 1 (531-2)  fomentarius
Trichaptum 572 DQ060096 Bjerkandera sp. 99 EU162066/
abietinum (50-622) Bjerkandera sp.
(Hirschioporus abietinus) AB096737 Bjerkandera 99
FBI 52 4 (26-597) adusta
Polyporus brumalis 558 AF516525 Polyporus 99 EU162059
FBI 5 (36-593)  brumalis (sequence 1)
(CBS 470.72) 4 559 99 EU162060

(sequence 2)
Trametes gibbosa 577 AY684176 Trametes 100 EU162057
911030.1 1 (8-568)  gibbosa
Trametes hirsuta 551 AY684170 Trametes 99 EU162058
911020.11 1 (4-553)  hirsuta

Naumann et al52



Trametes versicolor 550 AY684179 Trametes 98 EU162061
051130.2 1 (8-558) versicolor (sequence 1)

551 98 EU162062
(sequence 2)

Trametes zonata 562 AY840580 Trametes 99 EU162063
921011.17 1 (31-591) versicolor

AY684177 Trametes 98
(6-564) ochracea

AY684179 Trametes 98
(8-569) versicolor

Basidiomycota/Russulales
Heterobasidion 588 X70027 Heterobasidion 99 EU162064
annosum (sensu (19-605) annosum
stricto, P-type) (sensu stricto,
851007.1 1 P-type)
Heterobasidion 576 X74923 Heterobasidion 99 EU162065/
annosum S-type (26-600)  parviporum Heterobasidion
Steg#216 6 (H. annosum parviporum

S-type)
Ascomycota/Xylariales
Ustulina deusta 578 AF201718 Ustulina deusta 99 EU162067
910506.1 1  (60-638)

Origins of Strains
# Origins of strains: 1 isolated by O. Holdenrieder (Zurich); 2 obtained from L. Ramírez

(Pamplona); 3 monokaryons 4-39 and 4-40 were obtained from H. Wösten (Utrecht) and mated
by S. Peddireddi (Göttingen); 4 from the culture collection of the Institute of Forest Botany
(FBI) in Göttingen (now Büsgen-Institute); 5 obtained from K. Voigt (Pilz-Referenz-Zentrum
Jena), 6 obtained from D. Rigling (WSL, Birmensdorf).

+ Note that a few nucleotides at the ends of the ITS fragments can be missing due to poor
labelling in the sequencing reactions of PCR-amplified fragments.

* Species names were newly assigned according to the results from the comparison with ITS
sequences deposited in the NCBI GenBank.
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Table 2 : Coprini analyzed by ITS sequencing

Strain as originally Fragment Hits in NCBI GenBank Gen Bank
named # length Accession Species % Identity accession

in bp + number number/new
(region) species name *

Basidiomycota/Agaricales/Agaricaceae
Coprinus comatus 579 AY176346 Coprinus 98 EU168100
C53 1 (53-633) comatus
Coprinus comatus 595 AY176346 Coprinus 97 EU168101
C108 1 (34-631) comatus
Basidiomycota/Agaricales/ Psathyrellaceae
Coprinellus 367 AY969507 Uncultured 99 EU168102
disseminatus C50 1 (45-412)   basidiomycete Coprinellus sp. C50

AY461838 Coprinellus 94
(59-416) disseminatus

DQ093648 Coprinellus 93
(629-245) disseminatus

Coprinellus radians 617 AY461815 Coprinellus 98 EU168103
C22 1 (25-640) radians
Coprinellus 462 AF361228 Coprinopsis 98 EU168104
xanthothrix C144 1 (44-501) xanthothrix
Coprinellus 568 AF361228 Coprinopsis 98 EU168105
xanthothrix C398 1 (2-571)  xanthothrix
Coprinellus 624 AF361228 Coprinopsis 100 EU168106
 xanthothrix C482 1 (22-645) xanthothrix
Parasola 399 AF345818 Coprinellus 98 EU168107
plicatilis C65 1 (142-536) flocculosus Coprinellus

sp. C65
(flocculosus?)

Coprinopsis 586 AF345817 Coprinopsis 97 EU168108
atramentarius C67 1 (31-609) stercorea Coprinopsis

DQ486694 Coprinopsis 93 sp. C67
(20-599) atramentaria

Coprinopsis 621 AY461825 Coprinopsis 99 EU168109
cinerea C344 1 (56-677) cinerea
Coprinopsis 525 AF345815 Coprinopsis 99 EU168110
lagopus C215 1 (108-633) lagopides Coprinopsis  sp.

DQ093649 Coprinus sp. 98 C215
(187-665) (lagopides?)
AF345813 Coprinopsis 85
(153-638) lagopus
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Coprinopsis 614 DQ093649 Coprinus sp. 99 EU168111
 lagopides C262 1 (50-664) Coprinopsis sp.

AF345815 Coprinopsis 96, 97  C262
(22-144, lagopides
146-623)

AF345813 Coprinopsis 83
(28-620)  lagopus

Coprinopsis 608 AB097564 Coprinopsis 92 EU168112
scobicola Cb1 2 (27-632) neolagopus
Coprinopsis 524 AB097564 Coprinopsis 92 EU168113
scobicola Cb2 2 (73-596) neolagopus
Coprinopsis 622 AY969953 Uncultured 98 EU168114
psychromorbida 3 (31-652) basidiomycete Unidentified

snow mold
U85795 Athelia 86
(92-718) bombacina

Origins of strains
# Origins of strains: 1 obtained from T. James (Duke University); 2 obtained from M. Challen

(Wellesbourne); 3 from O. Holdenrieder via the fungal collection of the Institute for Microbi-
ology, ETH Zurich

+ Note that a few nucleotides at the ends of the ITS fragments can be missing due to poor
labelling in the sequencing reactions of PCR-amplified fragments.

* Species names were newly assigned according to the results from the comparison with ITS
sequences deposited in the NCBI GenBank.
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Fig. 1: Sector from an rDNA cluster with a partial 18S rRNA gene, ITS 1, a 5.8S rRNA gene, ITS 2,
and a partial 28S rRNA gene. The positions and directions of primers ITS1 and ITS4 are marked to
indicate the region to be amplified in ITS analysis.

Fig. 2: Phylogenetic tree of ITS sequences from the genus Coniophora from the Boletales. Cp =
ITS sequences from strains marked with Coniophora puteana, Ca = ITS sequences from strains
marked as Coniophora arida. Codes indicate NCBI GenBank accession numbers. Stars mark the
ITS sequences from reference strains of Schmidt et al. (37). Strain FBI 516 listed so far as C. arida
(marked in grey) has now been renamed C. sp. (Csp FBI 516). The Schizophyllum commune se-
quence (Sc AF249390) served in this analysis as outgroup. Bootstrap values (500 replications)
above 50 are shown at tree branchings. The scale bar defines the number of nucleotide substitutions
per site.
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Fig. 3: Phylogenetic tree of species from the Polyporales. Ba = ITS sequences from strains marked
with Bjerkandera adusta, Bf = ITS sequence from a strain marked with Bjerkandera fumosa, Bsp
= ITS sequences from strains marked with Bjerkandera sp., Gt = ITS sequence from a strain marked
with Ganoderma tsuga, Ps = ITS sequence from a strain marked with Polyporus squamosus, Ta =
ITS sequences from strains marked with Trichaptum abietinum, Tv = ITS sequence from a strain
marked with Trametes versicolor. Codes indicate NCBI GenBank accession numbers. Stars mark
the ITS sequences from Bjerkandera strains that were morphologically defined. Strain FBI 52
listed so far as T. abietinum (marked in grey) has now been renamed B. sp. (Bsp FBI 52). The
Schizophyllum commune sequence (Sc AF249390) served in this analysis as outgroup. Bootstrap
values (500 replications) above 50 are shown at tree branchings. The scale bar defines the number
of nucleotide substitutions per site.
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Fig. 4: Phylogenetic tree of coprini. Codes indicate NCBI GenBank accession numbers. Strains
marked in grey are those from this study that were assigned to a wrong species name. The Athelia
bombacina sequence (ABU85795) served in this analysis as outgroup. Bootstrap values (500 repli-
cations) above 50 are shown at tree branchings. The scale bar defines the number of nucleotide
substitutions per site.
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Fig. 5: Analysis of ITS sequences from Coprinus comatus: Fruiting bodies of C. comatus collected
in year 2006 on the grounds of the North Campus of the Georg-August-University of Göttingen
used to isolate strains MN-23 (A), MN-24 (B) and MN-25 (C) from stipe tissues. Physical map of
the fragment with the internal transcribed spacer 1, the 5.8S rRNA gene, and the internal tran-
scribed spacer 2 from C. comatus chromosomal DNA (AF345803) plus added ITS1 and ITS4 primer
sequences (D). Sizes of fragments expected to be obtained in digests with restriction enzymes
HinfI and HhaI are indicated. Restriction digests of PCR-amplified fragments with HinfI (E) and
HhaI (F). Lane 1: size marker (1 kb ladder); lane 2 to 7: DNA amplified with primers ITS1 and
ITS4 from genomic DNA of C. comatus C108, 1-2004, 2-2004, MN-23, MN-24, and MN-25,
respectively.
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Fig. 6: Analysis of ITS sequences from Coprinellus micaceus and Coprinellus flocculosus: A physical
map of the DNA fragments with the internal transcribed spacer 1, the 5.8S rRNA gene, and the
internal transcribed spacer 2 from C. micaceus and C. flocculosus chromosomal DNA plus added
ITS1 and ITS4 primer sequences were constructed using the sequences deposited in NCBI GenBank
under AF345808 and AF345818, respectively (A). A PCR-amplified ITS fragment from a mycelial
culture of a strain isolated from C. micaceus mushrooms (shown in E) taken from a colony of
fruiting bodies found in year 2006 on the grounds of the Georg-August-University Hospital breaching
in the bifurcation of an infested forking Robinia pseudoacacia tree through its bark (D) were analyzed
with restriction enzymes HinfI (B: lane 2) and HhaI (C: lane 2). Lanes 1 in the two agarose gels
present the size marker (1 kb ladder), lanes 3 HinfI- and HhaI-digested PCR-amplified ITS se-
quences from strain Coprinellus sp. C65 (EU168107).
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Fig. 7: Physical maps of ITS fragments of Coprinellus micaceus (Cm, AF345808), Coprinellus
flocculosus (Cf, AF345818), Coprinellus verrucispermus (Cv, AY521250),  Coprinellus radians
(Cr, AF345822), Coprinellus xanthothrix (Cx, AF361228) Coprinellus curtus (Cc, AY46181834;
incomplete sequence!), and Coprinellus disseminatus (Cd, AF345809) showing positions of re-
striction sites for enzymes HinfI, HhaI, and DpnI.
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Abstract

The aim of the investigation was to study the
effect of penetration enhancers on the in vitro
permeation of carvedilol across excised rat
abdominal skin and to select suitable penetration
enhancer. Terpenes menthol, camphor, d-
limonene and carvone; surfactants, Transcutol
and Labrasol at 5 % w/v, were used as penetration
enhancers in the study. Skin permeation studies
were conducted in Franz diffusion cells using
excised rat abdominal skin. Solutions containing
5 % w/v camphor showed maximum permeation
(451.20 µg?) in 24 hr with a flux of 5.23 µg/hr/
cm2 and was significantly different (p<0.05) to
flux obtained with other permeation enhancers.
Control (phosphate buffer saline, pH 7.4
containing 40 % v/v polyethylene glycol) sample
showed lowest permeation (59.18 µg?), with a
flux of 0.67 ìg?/hr/cm2. The flux of carvedilol
obtained from the solutions containing camphor,
Transcutol, d-limonene, carvone, Labrasol and
menthol (5 % w/v) were 7.81, 7.26, 6.52, 5.91,
4.21 and 2.28 times higher than that observed
with control, respectively. The flux obtained with
camphor was significantly higher (p<0.05) than
the fluxes obtained with other penetration
enhancers. The present study suggests that
camphor, Transcutol and d-limonene at 5 % w/v
level may be used as penetration enhancers in
the development of transdermal drug delivery
systems.

Studies on the influence of penetration enhancers on in vitro
permeation of carvedilol across rat abdominal skin
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Introduction

Carvedilol is a non-selective β-adrenergic
antagonist widely used in the treatment of mild
to moderate essential hypertension and stable
angina pectoris. It also possesses antioxidant and
antiproliferative effects. That may enhance its
ability to combat the deleterious effects of
sympathetic nervous system activities in heart
failure (1). It is well absorbed followed by oral
administration. The systemic availability is
approximately 25-35 % because of high first pass
metabolism (2). To reduce its high first pass
metabolism and enhance its bioavailability other
routes of administration such as buccal (3), have
been reported. The biological properties of
carvedilol such as high first pass metabolism,
low dose, need for long term treatment and
repetitive dosing make this drug an interesting
candidate for transdermal administration.

The transdermal route of administration has been
recognized as one of the potential route for the
local and systemic delivery of drugs. The
advantages of transdermal delivery, include
therapeutic benefits such as sustained delivery
of drugs to provide a steady plasma profile,
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particularly for drugs with short half lives and
hence reduced systemic side effects; reducing the
typical dosing schedule to once daily or even
once weekly hence generating the potential for
improved patient compliance and avoidance of
the first pass metabolism effect for drugs with
poor bioavailability (4).  However, the highly
organized structure of stratum corneum forms
an effective barrier to the permeation of drugs,
which must be modified if poorly penetrating
drugs are to be administered. The use of chemical
penetration enhancers would significantly
increase the number of drug molecules suitable
for transdermal delivery (5). Terpenes present in
naturally occurring volatile oils appear to be
clinically acceptable enhancers (6). Moreover, a
wide variety of terpenes have been shown to
increase the percutaneous absorption of number
of drugs (7). In this investigation, the penetration
enhancers camphor, carvone, menthol, d-
limonene, Transcutol and Labrasol at 5 % w/v
concentration were used. Excised rat abdominal
skin was used for in vitro permeation studies.

Previous studies, reported carvedilol transdermal
therapeutic systems based on polymethacrylates
(8) and membrane controlled matrix type patches
using non ionic surfactants as penetration
enhancers (9).  The objective of present study
was to investigate the effect of penetration
enhancers on the permeation of carvedilol across
rat abdominal skin and to select suitable
penetration enhancer(s). 

Materials and methods

Materials

Carvedilol was provided by Sun
Pharmaceuticals, India. D-limonene, carvone
menthol and poly ethylene glycol 400 (PEG 400)
were purchased from Merck, India. Camphor
was purchased from Sd fine chemicals India.
Labrasol (PEG-8 caprylate/caprate), Transcutol
(Diethyleneglycol monoethyl ether) were gifts

from Gattefosse (Cedex, France). All other
chemicals and reagents used are of analytical
grade.

Preparation of Rat Abdominal Skin

Albino rats weighing 150-200 gm were selected
for permeation studies and the study was
conducted with the approval of institutional
ethical committee. The animals were sacrificed
using anesthetic ether, hair of test animals was
carefully trimmed short (<2 mm) with a pair of
scissors and the full thickness skin was removed
from the abdominal region. The epidermis was
prepared surgically by heat separation technique
(10), which involved soaking the entire
abdominal skin in water at 60° C for 45 sec,
followed by careful removal of the epidermis.
The epidermis was washed with water and used
for ex vivo permeability studies. The thickness
of the skin was measured with digital micrometer
(Mitotoyo, Japan).

In vitro permeability studies

Franz diffusion cell with a surface area of 3.56
cm2 was used for in vitro permeation studies. Rat
abdominal skin with a thickness of about 1.0 mm
was mounted between the compartments of the
diffusion cell with stratum corneum facing the
donor compartment. The receiver phase is 12 ml
of phosphate buffer saline (PBS) pH 7.4
containing 40 % v/v of PEG 400, stirred at 500
rpm on a magnetic stirrer; the whole assembly
was kept at 37 ± 0.5o C.  PBS (pH 7.4), containing
40 % v/v PEG 400 and 3 mg of carvedilol (3
mL) was placed in the donor compartment.
Carvedilol is practically insoluble in water hence
a buffer PEG 400 system was used for solublizing
carvedilol.  All individual solutions in donor
compartment were prepared separately with and
without (5% w/v) penetration enhancers.
Menthol, camphor, Transcutol, Labrasol, d-
limonene and carvone as penetration enhancers
and PBS pH 7.4 containing 40 % v/v PEG 400

 In vitro permeation of carvedilol across the skin 63



Ramesh et al

as control were used in the study.  The entire
setup was placed over magnetic stirrer and
temperature was maintained at about 37 ± 0.5o C
by placing the diffusion cell in a water bath. The
amount of drug permeated was determined by
removing 1 mL of sample at appropriate time
intervals up to 24 hr, the volume was replenished
with an equal volume of PBS pH 7.4 containing
40 % v/v PEG 400. The drug content in the
samples was determined by high performance
liquid chromatography (HPLC) and the
concentration was corrected for sampling effects
according to the equation (11).

C1
n
 = C

n
 (V

T
/V

T
 - V

S
) (C1

 n-1
/ C

n-1
)

Where C1
n
 is the corrected concentration of the

nth sample, C
n
 is the measured concentration of

carvedilol in the n th sample, C 
n-1

 is the measured
concentration of the carvedilol in the (n -1) th

sample, V
T
 is the total volume of the receiver

fluid and V
S
 is the volume of the sample drawn.

Estimation of drug content in the sample by
HPLC method

The HPLC system (Shimadzu, Japan) consisted
of a LC–10AT solvent module, and a model UV-
Visible Spectrophotometric detector (SPD–10A)
with LC 10 soft ware. Carvedilol was quantified
according to a reported method (12). The column
used was a Kromasil KR 100-5C8 (25 X 4.6 mm
i.d, 5 µ). The mobile phase consisted of
acetonitrile, 15 mM orthophosphoric acid
(37:63), and 0.25 v/v % triethylamine mixture,
and was adjusted to pH 2.5 with orthophosphoric
acid. The elute was monitored at 238 nm with a
flow rate of 1 mL/min. The sensitivity was set to
0.005 AUFS.

Data analysis

As described by Barry (13), the steady state flux
(J

s
), lag time (T

L
), diffusion coefficient (D) and

apparent permeation coefficient (P
app

) are defined
by 

Where, A is the effective diffusion area; h, the
thickness of skin; Cs, the concentration in the
saturated solution and (dQ/dt) 

ss
 is the steady state

slope.

Statistical Analysis

The Q
24 

(cumulative amount permeated in 24 hr)
and flux values obtained from the various
systems were tested for significant differences
using a one-way analysis of variance (ANOVA)
or unpaired t test. If the significant differences
exist when ANOVA was used, the pair wise
comparison of different systems was done to find
out statistical significant difference in parameters
using a Dunnet’s test. When the normality test
failed, Kruskal-Wallis one-way ANOVA was
used to find out if the significant differences exist
between different systems. The statistical
analysis was conducted using SigmaStat
software version 1.0 (Jandel Corp., California).

Results and Discussion

Effect of Penetration Enhancers

The effect of enhancers on permeation of a drug
usually depends upon physicochemical
characteristics of both permeant as well as
enhancer molecule.  Among enhancers, various
terpenes have been widely used for transdermal
delivery of compounds (13). The effects of
various penetration enhancers on the
percutaneous penetration profile of carvedilol
was shown in Table 1, Figs. 1 and 2. The
thickness of isolated skin was found to be in
between from 844 to 1234 microns.

Solutions containing 5 % w/v camphor showed
maximum permeation of 451.20 µg in 24 hr with

Js = (dQ/dt)ss 1/A      -  (1)

       h
2

      6T
L

      dQ     1     1
      Dt      A    C

D =

P =

-  (2)

-  (3)
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a flux of 5.23  µg/hr/cm2, was significantly higher
(p<0.05) than the amount of carvedilol permeated
by other permeation enhancers used in the study.
Control sample showed lowest amount of
permeation, 59.18 µg in 24 hr with a flux of 0.67
µg/hr/cm2. Maximum flux (5.23 µg/hr/cm2)
obtained with camphor at 5 % w/v, was
significantly higher (p<0.05) than the flux
obtained with other penetration enhancers, but
was not significantly different (p<0.05) from the
flux obtained with Transcutol.  Transcutol (4.87
µg/hr/cm2) and d-limonene (4.37 µg/hr/cm2)
showed similar flux values with lag time of 0.30
hr and 0.40 hr respectively.

The comparison of carvedilol flux obtained from
drug solutions containing 5 % w/v penetration
enhancer through excised rat skin was shown in
Fig 3. The effect of the various enhancers on the
flux of carvedilol followed the order: Camphor
> Transcutol > d-limonene > Carvone > Labrasol
> Menthol > Control. The flux of carvedilol
obtained from the solutions containing camphor,
Transcutol, d-limonene, carvone, Labrasol and
menthol (5 % w/v) were 7.81, 7.26, 6.52, 5.91,
4.21 and 2.28 times higher than that observed
with control, respectively. The main findings of
the study are the accelerants enhance diffusion
or partition and thus permeation of drugs. The
lipid partitioning theory was proposed by Barry
to describe the mechanism of action of
permeation enhancers (14), whether by (i)
disruption of the highly ordered structure of SC
lipids, (ii) interactions with intracellular proteins
or (iii) improvement in partitioning of the drug,
co enhancers or co solvent in to the stratum
corneum.

In this study, we found that diffusion of carvedilol
through the skin was increased by terpenes. It is
reported that terpenes enhance diffusion of drugs
by extracting lipids from stratum corneum (15,
16), it results in reorganization of lipid domain
and barrier disruption (17, 18). The mechanism
of barrier disruption may be due to the

competitive hydrogen bonding of oxygen-
containing monoterpenes with ceramide head
groups, thereby breaking the interlamellar
hydrogen bonding network of lipid bilayer of
stratum corneum and new polar pathways or
channels are formed (19, 20). DSC proved the
barrier disruptive action of terpenes, where there
was a shift in endothermic transition temperature
of stratum corneum lipids after treatment with
terpenes (21). The other possible mechanism of
action may be the lipid fluidizing activity of
terpenes containing essential oils. Fourier
transform infrared (FTIR) studies proved the
lipid extractive action of terpenes from stratum
corneum, where there was a decrease in heights
and areas of both symmetric and asymmetric CH

2

stretching absorbance peaks of stratum corneum
lipids (16, 22). Surfactants, Transcutol and
Labrasol change lipid chain fluidity of the SC
and improve drug partition (23).

Conclusion

The present study suggests that camphor,
Transcutol and d-limonene at 5 % w/v
concentration may be used as penetration
enhancers, for the transdermal delivery of
carvedilol. The data obtained in the present study
using rat abdominal skin cannot be translated to
in vivo delivery in humans as other factors such
as cutaneous microvasculature, which prevents
the accumulation of the drug in the skin and the
cutaneous metabolism of the drug which
significantly alter the permeation profile of the
drug. The results obtained from this study will
be helpful in the development of transdermal
drug delivery systems. Further work is
recommended to evaluate the optimum
concentration of camphor, Transcutol and d
limonene to meet the target flux.
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Table 1: Permeation parameters of Carvedilol through excised rat abdominal skin from PBS pH
7.4 containing 40 % v/v of PEG 400 and 5 % w/v of Penetration enhancer

Penetration Q
24

a Jsb P
app

c (cm/hr) T
L

d De

enhancer Permeation (µg/cm2/hr) (hrs) (cm2/hr)
Control 59.18 ± 13.30 0.67 ± 0.095 0.22  ± 0.013 0.50 ± 0.042 0.13 ± 0.045
Menthol 135.06 ± 35.84 1.53 ± 0.125 0.51± 0.029 0.31 ± 0.029 0.08 ± 0.009

Camphor 451.20 ± 70.57 5.23 ± 0.331 1.87 ± 0.011 0.41 ± 0.034 0.11 ± 0.031
D-limonene 353.49 ± 12.52 4.37 ± 0.403 1.45 ± 0.014 0.30 ± 0.014 0.08 ± 0.002
Carvone 324.13 ± 27.32 3.96 ± 0.328 1.32 ± 0.021 0.35 ± 0.023 0.09 ± 0.006
Transcutol 384.18 ± 45.97 4.87 ± 0.571 1.62 ± 0.019 0.40 ± 0.032 0.10 ± 0.010
Labrasol 222.60 ± 45.21 2.82 ± 0.177 0.93 ± 0.059 0.34 ± 0.016 0.09 ± 0.003

a Cumulative amount (µg) of drug permeated per cm2, results are mean ± SD (n=3)
bJs Transdermal flux, values represent mean ± SD (n=3).
c P

app
 Permeability Coefficient, values represent mean ± SD (n=3).

d T
L
 Lag Time, values represent mean ± SD (n=3).

e D Diffusion Coefficient, values represent mean ± SD (n=3).
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Fig 1: Effect of terpenes as penetration enhancers on in vitro permeation of carvedilol through
rat abdominal skin, values represent mean ± S.D (n=3)

Fig 2:  Effect of surfactants as penetration enhancers on in vitro permeation of carvedilol
through rat abdominal skin, values represent mean ± S.D (n=3)
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Fig 3: Comparison of carvedilol flux obtained from drug solutions containing 5 % w/v
penetration enhancer through excised rat skin, values represent mean ± S.D (n=3)
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Abstract

In this present study we have sequenced the
complete Myostatin gene with 3 exons, two
introns, promoter region, 5’ and 3’ UTR region.
We sequenced the entire gene by designing a set
of 20 primers. Ten individuals from 5 breeds of
Indigenous chicken were sequenced and the
sequences obtained were aligned to develop a
consensus sequence. We compared the sequences
obtained among themselves, with Red Jungle
Fowl and Chinese fowl. We estimated three
genetic distances and constructed the
phylogenetic tree using NJ method. The
indigenous chicken joined together first followed
by Red Jungle Fowl while the Chinese fowl was
distinct. The indigenous gene sequence was
similar among the various chicken breeds and
might have been evolved from RJF following a
separate course than the evolution of Chinese
chicken.

Introduction

Myostatin (GDF-8) is an important candidate
gene for growth and development of domestic
animals and poultry. It is a member of TGF-â
superfamily of secreted growth and
differentiation factors. It is a negative regulator
of skeletal muscle growth and is essential of
proper regulation of skeletal muscle mass (1).

Characterization of Myostatin Gene and Identification of SNPs
for Diversity Analysis
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The gene has been studied widely in cattle (2, 3,
4), buffalo (5), mice (6) and chicken (7,8). This
gene has been reported to provide genetic
evidence of role of SNPs in myostatin gene in
regulation of adipose growth and musculature
in chicken (8). Myostatin SNPs have been
reported to occur with different gene frequencies
among chicken breeds7.

The comparative analysis of broiler, layer and
silkie fowl genome with Red Jungle fowl (RJF)
have revealed 3.2 million SNPs which are now
available in public domain (Chicken VD
Database, 9). The indigenous chicken are
morphologically of two distinguished types, the
game birds which have a very distinctive body
conformation and well developed musculature
compared to other normal layer type birds.

The present study was carried out to sequence
the myostatin gene in five indigenous chicken
populations and comparing the sequences among
themselves to develop a consensus sequence of
indigenous chicken. These included the normal
birds as well as game birds. Aseel and Danki are
the game birds and have well developed
musculature with aggressive behaviour (10).
These birds are found in junction of Andhra
Pradesh, Jharkand and Orissa. Daothigir birds
are found in the western Assam bordering West
Bengal and are reared by Bodo tribals. Punjab
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brown are normal birds of Punjab and Haryana
of North India while Chittagong birds inhabit and
Meghalaya bordering Bangladesh. The five
Indian chicken populations, RJF and Chinese
chicken have been compared for identifying the
variations. The purpose of the present study was
to report variations among the chicken breeds of
India and to reconstruct phylogeny with other
chicken populations and RJF.

Material and Methods

Samples: Two samples each from the five
populations of indigenous chicken were utilized.
Genomic DNA was extracted from 0.5 ml of
blood collected from wing vein in heparinised
vacuutiners. The DNA was isolated using the
standard laboratory protocols (11).

Sequencing of Myostatin gene: We designed
twenty pairs of overlapping primers (Fig 1) for
complete chicken myostatin gene sequences
(Table 1) available in NCBI database
(AF346599) using primer3 software. The PCR
conditions were standardized for each
oligonucleotide primer pair. Amplified PCR
products were purified by treating with
Exonuclease and Alkaline phosphatase (0.5 unit
each) and incubating at 370C for 2 hrs followed
by inactivation at 850C for 15 minutes. Purified
PCR products were sequenced using Big Dye
terminator chemistry on 3100-Avant (Applied
Biosystems) automated DNA sequencer.

Sequence Analysis:  Myostatin gene sequence
from the five breeds of chicken were aligned
using Seqscape version 3.0 software (Applied
Biosystems, USA). The variations among the
indigenous breeds were recorded. The consensus
sequence was obtained for the indigenous breeds
and was compared to Chinese native chicken
(AF346599) and sequence of the gene of Red
Jungle fowl (Ensembl release Ver 4.6 Gallus
gallus) (12). The sequence of the indigenous
breeds, Chinese fowl and RJF were subjected to

multiple alignment using ClustalW (13) and
genetic distances based on nucleotide differences
were obtained using Phylip software module
DNADist (14). The output was utilised for the
construction of Neighbor joining tree (15) and
viewed using Treeview (16). We utilized the
maximum composite method, Kimura-2
parameter model (using MEGA software, 17) and
DNA dist (Phylip software) for estimating the
distances.

Results and Discussion

The consensus sequence of these ten individuals
was prepared covering the entire myostatin gene
with promoter and 5’ UTR region. The consensus
sequence was submitted to NCBI database along
with variations observed (DQ912835). The total
nucleotide bases were 8175bp and consisted of
promoter region (1-1433), 5’UTR (1434-1550),
Exon1 (1434-1923), Exon2 (4015-4388) and
Exon3 (6664-8175) with 3’UTR (7045-8175).
The intervening sequences were for the two
introns.

The comparison of the sequences obtained with
the reference sequence AF346599 revealed
several changes (Table 2). The variations
observed included 17 deletions, 3 insertions of
2(CT), 3(ACC) and 11(TTAGTGTTTTT) bases
at 8527, 7561 and 4923 respectively. The total
number of transitions and transversions
compared to reference sequence were 15 and 17
respectively. At position 1784 there was a
transition in Exon1 which was synonymous with
no change in aminoacid. There was another
change non synonymous in the Exon3 at position
7414 and 7415 (both transitions of pyrimidine)
which lead to single aminoacid change from
Proline to Serine. These changes were peculiar
to indigenous chicken populations.

The comparison of GDF-8 gene sequence
obtained in the present study with the gene
sequence of Red Jungle fowl available in
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Ensembl database revealed few variations (Table
3). The changes were T1280C in promoter
region, C1468A and G1521A in 5’UTR region
and G1610A and C1745G in Exon1. The
variations among the indigenous chicken
populations revealed 44 SNPs of which 31 were
transitions and 9 transversions (Table 4). The
SNP distribution is as follows- twenty three in
promoter (Fig 2), five in exon 1 (Synonymous),
seven in intron 1, eight in intron 2 and one in
3’UTR. Four deletions were observed in the
promoter region.

The evolutionary history of the five indigenous
chicken populations, Red Jungle fowl and
Chinese fowl was inferred using the Neighbor-
Joining method. The distance values obtained
from maximum composite method are given in
table 5. Among the fowl populations, the genetic
distances were maximum for the Chinese fowl
while the indigenous chicken genetic distance
values were quite small followed by genetic
distance from the Red Jungle Fowl. Thus the
genetic distances reveal that the indigenous
chicken populations have diverged separately
from the Red jungle fowl and all the breeds have
evolved by distance and isolation among
themselves while Chinese fowl had taken a
separate course and evolved differently than the
indigenous chicken (Fig 3). The phylogenetic
tree reconstructed was same for the DNAdist,
Kimura-2-parameter model and maximum
composite method.

Conclusion

The Myostatin gene sequences provide evidence
that the Aseel and Dunki are game birds and close
to one another in the phylogenetic tree. Daothigir
join Aseel at the first node. Daothigir are normal
layer birds but breed in close vicinity of the
breeding tract of game birds which extend all
along the coastal regions of India into
Bangladesh. Chittagong and Punjab Brown birds
are layers and have their breeding areas adjoining

to that of Red Jungle fowl which exists in wild
all along the Himalayan belt from northern to
north eastern India. Since the indigenous chicken
are continuously distributed with no clear cut
distinction between the areas inhabited by Red
Jungle fowl, game birds and other layer birds
and such a pattern is also revealed at the gene
sequence level (Myostatin gene in the present
case). Aseel and Danki come close to one another
as both are selected for the game characteristics
and are reared by the tribals.
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Primer Forward Primer Reverse primer Size
Name  (bp)

GMST1 gCCAAATCCAAAgAACCAAC CCAgggCACAggTATTgACT 526

GMST2 TggAAggACAATCAATTTCAA TgCTTTCTgCATgAgATgCT 534

GMST3 AgCATgCCCAATgTCATCTA CgTgCATTAAgCAgCTCAgA 591

GMST4 CAAAATgTTTATTCCTgCTCACC CTAAACAgATCCgggACAgC 605

GMST5 TggCATATATAAggCACACCA gggAgAgCCTgAgAAggAgT 607

GMST6 TAACAACCCTgCTgCTTTCg CATTCTTCCTTggCACgACT 635

GMST7 AgCAATCAgCTCCAgTAgTCg CTCCATgCCAggATAAAACAg 648

GMST8 CTCCATgCCAggATAAAACAg gAgCgATgTgTACAggCAgA 694

GMST9 ggTgTgACAggCAgATCCTT gCCTgggTTCATgTCAAgTT 638

GMST10 gTAAgACATCCTACATgATCTggAA ACCTTCATCTgCCATTCTCg 569

GMST11 TggACgAgATCTTgCTgTCA TgCATgCAgAATAgggAgAA 480

GMST12 gAAgCAATTCAACTCTTCCTCTg TTCACCTgCACTTCACTgCT 523

GMST13 CTgAAACAgCTCAAACAACCA AgTggATggAgAggAgCTgA 425

GMST14 gCTCTgCAgACCATgTgAgA ggACTgCTgAgAgAgCCTTg 431

GMST15 ACACCgTCAgAAggAAgCAT TCATgAggATCCCTggTTTC 494

GMST16 TCTCTATAgAAgAACTCCCAAAAgg TgggTTCTgAgAgAAgAggAA 442

GMST17 CCCAgAAgggAAgAAAgTTCA TTTATCgAAggggTCTCACg 564

GMST18 gCACACCCACCAAgATgTC TCAggATTTgTCCATTTACgTg 659

GMST19 gACAgAAggAgCgggCTATT TTgCATTggCTTATCATAgTgC 516

GMST20 AAAggCAgCACggAAgTCT CCTgTggTTTACTCTgTTgCAC 340
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Table 1: List of primers, sequences and their product size used to amplify the complete myostatin
gene



S.No Position From To Region S.No Position From To Region

1. 517 T C Promoter 27. 5698 G T Intron 2

2. 606 G Del 28. 5713 G Del

3. 703 A Del 29. 5781 A Del

4. 704 A Del 30. 6693 G T

5. 1160 A G 31. 6978 A Del

6. 1161 A C 32. 7017 A T

7. 1164 A G 33. 7414 T C Exon 3

8. 1165 A C 34. 7415 C T

9. 1166 G Del 35. 7542-7545 TTTT Del 3’ UTR

10. 1468 A Del 36. 7551 A T

11. 2018 A G 5’UTR 37. 7559 C T

12. 2028 A C 38. 7561 - ACC
(Ins)

13. 2037 G C 39. 7562 C A

14. 2046 A T 40. 8118 A Del

15. 2047 A C 41. 8527 CT
(Ins)

16. 2048 A Del 42. 8548 A G

17. 2049 A Del 43. 8549 A G

18. 2283 G A Exon 1 44. 8554 G A

19. 2672 T Del Intron 1 45. 8558 A G

20. 3605 C T 46. 8562 G T

21. 3606 C G 47. 8571 C A

22. 3716 G Del 48. 8591 C A

23. 4026 G Del 49. 8594 A C

24. 4923 - TTAG Intron 2 50. 8595 G A
TGTT
TTT
(Ins)

25. 5379 C Del 51. 8598 T A

26. 5778 G Del 52. 8643 A G
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Table 2: Variations observed in Indigenous domestic chicken compared to reference sequence
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S.No Position From To Region

1 1280 T C Promoter

2 1468 C A 5’ UTR

3 1521 G A

4 1610 G A Exon 1

5 1745 C G

S.No Position From To Region S.No Position From To Region

1.   27 G A Promoter 24. 1601 G A Exon 1

2. 246 G A 25. 1610 G A

3. 261 C A 26. 1745 C G

4. 318 C Del 27. 1784 G A

5. 319 A G 28. 1874 C T

6. 360 T Del 29. 2370 C T Intron 1

7. 424 T Del 30. 2383 C T

8. 430 A Del 31. 2975 T C

9. 450 A G 32. 3407 A C

10. 721 A G 33. 3529 G A

11. 741 A G 34. 3858 G A

12. 782 T C 35. 3903 A C

13. 840 G A 36. 4529 C G Intron 2

14. 850 T C 37. 4952 T C

15. 879 A G 38. 5411 T A

16. 976 G A 39. 5617 T G

17. 994 A G 40. 5774 T C

18. 1017 C T 41. 6001 C T

19. 1074 C T 42. 6124 A G

20. 1166 A G 43. 6153 C T

21. 1196 A C 44. 7607 A G 3’ UTR

22. 1242 C T

23. 1253 G T
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Table 3: Variations observed between Indian indigenous Chicken and RJF sequences obtained
from Ensembl gene Browser

Table 4: SNPs in myostatin gene among five different populations



Fig 1: Overlapping primers designed for Myostatin (GDF-8) gene using primer3 software

Daothigir Aseel Chittagong Danki PBrown  RJF        Chinese
   fowl

Daothigir 0.0013 0.001 0.0006 0.0016 0.0018 0.0046

Aseel 0.00030 0.0011 0.0011 0.0017 0.0019 0.0053

Chittagong 0.00015 0.00015 0.0013 0.0012 0.0016 0.0048

Danki 0.00030 0.00030 0.00045 0.0017 0.0016 0.0047

PBrown 0.00015 0.00015 0.00000 0.00045 0.0024 0.0054

RJF 0.00090 0.00090 0.00075 0.00090 0.00075 0.0028

Chinese fowl 0.00254 0.00254 0.00239 0.00284 0.00239 0.00284      -
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Table 5: DNA dist (above diagonal) and inter-population difference (below diagonal).



Fig 2: SNPs detected in promoter region (G840A and T850C) from alignment of sequences
using SeqScape ver 3.0

Fig 3: The optimal tree with the sum of branch length = 0.00350199 was constructed. The tree
depicted is drawn to scale, with branch lengths in the same units as those of the evolutionary
distances used to infer the phylogenetic tree. The evolutionary distances were computed using the
Maximum Composite Likelihood method and are in the units of the number of base substitutions
per site. The NJ algorithm was used for the construction of the tree. All the positions containing
gaps and missing data were eliminated from the dataset and there were 6702 positions in the final
dataset used to construct the tree.
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Abstract

A Plackett-Burman design and statistical
screening was employed to optimize medium
components for jasmonic acid production by
Lasiodiplodia theobromae. The seven medium
components malt extract, sucrose, NaNO3, yeast
extract, FeSO4 7H2O, MnSO4 H2O, and MgSO4

7H2O were screened using a Plackett-Burman
design to optimize medium component for
jasmonic acid production using L. theobromae.
When sucrose was used alone as a carbon source
with these medium components, the jasmonic
acid production was found to be 80 mg/l. Increase
in jasmonic acid production (225.3 mg/l) was
observed with augmentation of malt extract and
changing other medium components
concentration based on statistical screening. It
was found that malt extract, sucrose, NaNO3,
MnSO4 7H2O, and MgSO4 7H2O were significant
components influencing jasmonic acid
production. Yeast extract and FeSO4 7H2O also
showed significantly negative effect on the
jasmonic acid production. Therefore significantly
positive factors could be increased and
significantly negative factors could be decreased
for higher jasmonic acid production.

Keywords

Jasmonic acid, Lasiodiplodia theobromae,
Plackett-Burman design, Significant factors.

Introduction

Jasmonic acid (JA) (3-oxo-2-(2’-cis-pentenyl)
cyclopantane-1-acetate) and methyl jasmonates
are of importance in perfumery industries and
being used world wide in various products like,
toilet soaps, chewing gum, even in smoking
preparations (1). JA and its derivatives are also
very important secondary metabolites in the plant
defense system (2, 3). JA was first isolated from
the cultural filtrate of Lasiodiplodia theobromae
(the synonym of Botryodiplodia theobromae)
and its role was found as a plant growth regulator
(4). In spite of high demand, very few
fermentation studies were carried out for JA
production using L. theobromae (5-7). This is
the first report on screening of medium
components for JA production using statistical
experiment design.

The relevant literature and “prior art” serve only
as starting point for the development of
fermentation. By manipulating nutritional
requirements, physical parameters and genetic
makeup of the producing strain increase in
productivity of microbial metabolite can be
achieved. A fermentation improvement program
may begin by measuring product yield as a
response to factors like strength of medium
components. Nutritional requirement can be
manipulated either by the conventional or
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statistical approach. Conventional methods
involve changing one independent variable at a
time (OVAT) while others are kept at fixed level.
However statistical methods offer several
advantages over conventional methods being
rapid and reliable, shortlists significant nutrients,
helps understanding the interaction among the
nutrients at various concentrations and reduces
total number of experiments tremendously
resulting in saving time and cost of glassware,
chemicals and manpower (8, 9).  Screening is
the first phase of an experimental study to
eliminate non-significant factors so that efforts
may be concentrated upon most significant
ingredients selected for further optimization.

The selection of the medium components for this
study was carried out based on the literature
survey and our preliminary laboratory work. A
systematic experiment was then carried out by
setting the independent variables according to a
Plackett-Burman design (10) at two levels and
JA produced was measured in each batch,
followed by statistical analysis in order to
interpret the significant medium components.
Such approach is a useful screening process
employed to identify the contribution of each
medium component to the response of the system
and thus allows for a reduction in the number of
variables that need to be considered (11).

The Plackett-Burman design is highly
recommended when more than five factors have
to be investigated. These designs are very useful
for economically detecting large main effects,
assuming all interactions are negligible when
compared with the few important main effects.
Two level factorial Plackett-Burman design, was
selected because it screens up to v variable in
just ‘v+1’ experimental run (10, 12). These
experimental designs are available in multiple
of four runs (13) and advantageous over
multifactorial design as it is difficult and involves
large number of variable to be screened in terms
of number of experiments (2v, where v is the total

number of variable). Higher-order linear full
factorial and quadratic Box-Behnken designs
would have required 66 and 52 experimental
batches, respectively, which would have been
prohibitively uneconomical (14). In this study,
the aim was to screen the effects among seven
independent variables (Table 1) in an economical
manner (13). Due to orthogonal nature of the
Plackett-Burman Design, it gives only pure effect
of each variable not confounded with interaction
among variables (15).

Materials and Methods

Microorganism

L. theobromae (MTCC 3068) strain was obtained
from Microbial Type Culture Collection (MTCC)
Institute of Microbial Technology, Chandigarh,
India. This strain was maintained on potato
dextrose agar (Hi-Media, Mumbai, India) slants.
After inoculation, slants were incubated at 30°C
for three to four days for obtaining growth and
later stored at 4°C. Strain was sub-cultured every
month.

Chemicals and solvents

(±) JA, a racemic mixture, was purchased from
Sigma, Bangalore, India and used as a standard
reference compound for quantification of JA. All
dehydrated media components were purchased
from Hi-media, Mumbai, India. All solvents
(99.9%) were purchased from Qualigens,
Mumbai, India. Ammonia (25% w/v) was used
fresh.

Cultural technique

Sample of stock culture was transferred from
working slants to potato dextrose agar plates and
incubated for three days at 30°C. The basal
medium contained (g/l) KH

2
PO

4
, 2.0; KCl, 0.3;

ZnSO
4
 7H

2
O, 0.03; CuSO

4
 7H

2
O, 0.003; and

Na
2
MoO

4.
 2H

2
O, 0.003. The pH was maintained

5.5 (6) through out the experiment and the
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concentrations of other medium components
malt extract, sucrose, NaNO

3
, yeast extract,

FeSO
4
 7H

2
O; MnSO

4
 7H

2
O and MgSO

4 
7H

2
O

were as per the combination given in Table 1
and 2. Agar plug (eight mm diameter) was cut
with sterile cork borer and used for inoculation
of 100 ml of the broth culture in 250 ml
Erlenmeyer flask and incubated for eight days
at 30°C in static condition.

Screening of important nutrient components

Total seven medium components (independent
variables, v= 7) were selected for the study with
each variable represented at two levels, high (+)
and low (-) concentrations also four dummy
variables were kept at two concentrations. The
input factor and their corresponding upper and
lower level values are shown in Table 1. A two
level design only minima and maxima of input
variables were used to form a design space. The
resulting twelve experimental cases for seven
input parameters (v+1+ four dummy variables)
are shown in Table 2 with the number of positive
signs and negative signs. Each column contained
equal number of positive and negative signs.
Thus each row represented a trial batch and each
column represented an independent (assigned)
or dummy (unassigned) variable. The effect of
each variable was determined by the following
equation:

E
(xi)

= ( JAi+ - JAi-) / N       - (1)

Where E
(xi)

 is the concentration effect of the tested
variable. JAi+ and JAi- are the jasmonic acid
production from the trials where the variable (xi)
measured was present at high and low
concentrations, respectively; and N is the number
of trial divided by two. Experimental error was
determined by calculating the variance among
the dummy variables as follows:

V
eff

=   (E
d
)2/ n - (2)

Where V
eff

 is the variance of the concentration
effect, E

d
 is the concentration effect for the

dummy variable and n is the number of dummy
variables. The standard error (SE) of the
concentration effect was calculated by taking
square root of the variance of an effect and the
significance level (p-value) of each concentration
effect was determined using student’s t-test:

t
(xi)

 = E
(xi)

/ SE -  (3)

Where, E
(xi)

 is the effect of variable xi  (16).

Extraction and measurement of JA

Cultural filtrate of L. theobromae after
acidification to pH 3 with 6 M HCl, was extracted
with equal volume of ethyl acetate. Extract was
concentrated to 100 times. JA measurement was
carried out using high performance thin layer
chromatography (HPTLC). Concentrated extract
was loaded on silica gel 60 F

254
 aluminum foils

(Merck, Germany) along with standard JA using
Linomate-5 spray on applicator (Camag,
Switzerland) of HPTLC under the flow of N

2
.

Foils were ran with iso-propanol: ammonia:
water (10: 1: 1 (v/v)) (17). After running, foils
were dried in air and scanned with Scanner-3
(Camag, Switzerland) and quantified with the
help of winCATS software ver. 1.2.2 by
measuring density of the JA band separated on
the TLC foils (18).

Statistical analysis of data

Yields of JA obtained in experiments were
calculated for determination of variable
significance using Microsoft Excel regression
coefficient and statistical t-values for equal
unpaired samples. Ingredient with highest t-value
was considered as best nutrient and thus selected
for further optimization studies. A main effect
with a positive sign indicates that the high
concentration of this variable is near to optimum
and a negative sign indicates that the low
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concentration of this variable is nearer to
optimum.

Results and Discussion

Selection of appropriate carbon source, nitrogen
source and other nutrient is one of the most
critical stages for the development of an efficient
and economic fermentation process. In this study
a Plackett-Burman design was employed to
evaluate the main effect of the medium
components for the JA production by L.
theobromae at optimized physical parameters.

Table 1 represents the independent variables and
the respective high and low concentrations of
seven factors used in the optimization study. Malt
extract was selected as it contains up to 3.4% of
lipids in its dry matter with linoleic acid as their
major constituent (50–60% of total lipids) (19).
Sucrose was used previously in our study as well
as elsewhere as main carbon source for same
fungi and found significant, therefore included
in the study (6). NaNO

3
 was also selected based

on our study for the screening of the carbon and
nitrogen source for the JA production (data not
shown).  NaNO

3
 was reported to be preferred

nitrogen source either with glucose (1) or
fructose (6) for JA production using L.
theobromae.  Manganese and iron salts were
empirically used in media and they were also
important as cofactors for one of the enzyme
(lipoxygenase) in the pathway of JA production
(20).

The twelve trial Plackett-Burman experimental
design, with two levels of concentrations for each
variable, was followed for the optimization of
medium components for JA production is shown
in Table 2. The variables X1-X7 represent the
medium constituents and D1-D4 represent the
dummy (unassigned) variables. Highest JA was
produced in batch 2 of the design followed by
batch 7, 5, and 1 (Table 2).

Table 3 represents the result of effect of each
medium component on JA production as well as

the standard error, t
(xi)

, p, confidence level and
ranking of each component. The components
were screened at the confidence level of 95% on
the basis of their effects. That component, which
showed significance at or above 95% confidence
level and its effect was positive, was interpreted
that it was required in higher concentration than
the indicated high value (+). However if its effect
was found negative, then it indicated that the
component was effective in JA production but
the amount required was lower than the indicated
as low (-) concentration in Plackett-Burman
design. All factors in this study have shown
influence on the JA production with confidence
level at or above 95% confidence limit and were
considered to be significant for JA production
by L. theobromae (Table 3). The main effects of
the components in the medium for JA production
are presented in the Fig 1. The malt extract
showed the maximum positive effect on JA
production, followed by MnSO

4
 7H

2
O, MgSO

4

7H
2
O, Sucrose and NaNO

3
. The effect of FeSO

4

7H
2
O and yeast extract were negative which

suggested that these components are required in
the medium for JA production but in lower
concentration than the low level.

Malt extract was found better medium
component than yeast extract. As shown in Table
2, in batches 6 and 10, where yeast extract was
supplied in higher concentration but malt extract
was not given, the yield of JA was reduced
drastically and in batches 7, 8 and 9, high
concentration of malt extract and low
concentration of yeast extract resulted in higher
production of JA. Low concentration of yeast
extract may be required to meet requirement of
vitamins for general metabolism as well as for
some enzymes of JA pathway (for example, 12-
oxo-phytodienoic acid reductase) (21).
Supplementation of one or more vitamins of “B”
group either as separate or in form of yeast extract
improves the JA production (1). Yeast extract
serve as dual-purpose nitrogen source as well as
vitamin source but it is an expensive component
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for designing an economical medium (15). From
the results of the Plackett-Burman design it could
be concluded that yeast extract is probably
required for the growth but not for the JA
production and should be supplied in low
concentration.

Sucrose can not replace the malt extract, as the
highest JA (225 mg/l) was produced in batch 2
does contain low level of malt extract and when
only sucrose was used in previous experiment,
it produced only 80 mg/l of JA (7). Moreover,
malt extract is useful as it contain linoleic acid
as its major constituent (which is the precursor
of JA). (19).

The manganese showed positive effect and iron
showed negative effect might be related with the
metal ion required for the catalytic center of the
lipoxygenase enzyme (20). MgSO

4
 7H

2
O is also

very important medium component showing
main effect same as sucrose. The requirement
for Mg is evident as Mg is required as a catalyst
for many intracellular enzymatic reactions. Mg
salts have been found most useful in other
metabolite and enzyme production as well (21,
22).

By selection of medium components using
Plackett-Burman design in this study, about
three-fold increase in the JA production was
increased compared to earlier experiment where
in BSB medium, which supported the maximum
JA production as well as growth of L.
theobromae, 80 mg/l of JA was produced (7).

Present study has short-listed the few significant
nutrients useful in increasing the yield of JA and
has also identified the nutrients, which should
be used in less concentration.
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Table 1: Medium components (Variables) and their respective high (+) and low (-) concentration
levels used in Plackett-Burman Design

Variable Medium Components + Value (g/l) - Value (g/l)

X1 Malt Extract 20 2

X2 Sucrose 50 5

X3 NaNO3 7.5 0.75

X4 Yeast Extract 10 1

X5 FeSO4 7H2O 0.6 0.06

X6 MnSO4 H2O 0.01 0.001

X7 MgSO4 7H2O 6 0.6

Table 2: Plackett-Burman design generated by fractional rotation of full factorial design where
X1 to X7 are independent variables and D1 to D4 are dummy variables

JA
Batch Component produced

(mg/l)

X1 X2 X3 X4 X5 X6 X7 D1 D2 D3 D4

1. + + - + + + - - - + - 175.3

2. - + + - + + + - - - + 225.3

3. + - + + - + + + - - - 121.3

4. - + - + + - + + + - - 145.7

5. - - + - + + - + + + - 177.3

6. - - - + - + + - + + + 74.6

7. + - - - + - + + - + + 187.2

8. + + - - - + - + + - + 151.1

9. + + + - - - + - + + - 162.2

10. - + + + - - - + - + + 56.2

11. + - + + + - - - + - + 129.03

12. - - - - - - - - - - - 59.75
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Table 3:  t-value, probability, confidence level and ranking of variables for JA production

Component Exi Standard t
(xi)

p Confidence Ranking
absolute Error  (%)

value

Malt Extract 31.2250 4.4462 7.0228 0.0021 99.89 3

Sucrose 27.7716 4.4462 6.2461 0.0033 99.66 6

NaNO3 12.9316 4.4462 2.9084 0.0437 95.73 7

Yeast Extract 43.4650 4.4462 -9.7757 0.0006 99.94 1

FeSO4 7H2O 36.3083 4.4462 -8.1661 0.0012 99.88 2

MnSO4 H2O 30.7816 4.4462 6.9231 0.0022 99.78 4

MgSO
4
 7H

2
O 27.9583 4.4462 6.2881 0.0032 99.68 5

Figure. 1: Effect of media components on JA production in batch culture
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Abstract

Fusarium oxysporum f.sp zingiberi (FOZ) is one
of the most important pathogens of ginger.
Infection by FOZ is difficult to control since the
fungus can grow saprophytically in the absence
of the host. Conventional breeding methods for
selection of disease resistant varieties are lengthy
and cumbersome. Bioassays in vitro and in vivo
were performed to assess different degrees of
sensitivity of eight varieties of ginger. Random
Amplified Polymorphic DNA (RAPD) analysis
of genomes from the eight ginger varieties, using
15 different primers was performed to verify the
DNA polymorphism. Five primers showed no
polymorphic profiles, eight primers gave
polymorphic bands and two primers produced
highly specific polymorphic bands allowing us
to obtain RAPD profiles typical of the most
resistant or susceptible varieties. The RAPD
pattern is correlated to the sensitivities of the
ginger varieties to the pathogen as observed in
the bioassays. Cloning and sequencing the most
interesting polymorphic DNA fragment
revealed 60% homology with putative reverse
transcriptase in chickpea and Lotus
plane tree, which was linked with resistance.
This is the first report of a RAPD marker linked
to resistance against fusarium yellows in
ginger.

Key words

Fungal culture filtrate, in vitro and in vivo
bioassays, molecular markers, reverse
transcriptase, resistant varieties.

Introduction

Ginger is one of the economically important
spices cultivated in India. Ginger is considered
as the second most important spice exported from
India, after black pepper. In recent years there is
an increase in the cultivation of ginger (Zingiber
officinale), leading to an increase in the incidence
of diseases that attack this crop. Particularly,
yellows and rhizome rot caused by Fusarium
oxysporum f. sp. zingiberi are found to be the
most severe diseases affecting this crop (1).
Infection by F. oxysporum is difficult to control
since the fungus can grow saprophytically in the
absence of a host (2). The most effective method
for the control of this pathogen is soil
solarization, which is very expensive. Therefore
the most preferred approach is the use of resistant
varieties (2, 3). Field assessment for
identification of resistant and susceptible
varieties is time consuming and labor intensive.
Marker Assisted Selection (MAS) using genetic
markers is a very reliable approach for
identification of resistant and susceptible
varieties. Genetic markers provide useful
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information at different levels such as population
structure, level of gene and gene flow and
phylogenetic relationship (4). RAPD, developed
by Williams et al.,(5) has been successfully used
for identification of resistant varieties of Melons
against Fusarium wilt (6). Similarly RAPD
analysis was carried out in a number of
economically important plant species. These
include crop plants such as wheat (7), rice (8)
and other economically important plants such as
onion (9). Medicinal plants such as Podophyllum
hexandram (10) and Andrographis paniculata
(11) were also subjected to RAPD analysis to
elucidate the genetic relationship between
different varieties. RAPD is a very easy, reliable
and economic tool to study intraspecific
polymorphisms in plants. In the present study,
RAPD was used to study the genetic variation
among the eight ginger varieties as well as to
select markers linked to susceptibility and
resistance for breeding and cultivation.

The present communication aims at identification
of disease resistant and susceptible varieties from
eight ginger varieties to FOZ using in vitro and
in vivo methods and to identify potential
molecular markers linked to disease resistance
through RAPD analysis.

Materials and Methods
Plant material

Eight varieties of ginger (Zingiber officinalis)
Varada, Mahima, Rajetha, Maran, Himachal and
Suprabha were obtained from Indian Institute of
Spices Research, Calicut, Kerala. The two local
varieties, GL1 and GL2 were obtained from
National Research Center- Medicinal and
Aromatic Plants, Boriavi, Gujarat. Rhizome
seedlings were maintained in the botanical
garden of the department.

Resistance and susceptibility testing

In vitro bioassay

Tests for sensitivity of the ginger varieties against
FOZ were carried out by in vitro bioassay. Callus

cultures were initiated by inoculating the
meristamatic portion of rhizome in half strength
of Murashige and Skoog’s media containing 3%
sucrose and 1.5 mg/l 2,4D. A pure culture of FOZ
was obtained from Microbial Type Culture
Collection (MTCC Chandigarh). Fungal culture
filtrate was prepared by inoculating 1mm2 agar
plug of the fungal mycelium on potato sucrose
broth. After 10 days of incubation, the fungal
culture was filtered through muslin cloth and was
centrifuged at 3000g for 30 minutes and the
supernatant was then filtered through whatman
No.42 filter paper. The semi purified FCF was
incorporated in different concentrations Viz.
20%, 40%, 60%, 80% and 100% in MS media.
Control flasks contained 100 ml of half strength
MS media with out culture filtrate along with
sucrose and 0.6% agar at pH 5.8. Regenerated
calli (0.5 gm) of each ginger variety was placed
on the surface of the media and incubated in dark
at 250C for four weeks. Observations were made
on healthy / dead calli as well as changes in callus
colour and the results were recorded on a 1-5
scale of browning of calli (12).

In vivo bioassay

About 10 to 15 cm tall, healthy potted plants were
selected for in vivo bioassay and 5 ml of freshly
prepared 10-day-old mycelial homogenate was
added to soil and the plants were observed daily
for 30 days. The severity of the disease was
recorded on a scale of 0-4 (13) with 0 indicating
no symptoms (highly resistant), 1 indicating
slight symptoms such as one wilted leaf at the
stem base or a brown discoloration of the stem
base surface (resistant), 2 indicating a well
developed characteristic unilateral wilt or
otherwise still healthy plants (moderately
resistant), 3 indicating severe wilt (susceptible)
and 4 indicating a wilt death (highly susceptible).

DNA isolation

Total nucleic acids was extracted from 1gm of
fresh rhizome ground in liquid  nitrogen in a pre-
chilled mortar and was incubated with extraction
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buffer 100 mM Tris-Cl (pH 8), 20 mM EDTA, 2
M NaCl, 4% CTAB, 0.3% β-Mercaptoethanol,
1% PVP (w/v) for 60 minutes at 600C followed
by Chloroform- Isoamyl alcohol treatment for
15 minutes. The supernatant was collected after
centrifugation at 8410 g and 0.6 volume of
ethanol was added and incubated for 2 hours at
–200C. The pellet was separated by centrifugation
at 13,141 g for 10minutes followed by phenol:
chloroform: Isoamyl alcohol treatment as
described by Syamkumar et al.,(14). DNA was
diluted to 50 ng/µl final concentration in sterile
deionised water. A total of 2 µl of this solution
was used in the amplification assay described
below and stored in 1X TE buffer (10 mM Tris
Cl pH 8, 1 mM EDTA pH 8) at –200C.

RAPD Analysis

RAPD profiles were generated using 14 different
10-mers from   Operon   Technologies: C4, C7,
C19, OPE 7, OPB 01, OPB 17, OPM 18, OPM
20 OPX 13, AG12, AM14, AD14, WM. In
addition, one 11-mer sequence, AL16+ (15)
(Bangalore Genei) was also used. The reaction
mixture contained 0.3 µM of primer, 200 µΜ of
dNTP’s, 0.75 Units Taq DNA polymerase
approximately diluted with 10X Taq DNA
polymerase buffer with 15mM MgCl

2
 and

adjusted to a final volume of 12.5 µl with sterile
milli Q deionised water. RAPD reactions were
performed twice for 2-4 replicates of each
variety. A range of annealing temperatures (300

C- 400 C) was tested before establishing the
optimum reaction conditions. RAPD - PCR
reaction was performed in an Eppendorf 2000
Thermal cycler. The standard conditions used for
40 cycles were as follows: 940C for 30 seconds,
320C for 1 minute and 720 C for 1 minute with
an initial denaturation temperature at 940C for 1
minute and an final extension at 720C for 5
minutes. Tubes containing all reaction
components except DNA were used as negative
control. Amplicons were analyzed by
electrophoresis in a 1.5% agarose gel with 1X
TAE buffer, visualized after ethidium bromide

staining under UV transillumintor and
photographed.

Phylogenetic Analysis

Amplified bands were scored for presence or
absence of bands in each variety for all the
primers. Gels were scored thrice individually.
Electrophoretic bands of low visual intensity that
could not be readily distinguished as present or
absent were considered ambiguous and were not
scored. A similarity matrix was created using
Jaccard’s similarity coefficient and Clustering
was done using UPGMA (16). Dendrogram was
made using two-computer programmes free tree
and tree explorer.

Cloning and sequencing of RAPD product

RAPD product linked to resistance was excised
from agarose gels and was extracted using Clean
Gene I kit (Bangalore Gene I). The DNA
sequence was ligated to a PTZ5R/T vector Inst/
A clone TM   PCR product kit (Fermentas) in a
vector: insert ratio of 1:3, competent Escherichia
coli cells, strain JM109, were transformed and
the clones were screened by blue/white colony
selection. Plasmid DNA from the colony was
isolated according to the alkali lysis method (17).
Recombinant DNA was screened for the
appropriate size of the insert digested with Eco
RI restriction enzyme. The cloned RAPD product
was sequenced following fluorescent dye
terminator using ABI 377 PRISM TM sequencer
(Applied Biosystem California) at Gene I using
SP6, T7 promoter for primer annealing.

Results

The effect of culture filtrate of FOZ on the calli
of all eight varieties was studied and the results
are given in Table 1. The semi purified culture
filtrate elicited morphological and physiological
symptoms like browning and wilting. The
percentage survival of the callus cultures on
media containing CF at various concentrations
decreased with the increase in CF concentration,
reaching 100 % mortality. Conversely, in the
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controls 100 % survival was recorded. Ginger
varieties Himachal, GL2 and Rajetha showed less
browning and callus growth occurred even at
higher concentrations of CF such as 60%, 80%
and 100%, whereas varieties Maran and GL1
showed maximum inhibition at 20%
concentration of CF. Rajetha, Himachal and GL2
were found to be resistant, Maran and GL1 highly
susceptible while other varieties such as Varada,
Mahima, Suprabha were found to be moderately
susceptible.

The disease symptoms were observed within 3
days of infection with mycelial homogenate.  The
symptoms were noted till 30 days. All the
varieties exhibited variations in disease
symptoms (Table 2). The in vivo bioassay results
correlated with the in vitro bioassay results.
Rajetha, Himachal and GL2 varieties were found
to be highly resistant where as Maran and GL1
varieties were found to be highly susceptible as
in in vitro bioassay.

RAPD analysis of the eight ginger varieties using
15 primers showed polymorphism among the
varieties. Among the different primers employed,
primer AD14 showed a very specific, unique
band of 750bp, which was present only Rajetha
and Himachal and absent in the highly
susceptible varieties Maran and GL1 (Fig: 1).
Primer WM showed a very specific, unique band
of approximately 1.1kbp size in the most
susceptible ginger varieties Maran and GL1,
which was absent in resistant varieties Rajetha
and Himachal. However, in Mahima and GL2,
which are moderately resistant varieties, a faint
band was observed (Fig: 2).

These bands of 0.75kb observed exclusively in
Rajetha and 1.1kbp observed in GL1 were
marked as specific polymorphic bands linked
resistance to and susceptibility respectively. A
phylogenetic tree was constructed using the data
obtained from all the 15 random primers. The
dendrogram shows that the highly resistant
varieties like Rajetha and Himachal are found in

the same node whereas the susceptible varieties,
Maran and GL1 share the same node. (Fig:
3).Sequencing of the 0.75kb RAPD marker
yielded a readable sequence of 560 bp, translated
to a stretch of 49 amino acids which was
compared for homology (http:/ncbi.nlm.nih.gov/
BLAST) using the BLAST programme
(GenBank accession number DQ983234). The
highest homology of 60% was found with
putative reverse trascriptase of chickpea and
Lotus plane tree.

Discussion

A variety of tests to check for resistance against
FOZ, based mainly on biological assays using
varieties and species of various plants have been
reported. Lax (18) and Soya bean (19). There is
no report of biological assays on ginger till now
against FOZ. Screening for resistance using the
phytotoxic metabolites of FOZ on in vitro calli
revealed different sensitivities. In vitro calli
exhibited browning of the callus and of callus of
highly susceptible varieties failed to grow further.
A number of previous studies have shown that
the toxin present in CF of pathogenic fungi was
able to inhibit cell growth and that the cells of
the host species were most sensitive to the toxin
than those of non-host plants (20). Many attempts
have been made since then to apply such
selection schemes for crop improvement,
including resistance to fusarium wilt (21).

In vivo plants exhibited symptoms after three
days of inoculation. Since fusarium wilt is the
most important disease caused by FOZ, wilt first
appears as a vein clearing on the outer portion
of younger leaves followed by epinasty of the
older leaves (22). Wilting of young stem,
defoliation and finally death of the entire plant
follows. The present study suggests that the CF
containing the toxin fusaric acid could be used
for selection of resistant varieties of ginger.
Screening varieties is most important to select
resistant or susceptible varieties. The two
bioassays established a strong correlation of
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sensitivity in ginger plants against FOZ, which
could be useful in screening programmes.

Primer AD 14 showed a specific band of 0.75kb
in Rajetha and this band was found in Himachal
and GL2, but the intensity was less than Rajetha.
This may be because the sequence amplified is
present as dominant homologous allele in the
Rajetha and the same sequence may be present
as heterologus allele in Himachal and GL2
varieties. The combined phylogenetic tree
generated from the data obtained from all the
primers, correlates with in vitro bioassay data.

RAPD markers linked to different sensitivities
to FOZ resistance have been detected in Pyrus
species (15) and Gladiolus (23). RAPD markers
have also been reported to explain 85% of the
total variance in disease resistance (24). To
confirm the relationship between these results
and FOZ resistance, cloning and sequencing of
the most interesting RAPD fragments is
necessary to verify DNA sequence homology
with genes possibly involved in disease
resistance or susceptibility. The RAPD marker
linked to resistance showed homology with
Putative reverse transcriptase, a retroelement.
Retroelements are mobile genetic elements
containing a reverse transcriptase gene. In
addition, many transposable elements (including
retrotransposons) can be activated by various
stresses (25). Retrotransposons are mobile
genetic elements that accomplish transposition
via  an RNA intermediate that is reverse
transcribed before interation into a new location
with in the host genome.They are ubiquitous in
eukaryotic organisms and constitute a major
portion of the nuclear genome in plants.These
unique properties of retrotransposons have been
exploited as genetic tools for plant genome
analysis  Retro elements as molecular markers
has been reported in plants like Arabidopsis (26),
and relationship of activation of Tos 17 (LTR
retro element) and rice adult plant resistance to
bacterial blight was identified in rice (27). These
unique properties of retrotransposons have been

exploited as genetic tools for plant genome
analysis.

Conclusion

In recent times many DNA markers have been
developed as powerful tools for reliable
identification of varieties with desirable
agronomic traits for plant breeding. In the present
study a potential molecular marker linked to
resistance in ginger against Fusarium oxysporum
f.sp zingiberi (FOZ) has been successfully
identified. This is the first report of a retroelement
as a RAPD marker linked to resistance against
fusarium yellows in ginger. This marker could
be used in future to identify and select ginger
varieties resistant to FOZ.
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Table 1: Effect of different concentrations of CF on survival of calli of ginger varieties against FOZ

CF(ml)b

Varieties        Calli Brown Ratingc

Control 20% 40% 60% 80% 100%

Varada 0 1 1 2 3 5

Mahima 0 1 1 2 4 5

Rajetha 0 1 1 1 1 2

Maran 0 1 2 3 4 5

Himachal 0 1 1 1 2 2

Suprabha 0 1 2 2 4 5

GL1 0 1 2 3 4 5

GL2 0 1 1 1 2 3

a. Mean of the three experiments

b. Culture filtrate added in 100ml (% V) callus culture media, control with out toxin.

c. 0 = Control, 1 = no browning, 2 = callus surface slightly brown, 3= whole tissue brown, 4 =
deep brown with restricted growth, 5 = deep brown with no growth.
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Table 2:  In vivo bioassay of 8 varieties of ginger plants for resistance and susceptibility against
Fusarium oxysporun.f.sp Zingiberi.

Varieties Plants a Groups b

Inoculated 0 1 2 3 4

Varada 10 Nil Nil 7 3 Nil

Mahima 10 Nil Nil 6 4 Nil

Rajesh 10 5 5 Nil Nil Nil

Maran 10 Nil Nil Nil 4 6

Himachal 10 Nil 6 4 Nil Nil

Suprabha 10 Nil Nil 2 8 Nil

GL1 10 Nil Nil Nil 7 3

GL2 10 2 8 Nil Nil Nil

a Mean of the three experiments
b Described in Materials and methods

Fig 1: Polymorphic profile obtained from 8 ginger varieties after amplification with primer AD 14.
The white asterisk indicates the absence of 750 bp polymorphic band in susceptible varieties like
G1 and Mr and present as intense bands in R and H; abbreviations are in the text.  Lane 1(M),
Lambda DNA / EcoR I Hind III digest ladder. (Banglore Gene I).
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Fig 2 : Comparison of RAPD patterns obtained after amplification with primer WM. The white
asterisk indicates the absence of 1.1kb polymorphic band in highly resistant varieties like R and H.
Highly susceptible varieties like G1 and Mr shows thick band. Variety abbreviations are in the text.
Lane 1(M), Lambda DNA / EcoR I Hind III digest ladder. (Banglore Gene I).

Fig  3 : Dendrogram resulting from analysis of RAPD s depicting the relationship between eight
ginger varieties and the data obtained was from all the fifteen-primers. The bar represents the
Jaccards cofficience.
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Abstract

Study on indigenous micro-flora of local
rhizosphere and identification of efficient plant
growth promoters is important for development
of good bioinoculants for re-strengthening of
otherwise derailing IPM initiative. In this
direction, we performed screening for efficient
siderophoregenic PGPRs from rhizospheres of
healthy and economically important crops in
black cotton soils of North Maharashtra.
Pseudomonas putida DFC31 isolated and
identified in present study was able to improve
overall vigor/ percent germination of groundnut
seeds and also partially inhibit the growth of
potent phyto-pathogens. Its sidero-analysis
revealed that this siderophore molecule contains
hydroxamate as well as catecholate iron chelating
groups. Spectrometric study in various forms of
siderophores confirmed that this siderophore
belongs to pyoverdine type. In addition to
siderophore production, IAA production and
phosphate solubilization attributes were
observed. Data presented herewith lays
foundation for advanced studies on strain, in near
future.

Key words

Pyoverdine, Siderophore, PGPR, Pseudomonas,
Phytopathogen.

Introduction

Ability of rhizosphere-borne micro-organisms to
improve growth and development of crops has
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been scientifically accepted (1). Mechanisms
involved in this phenomenon have been well-
elucidated using biochemical and molecular
biology tools (2, 3). However, these deliberations
have failed to deliver user-friendly technology
to farmers. PGPRs (Plant growth promoting
rhizobacteria) and BCAs (Biocontrol agents) still
form most important yet most fragile component
of integrated pest management (IPM) leading to
discouragement of IPM initiative throughout the
world (4). This situation tempted us to screen
for newer and region specific strain(s).
Knowledge on the role of secondary metabolites
viz. antibiotics, growth hormones and ISR
(Induced systemic resistance) agents in plant
growth promotion forms the basis of newer
screening program. Similarly, the role of
siderophores in plant growth promotion and
biological control is well established (5).  They
have ability to mediate plant growth promotion
directly as well as indirectly. Iron-siderophore
complex is accepted by plants to quench iron
thirst in calcareous soil, a direct mechanism (6),
whereas chelation of soluble iron by microbial
siderophores lead to shift of community structure
in rhizospheres, an indirect mechanism (7). Few
siderophores, e.g. salicylic acid and pyoverdine,
are also involved in induction of systemic
resistance. Audenaert et al., (8) have reported that
chelated pyochelin and pyocyanin synergistically
induce systemic resistance in tomato. Such
unequivocal importance of siderophores in plant
growth promotion encouraged us to screen new
PGPR on the basis of this character.
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Black cotton soil of North Maharashtra is known
as high yielding soil. Long-standing cash crop
like banana which completely covers top soil,
maintain high moisture and enrich soil-
microflora. Rotation of crops viz. cotton; gram,
wheat and groundnut enrich and cherish the
biological nature of soil further. Thus, this soil
forms an un-explored treasure of PGPR.

Through this paper we present the data which
lead to identification of siderophoregenic strain,
Pseudomonas putida DF C31, as efficient plant
growth promoter.

Materials and Methods

All media components were purchased from Hi-
Media Laboratories Pvt. Ltd (India). Unless
otherwise specified in the text, throughout the
experimentation, analytical/ guaranteed reagent
(AR/GR) grade chemicals from S. D. Fine
chemicals. Pvt. Ltd (India) and ultra-pure
(Millipore, USA) water was used. All glassware
used were cleaned with 6N HCl to remove
residual iron and rinsed with water and oven
dried. All growth media and reagents were
handled carefully to avoid iron contamination.
Phytopathogens (Colletotrichum capsicum,
Fusarium oxysporum, Aspergillus niger,
Aspergillus flavus) were maintained on potato–
dextrose agar (PDA) medium used for checking
antifungal activities of strain. Isolates collected
during this study were routinely cultivated on
nutrient agar and preserved in 20% (vol/vol)
glycerol at –70oC for long-term maintenance.

Field site and sampling

The sampling sites were located in Jalgaon
district (Location: 21.05N; 75.40E, soil: black
cotton type, annual rainfall 700 mm, annual
temperature: above 27.5oC, commercial crops:
banana, cotton and sugarcane) of North
Maharashtra. Bacteria were preferably isolated
from healthy looking plant in the vicinity of
diseased plants. After removal of plant from soil,
root portion was cut and packed in sterile plastic

bags. These bags were transported to laboratory
under cold conditions for immediate
processing.

Isolation of Rhizobacteria

Plants selected for isolation of organisms include
banana, wheat, cotton, and gram. Adhering soil
was carefully brushed off and the plants roots
were washed with sterile buffered saline four to
five times. These roots were then vigorously
shaken with new batch of sterile buffered saline
for 10 min. A hundred micro-liter aliquots of
dilutions were then plated in triplicate on nutrient
agar and King’s B medium. Plates were
incubated at 28oC for three days. Well-isolated
colonies were selected, purified and maintained
on nutrient agar. All cultures were stored at 4oC.

Screening for siderophore production

A loopful culture of each isolate from nutrient
agar slant was separately inoculated in 100 ml
of low strength nutrient medium and incubation
was carried out for 18 h at 28oC on rotary shaker
at 120 rpm. This culture was used as inoculum
for studying siderophore production. Production
of siderophores occurs only under iron deficient
and highly aerobic conditions. Hence each isolate
was inoculated in sterile succinate medium (SM)
(9) and incubated on rotary shaker at 28OC, 120
rpm. Supernatants of 36 h incubated cultures
were tested for siderophore production by using
Universal Chemical Assay as per Schwyn and
Neilands (10). Each siderophore positive isolate
was separately inoculated in iron deficient
succinate medium at the rate of one percent (v/
v). Incubation was carried out at 28oC on rotary
shaker at 120 rpm for 36 h. Fermented broth was
centrifuged (10,000 rpm for 15 min) and
supernatant was subjected to estimation of
siderophore as per Payne (11). Briefly, 0.5 ml
aliquot of culture filtrate was mixed with 0.5 ml
of CAS reagent. It was read at 630 nm against
un-inoculated succinate medium as a reference.
Per cent decolorization was calculated by using
following formula
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Percent decolorization

Where,

Ar = Absorbance of reference

As = Absorbance of sample at 630 nm.

Seed bacterization

To test the effect of various rhizospheric strains
on seed germination, seed bacterization was
performed as per Ownley et al., (12). Briefly,
groundnut seeds were surface sterilized with
0.1% HgCl

2
 solution and after twice washing

with sterile distilled water soaked for 1 h in
siderophoregenic cultures having absorbance 0.6
at wavelength 600 nm (~108 cfu ml–1) containing
0.5% carboxy methyl cellulose as binder for
bacterization. Aseptic conditions were
maintained throughout the process. Seeds were
dried on surface sterilized polyethylene sheet
kept on clean bench. Bacterized seeds were
aseptically introduced in sterile plates with water
soaked blotting paper and incubated at room
temperature in light and observed for seed
germination every day. During the experiment,
moisture in the plate was maintained by adding
1ml of sterile distilled water on blotting paper.
Similarly, bacterized seeds were sown in pots
with sieved soil (pH 7.3).

Identification of strain

The selected strain was subjected to biochemical
identification testing as per Bergey’s Manual of
Systematic Bacteriology (13) and 16S rDNA
gene sequencing with eubacteria specific primer
set 16F27N (5’-
CCAGAGTTTGATCMTGGCTCAG-3’) and
16R1525XP (5’-TTCTGCAGTC
TAGAAGGAGGTGWTCCAGGC-3’) (14).

Relevant properties of strain

In order to check the sensitivity of isolate towards
different antibiotics, disc diffusion method was
used. For this purpose culture was grown on
Mueller Hinton Agar in presence of antibiotic
impregnated sterile filter paper discs dispensible
with octa-disc dispenser (Hi-Media, Mumbai).
After 48-h incubation of plates at 28 oC
development of zone of inhibition was observed.
Results were interpreted as sensitivity (S) or
resistivity (R). IAA was detected by a method
described by Sharaf and Farrag (15). Briefly,
bacteria were grown in nutrient media
supplemented with 500 ìg/ml of tryptophan for
seven day at 28° C. A 2-ml aliquot of the
supernatant was acidified with 2 drops of ortho-
phosphoric acid and mixed with 4 ml of
Salkowski’s reagent (50 ml, 35% per-chloric acid
+ 1 ml 0.5% FeCl

3
) and allowed to stand at room

temperature for 20 min for development of pink
color. Phosphate solubilization by strain was
studied by growing the organism on
Pikovskaya’s agar (16). Plate was observed after
48 h incubation at 28oC for development of zone
of clearance around colony.  Antifungal activity
against various phyto-pathogens was studied.
Strain DF C31 was plated onto King’s B agar
plate and incubated at 28oC for 48 hours. Then
the bottom of a Petri dish was placed (inverted)
with the upper lid, which contained chloroform,
and treated for 30 minutes to kill bacteria for
further testing biocontrol ability in vitro. Various
phytopathogens viz. Colletotrichum capsicum,
Fusarium oxysporum, Aspergillus niger,
Aspergillus flavus for testing were obtained from
NCIM and cultivated individually on PDA plates
for 2 to 6 days until mycelia reached the edge of
plates. An 8-mm diameter agar, plugged with
actively growing mycelia mats of tested
phytopathogens was placed in the center of a
prepared Petri dish and incubated at 28oC to
determine antifungal activities of the secondary
metabolites produced by strain. Un-inoculated
King’s B agar plates treated in the same manner
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were inoculated with the above-referred
phytopathogens as controls.

Sideroanalysis

For determining functional groups involved in
iron chelation, Csaky (17) and Arnow’s (18) tests
were performed. In order to determine the
threshold level of iron at which pyoverdine
biosynthesis is completely repressed, culture was
grown in iron supplemented (1-50 µM of iron as
FeCl

3
) SM. To determine the effect of various

carbon sources on production of pyoverdin,
organism was grown in media containing various
carbon sources. Although visual appearance of
yellow-green fluorescence indicated presence of
pyoverdine type of siderophores in supernatants
(19), for confirmation, concentrated supernatants
were subjected to XAD column purification with
a small modification of method described by
Budzikiewicz (20). Briefly, cell free supernatant
was acidified to pH-6 with 12 M HCl and passed
through Amberlite XAD-4 column at the rate 1-
2 bed volumes per hour (40 x 6 cm). This was
followed by washing consecutively with water,
50% methanol, 75 % methanol (@ 4-8 bed
volumes per hour). For recovery of siderophores,
column was eluted with 100% methanol (@ 1
bed volume per hour). Fractions showing same
spectrometric properties were pooled together
and lyophilized to obtain yellow-brown colored
powder. Small fraction of this purified material
was dissolved in 0.05 M sodium phosphate buffer
at pH 5.5 on UV-visible spectrophotometer
(Model 1601, Shimadzu, Japan) (21).

Results and Discussion

The main aim of present investigation was to
screen for efficient siderophoregnic PGPR
strains. Considering this fact, while performing
isolation, only healthy plants in the vicinity of
stunted plants were selected. During isolation of
bacteria from these plants, loosely associated
microflora was discarded as PGPR strains are
known to colonize root surface more intimately
(22). Moreover, fields having record of consistent

high yield of cash crops were selected as
probability of isolating better PGPR from such
fields is high. As shown in Table 1, altogether
35 isolates were obtained from wheat, banana,
gram and cotton. On King’s B agar, conductive
for production of pyoverdin, 15 isolates showed
production of fluorescein (viewed under UV
light) however, 5 isolates either failed to grow
on succinate medium or did not show siderophore
production within 36 h. Moreover, supernatants
of 12 isolates grown in succinate medium
produced siderophores which was evident from
instant decolorization of CAS reagent to golden
yellow color when 0.5 ml supernatant was mixed
with 0.5 ml of CAS reagent (10). Most isolates
from banana rhizosphere produced pigment on
King’s B agar and were CAS positive. Twenty-
three isolates were rejected on the basis of
inability to produce siderophores in iron deficient
succinate medium. PGPR activity of rest twelve
isolates was assessed by direct as well as indirect
methods. In direct method, ability to promote
seed germination was assessed whereas in
indirect method, quantification of siderophores,
in terms of de-colorization of CAS reagent, was
done. It was observed that cotton rhizosphere
isolate designated DFC31 produced maximum
amount of siderophores in the succinate medium
(Figure 1) as well plate experiment showed that
DFC31 strain treated seeds of groundnut
germinated more vigorously resulting in
increased overall length of seedling and well-
ramified roots. Improvement in seed germination
was observed in almost all strains except B4 and
C35. DFC 31 and SCW1 caused significant
improvement in seed germination, 42.85% and
36% respectively (Table 2). Pot study (Figure 2)
revealed that out of 12 isolates studied, B4, which
impaired seed germination (in plate assay), also
caused significant reduction in shoot and root
biomass compared to control. Strains B5, B6,
C31 and SCW1 showed improved biomass in
shoot as well as roots.  After three repetitions of
these experiments with same outcome, strain
DFC31 was selected for further studies.

Screening for siderophore producing PGPR 99



Isolate DFC31 was identified as a member of
the fluorescent pseudomonad group as per
Bergey’s Manual of Systematic Bacteriology (see
Table 3). Finally it was confirmed by using 16S
rDNA gene sequencing method as Pseudomonas
putida. Other PGPR strains B5 and B6 obtained
during present study were also identified as
Pseudomonas aeruginosa where as SCW1 as
Acinetobacter calcoaceticus.  Antibiotic
sensitivity/resistance assay of DFC31 revealed
that this strain is sensitive to amikacin,
ceftazidime, ciprofloxacin, colistin, gentamycin,
netillin, norfloxacin, and tobramycin whereas
resistant to amphicillin, augmentin, cephoxitin,
chloramphenicol and piperacillin.

After 2 to 6 days of exposure to the metabolites
of strain DFC31 excreted in King’s B agar plates,
the growth of tested phytopathogens-including
Colletotrichum capsicum, Fusarium oxysporum,
Aspergillus niger, Aspergillus flavus - was
partially suppressed, whereas these
phytopathogens on the blank King’s  agar plates,
showed normal growth. These results indicate
that metabolites of strain DFC31 suppress the
growth of phyto-pathogens.

P putida DFC31 produced yellow-green
fluorescent pigment that possessed the properties
typical of pyoverdine type of siderophore having
capacity to strongly chelate iron. Further the
Csaky’s and Arnow’s assays were performed.
Csaky’s test gave a strong positive reaction,
indicating the presence of the hydroxamate type
of functional group. Where as Arnow’s assay
gave yellow color after addition of sodium-
molybdate reagent indicating presence of
catecholate type of group but did not turn red
after addition of sodium hydroxide which is
characteristic of pyoverdines. Amendment of
iron in iron deficient media (Figure 3) resulted
in decrease in siderophoregenesis. A 30ìM of iron
completely inhibited siderophore synthesis.

In addition to iron, carbon sources also
determined extent of siderophoregenesis. Among

various sources tested maltose, sucrose,
arabinose, xylose, mannose, malate, propionate
did not supported growth. Among others (Figure
4), lactate, fumarate and pyroglutamate
supported pyoverdin synthesis. Among, glucose,
succinate and lactate, highest growth and
siderophore synthesis was supported by lactate.
When growth and siderophore synthesis was
studied together (Figure 5), it was observed that
organism attains stationary phase earlier in
lactate compared to succinate. The absorption
spectrum of the unpurified P.  putida DFC31
supernatant (pH around 8) showed a peak at
about 404-405nm which shifted to shorter
wavelength with a decrease in pH (23).
Pyoverdine was isolated and purified in desferric
form using AmberliteTM XAD-4. One liter of
supernatant yielded 78 mg of XAD-4 purified
pyoverdin which showed the absorption maxima
at 382 nm  in 0.05-sodium phosphate buffer at
pH 5.5 (Figure 6). Our results are in agreement
with Abdallah (24).

Pseudomonas putida DFC31 isolated and
identified in present study was established as
plant growth promoting rhizobacterium. In
addition to pyoverdine type siderophore
organism may help plant growth by IAA
production and phosphate solubilization. In a
separate study, we have observed that seed
bacterization by this strain leads to improvement
in iron content of wheat grain by almost eighteen
per cent (unpublished results). Positive results
of Csaky’s and Arnow’s test confirm that this
siderophore molecule contains hydroxamate as
well as catecholate group which is characteristic
of pyoverdines (19). UV spectrum of cell-free
supernatant in desferri- and ferric- form as well
as XAD purified siderophore at pH 5.5 further
support characterization of this siderophore as
pyoverdin. To our knowledge this is first report
on isolation of pyoverdin producing
Pseudomonas putida from black cotton soils of
North Maharashtra. As PGPR activity of DFC31
is established herewith; the strain stands as
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excellent representative for further investigation
in the context of formulation, field trial and
molecular mechanisms to realize its potential.
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Screening for siderophore producing PGPR

Table 1: Isolation of rhizobacteria from black cotton soil

Host plant Isolate Pigmentation on CAS test
designation King’s B agar

Plant: Banana B1 + +
Variety: Shrimanti B2 + +

B3 + +
B4 + +

B5(SBC5) + +
B6 + +
B7 - -

Plant: Cotton C22 + -
Variety: Dyana C23 - -

C24 - -
C25 - -
C26 + -
C27 - ND
C28 - -
C29 - ND
C30 - -

DFC31 + +
C32 - -

C33(PP) + +
C34 + -

C35(PA) + +

Plant: Gram G1 - +
Variety: Vijaya G2 + +

G3 - -
G4 - ND

Plant: Wheat SCW1 - +
Variety: Lokvan SCW2 - -

SCW3 - -
SCW4 - -
SCW5 + ND
SCW6 - -
SCW7 + ND
SCW8 - -
SCW9 - -

SCW10 - -

     ND  : Not Determined due to poor growth in medium
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Table 3: Biochemical properties of DFC31

Biochemical test Result
Gram Character Gram negative
Shape Short rods
Motility Motile
Enzyme production

Catalase
Oxidase
Urease

Phenylalanine deaminase
Pigment production
King’s B medium Green fluorescence
King ’s A medium No pigmentation
Nitrate reduction Positive
H2S production
Blood hemolysis
DNase
Sugar utilization

Glucose
Citrate
Adonitol
Lactose
Arabinose
Sorbitol
Mannitol

Other PGPR Properties
IAA production Positive
Phosphate solubilization Positive

} Positive

} Negative

} Negative

} Negative

} Positive

Sarode et al

Table 2 : Plate assay after six days

Isolates Percent Average Average
Germination (%) root length(cm) number of root lets(cm)

B1 62.50 2.44 (0.87) 4.71 (1.99)
B2 66.67 2.52 (0.85) 4.75 (2.75)
B3 62.50 2.39 (0.95) 4.89 (2.14)
B4 54.17 2.24 (0.92) 4.65 (2.52)
B5 62.50 3.11 (0.71) 5.01 (2.10)
B6 75.00 3.35 (0.76) 5.59 (1.98)
DFC31 83.33 3.89 (0.81) 6.78 (2.77)
C33 62.50 2.40 (0.96) 4.60 (2.40)
C35 54.17 2.37 (0.95) 4.57 (2.50)
G1 75.00 2.41 (0.64) 4.63 (1.80)
G2 66.67 2.39 (0.94) 4.61 (2.10)
SCW1 79.17 3.81 (0.93) 6.0 (1.94)
Control 58.33 2.36 (0.57) 4.56 (2.83)

Note: Values in parenthesis indicate standard deviation
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Fig 1: Per cent decolourization of CAS reagent
by siderophore containing cell-free supernatant
of various isolates

Fig 2: Pot assay of groundnut seed bacterization

Fig 3. Effect of exogenous iron on production
of siderophore by DFC31

Fig 4: Effect of carbon source on production of
siderophore by DFC31

Fig. 5: Growth phase dependence of
siderophoregenesis.

Fig. 6:  Absorption maxima of the purified P
putida DFC31 siderophore
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Abstract

Altitudinal variations in desiccation tolerance
and starvation resistance in D.immigrans
populations are organized into adaptive clines.
D.immigrans populations are characterized by
increase in desiccation while starvation decreases
and such opposite clines match climatic condi-
tions. Regression analysis helps in explaining
such adaptations. Upto now, there is no detailed
data on altitudinal clines in Drosophila species
and populations. Present data on genetic differ-
entiation in D.immigrans populations evidence
that such geographical clines are adaptive and
maintained due to environmental gradients along
the altitude.

Key words

Starvation resistance, desiccation tolerance,
clinal patterns, altitudinal populations and
D.immigrans.

Introduction

Geographical variations in morphological traits
have been observed in some taxa along latitude
but data on longitudinal and altitudinal
populations are limited (9, 4,8). D.immigrans, a
cosmopolitan and cold adapted species, is most
suitable for analysing altitudinal genetic diver-
gence. Investigations on this cosmopolitan spe-
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cies include allozymic variations in some Indian
populations (12) and Korean populations (11)
while there is no information on population ge-
netic differentiation along altitude and longitude.
Along the altitudinal transect which comprises
elevational sites, varying from 253 to 2050 m
over a linear distance of about 350 km, the ther-
mal stress conditions differ significantly all
around the year. Thus, it is expected that
D.immigrans populations have adapted to vari-
ous abiotic conditions and are genetically dif-
ferentiated. Present investigations demonstrate
that for climatic stresses, Indian populations of
D.immigrans demonstrate opposite clines i.e.
starvation tolerance decreases with altitude, des-
iccation tolerance increases, and such clinal vari-
ations suggest that the two traits are independ-
ently adapted to altitudinal climatic conditions.

Material and Methods

D.immigrans were collected from five altitudinal
sites (Manali, Shimla, Solan, Kalka and Rohtak).
Desiccation and starvation tolerance was   ana-
lysed in five altitudinal populations of
D.immigrans. Mass cultures were established
and were analysed for starvation and desicca-
tion tolerance. Adults were grown at 25°C in
highly nutrient killed yeast axenic food medium.
After emergence, adults were lightly etherized
and distributed into groups of ten, put in food
vials having corn meal sugar food seeded with
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live yeast and aged for three days. On emergence,
ten adult males were aged for two days on Dro-
sophila food medium and were then subjected
to desiccation and starvation experiments as ex-
plained by (6). The females were reared for the
next generation so that the F2 males could be
tested for desiccation and starvation tolerance.
Studying two successive generations for each
population assessed repeatability of the meas-
urements.

 For starvation tolerance, water was provided in
each vials i.e. the vials were provided with a piece
of foam sponge impregnated with 2 ml of water
+ 0.2ml sodium methyl parabenzoate (0.1%),
which was used to prevent any bacterial infec-
tion. Thus, under these conditions, the relative
humidity (RH) was close to 100%. All starva-
tion experiments were done in the incubator set
at a particular temperature. Vials were observed
daily at 6 a.m. & 5 p.m.  As the number of dead
approached 5, vials were observed even at 3
hours intervals. For measuring desiccation tol-
erance, adult was introduced in dry, plastic vials
closed with a plastic cap. Desiccation was medi-
ated by 2 gm of silica gel/calcium chloride at
the bottom of each vial. Flies were prevented
from direct contract with silica gel/calcium chlo-
ride by a disc of plastic foam piece. Since the
vials were airtight it was assumed that the rela-
tive humidity (RH) under these conditions was
to 0%. All desiccation experiments were done in
the incubator set at a particular temperature in
accordance with the method of Da Lage (3). Vi-
als were observed every hours and the number
of dead flies (completely immobile) was re-
corded.  When the number of dead approached
5. vials were observed every 30 min.

Results and Discussion

Basic data on starvation and desiccation toler-
ance in five altitudinal populations are given in
Table 1. Genetic basis of these traits is evident
from genetic repeatability in two generations (G1

and G2) i.e. mean values for all the populations
are almost identical. It may be noted that within
population variability for these traits (as evi-
denced by C.V.) for all the populations is sig-
nificantly lower (0.95 to 4.51) for starvation
while C.V. for desiccation tolerance is signifi-
cantly higher (2.55 to 10.61). Altitudinal
populations demonstrate decrease in starvation
and increase in desiccation tolerance i.e. the two
traits depict opposite clines and seem to be ge-
netically independent. Desiccation increases with
a slope of 7 hrs per 1000 m and starvation de-
creases by 2 hrs per 100 m (Table 3). Desicca-
tion as well as starvation tolerance are signifi-
cantly correlated with altitude but in opposite
directions i.e. r = 0.96 for desiccation and r = -
0.95 for starvation (Fig. 1). For desiccation and
starvation tolerance, genetic divergences in five
altitudinal populations are given in Fig. 3. The
basic data was subjected to ANOVA for testing
the effect of population, generation and their in-
teraction  (Table 2).  The variations in desicca-
tion/starvation tolerance are largely due to di-
verse altitudinal populations while effect due to
generations is non-significant.

Occurrence of regular increase of desiccation and
decrease of starvation tolerance along the alti-
tude reflect adaptations of D.immigrans
populations to climatic conditions. The climatic
data (drawn from Climatological Tables pub-
lished by Indian meteorological department, New
Delhi) of five altitudinal sites were analyzed on
the basis of annual average temperature (12 to
28°C) resulting in significant negative correla-
tion (r = -0.99) with altitude; and with thermal
amplitude (C.V. of temperature) varies from 27
to 36%, which indicated significant positive cor-
relation (r = 0.88). The average temperature at
Kalka is 30°C and average minimum relative
humidity (RH) is 60 to 65% while in Manali the
corresponding values are 12°C and 40 to 45%
RH. Such climatic diversity provides special
opportunities for local adaptations to geographic
genetic variations. Thus, species individuals cope
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with colder temperature and lesser RH in high
altitudinal sites, which are responsible for des-
iccation stress. The survival period with respect
to starvation is always much longer than that for
desiccation. Drosophila populations from warm
and humid environmental survive longer and are
characterized by a smaller body weight and
higher dispersal ability (10). In Drosophila
immigrans, foothill population have a smaller
body size compared with Top hill and show a
positive correlation of body weight with increase
altitude. The wind velocity at the foothill sites
during winter is very high (6-7 kmh-1) compared
with Top hill (3.5 kmh-1). Thus, both smaller body
size and higher wind speed may favor greater
dispersal under more humid conditions in the
Foothill populations and contribute to starvation
stress. On the contrary, prolonged unfavorable
colder climatic conditions are known to favors
starvation in higher mountainous populations.
Thus, the causes and starvation tolerance seem
quite different under diverse climatic conditions.

For desiccation and starvation tolerance, there
are significant values of regression coefficients
for all the thermal parameters as well as relative
humidity (Table 3). Seasonal thermal amplitude
(Tcv) is positively correlated with altitude and
can explain 78% and 91% of total variability for
desiccation and starvation tolerance. Thus,
altitudinal effect is largely due to environmental
gradient of thermal and humidity variables. Se-
lecting for increased desiccation tolerance
(5,7,1,2) found a correlated increase in starva-
tion tolerance i.e. laboratory selection led to a
decreased locomotors activity and a reduced rate
of reserve utilization due to lower metabolic rate
which are able to modify the two different physi-
ological phenotypes. Under laboratory condi-
tions, correlated selection response for desicca-
tion and starvation could be due to their com-
mon association with longevity. Thus, laboratory
selection may not reflect what happens under
natural conditions. We observed opposite latitu-
dinal clines in natural populations i.e. an overall

negative correlation between the two traits and
interpretation is that the two traits are genetically
independent and submitted to opposite direc-
tional selections related to climatic conditions.
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Table 1: Duration of life (hrs) under desiccating conditions (desiccation tolerance) or provided
with water (starvation tolerance) at 25°C in five altitudinal populations of  D.immigrans.

Population Starvation Desiccation
m ± s.e. C.V. m ± s.e. C.V.

Rohtak G1 = 117.80 ± 0.64 0.95 7.00 ± 0.30   7.42
(alt: 253) G2 = 115.80 ± 0.76 1.13 6.60 ± 0.40 10.61

M  = 116.80 6.80

Kalka G1 = 110.00 ± 1.15 1.82 9.00 ± 0.29   5.56
(alt: 600) G2 = 113.00 ± 1.15 1.77 10.67 ± 0.33   5.41

M  = 111.50 9.84

Solan G1 = 104.33 ± 1.20 2.00 14.50 ± 0.87 10.34
(alt: 1250) G2 = 105.67 ± 0.88 1.45 15.17 ± 0.73   8.30

M  = 105.00 14.84

Shimla G1 = 90.33 ± 2.03 3.89 18.17 ± 0.44   4.20
(alt: 1950) G2 = 92.00 ± 1.15 2.17 17.67 ± 0.60   5.89

M  =  91.17 17.92

Manali G1 = 80.33 ± 1.45 3.13 21.17 ± 0.60   4.92
(alt: 2050) G2 =  80.00 ± 2.08 4.51 22.67 ± 0.33   2.55

M  =  80.17 21.92

G1 = generation first, G2 = generation second, M = mean of both generations m ± s.e. ± mean =
standard error C.V. = Coefficient of Variation
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Table 2: Results of two way ANOVA applied on each character for testing the effects of  population
and generation on desiccation and starvation tolerance in five altitudinal  populations of D.immigrans.

Traits Source df MS F

Desiccation Population   1 4 156.01 26.93**
Generation   2 1 4.17 2.83
1 x 2 4 1.47 2.28

Starvation Population   1 4 1183.26 148.68**
Generation   2 1 12.04 4.27
1 x 2 4 2.82 0.61

** Significant at < 0.001

Table 3: Regression analysis of climatic variables (T
max

, T
min

, T
average

, T
CV

, RH) with  starvation-
desiccation tolerance in Indian populations of D.immigrans. Altitudinal correlation and slope val-
ues are also given for all the traits

Temperature            Desiccation              Starvation
variables      b    (p-level)   R2 b   (p-level)   R2

T
max

-0.99* (.0004) 0.96 0.98* (.002) 0.96
T 

min
-0.97* (.008) 0.91  0.99* (.00001) 0.99

T
aver

-0.98* (.003) 0.95  0.99* (.0008) 0.98
T

CV
0.92* (.029) 0.78  - .97* (.008) 0.91

RH -0.98* (.003) 0.95  0.96* (.009) 0.90

Altitude (r) 0.96* -0.95*
Slope 0.007 -0.02

b = partial regression coefficient

Manvender Singh et al110



Fig. 1. Relation between desiccation and
starvation survival hours with the origin
of altitude infive populations of
D.immigrans.

Fig. 2. Relationship between two gen-
erations (G1 and G2) for starvation and
desiccation survival hours in five
altitudinal populations of D.immigrans.
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Abstract

Epilepsy is a neurological disorder characterized
by excessive electrical discharge in brain, which
causes seizures. Epilepsy is the second most
common neurological disorder in India. It is a
very common disorder, characterized by seizures,
which take various forms and result from episodic
neuronal discharges, the form of the seizure
depending on the part of the brain affected. The
anti-convulsant properties of the essential oil
obtained from the aerial parts of Artemisia
dracunculus has been reported. The present study
was aimed to evaluate the anticonvulsant
potential of essential oil of Artemisia abrotanum
which is available abundantly in Nilgiri Hills. The
fresh leaves and flowering tops of A. abrotanum
were subjected to extraction of essential oil by
hydro distillation method using Clevenger
apparatus.  Experimental convulsion, in Swiss
albino mice was induced by intra peritoneal
administration of Pentylenetetrazole (PTZ) at 100
mg/kg in sterile distilled water after 1h
administration of the test drug (100, 400 and 800
mg/kg). Then onset and latency of seizures and
mortality were estimated and compared with the
solvent control group. Diazepam (1 mg/kg),
which was used as a positive control showed
significant (P<0.01) delay in the onset of
myoclonic seizures (140.3±19.78) and significant
increase in time to death latency (1800±0.0) when
compared to control. All the animals of the
Diazepam group survived against the
Pentylenetetrazole challenge. The tested essential
oil at 100 mg/kg showed significant (P<0.05)
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delay in the onset of myoclonic seizures
(49.0±1.95). However, at doses of 400 and
800mg/kg did not produce any significant
changes in the convulsive parameters, when
compared to control.

Introduction

Epilepsy is a neurological disorder characterized
by excessive electrical discharge in brain, which
causes seizures. Epilepsy is the second most
common neurological disorder in India (1,2).
Epilepsy affects an estimated 7 million people in
India, and 50 million worldwide, approximately
40% of them are women. The prevalence of
epilepsy is 0.7% in India, which is comparable
to the Unites States and other developed nations.

Epilepsy is a very common disorder,
characterized by seizures, which take various
forms and result from episodic neuronal
discharges, the form of the seizure depending on
the part of the brain affected. Often there is no
recognizable cause, although it may develop after
brain damage, such as trauma, infection or tumour
growth, or other kinds of neurological disease,
including various inherited neurological
syndromes. Epilepsy is treated mainly with drugs,
though brain surgery may be used for severe
cases. Current antiepileptic drugs are effective
in controlling seizures in about 70% of patients,
but their use is often limited by side-effects  (3).

Significant advances are being made in recent
years to treat epilepsy using second-generation
drugs. Polypharmacy is often advocated to 30%
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of all epileptic patients for refractory partial or
generalized tonic clonic seizures. However, none
of the new drugs fulfills the ultimate goal of drug
treatment of epilepsy, namely complete control
of seizures (4).

A number of medicinal herbs containing Essential
oils are reported to have Antiepileptic potential
(5-10). The anti-convulsant properties of the
essential oil obtained from the aerial parts of
Artemisia dracunculus has been reported (11).
Hence, the present study was aimed to evaluate
the anticonvulsant potential of essential oil of
Artemisia abrotanum which is available in Nilgiri
Hills.

Materials and Methods

Aerial parts of Artemisia abrotanum was
collected in the month of September 2005 from
Medicinal Plants Development Area (MPDA),
Doddabetta, The Nilgiris, identified and
confirmed its authentification by comnparing
with voucher specimen by Dr.Suresh baburaj,
Botanist, Survey of  Medicinal Plants and
collection Unit, Ooty.

Extraction

The fresh leaves and flowering tops were cleaned,
cut into small pieces and subjected for extraction
of essential oil by hydro distillation method using
Clevenger apparatus.  The distilled oil was
collected and the residual water was removed by
adding anhydrous sodium sulfite and stored in
refrigerator.

Animals

Swiss albino mice (18-22 g) of female sex and
male sex were used for acute toxicity and
anticonvulsant studies, respectively. The animals
were obtained from the Animal house, JSS
College of Pharmacy, Ooty, maintained in
suitable nutritional and environmental condition
throughout the experiment period. The
experimental protocol was approved by
Institutional Animal Ethical Committee (IAEC)

and CPCSEA to carryout pharmacological
screening in animals (mice).

Acute toxicity studies

Toxicity study was conducted as per
internationally accepted protocol drawn under
OECD guidelines 423 in Albino mice (Swiss
strain) at a starting dose level of 2000 mg/kg.

Female mice (18-22g) were fasted for overnight
and maintained with water ad libitum. The mice
were separated into four groups of 5 in each. The
essential oil was administered at a dose level of
2000 mg/ kg, orally as a solution in sesame oil
and animals were observed individually and
continuously for 30 min, 1, 4, 6, 12, 48 and 72hrs
to detect changes in the behavioral responses like
vocalization on touch, locomotor activity and
palpebiral reflex, and also autonomic responses
like tremors, convulsion, salivation, diarrhea,
sleep and coma and then monitored for any
mortality for the following 14 days.

Screening   of essential oils for anticonvulsant
activity

Experimental convulsion, in Swiss albino mice
was induced by intra peritoneal administration
of Pentylenetetrazole (PTZ) at 100 mg/kg in
sterile distilled water after 1h administration of
the test drug. Then onset and latency of seizures
and mortality were estimated and compared with
the solvent control group. The standard drug,
Diazepam (1 mg/kg) dissolved in sterile distilled
water was used as positive control.

The male Swiss albino mice (18-22 g) were
divided in to groups of 5 mice each. Group I
received Sesame oil (1 ml/kg), served as solvent
control. Group II received Diazepam    (1mg/
kg), served as Positive control. Group III, IV and
V received essential oil of A. abrotanum at 100,
400 and 800 mg/kg respectively.

Statistical Analysis

The values are expressed as Mean±SE. The data
were subjected to the One way Analysis of
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Variance (ANOVA) followed by Dunnett’s
multiple comparison test. The treatment groups
were compared with the control group and P<0.05
was considered to be significant. Data analysis
was carried out by using GrahPad Prism V.4

Results

GC analysis of the essential oil of Artemisia
abrotanum have shown the presence of 19
compounds, which accounted for total 100% of
oil. The presence of three compounds namely 1,
8-cineole, Davanone and Nerolidol at the
retention time of 1.750, 14.717 and 10.883 min
respectively have been confirmed by GC-MS
analysis.

Diazepam (1 mg/kg), which was used as a
positive control showed significant (P<0.01)
delay in the onset of myoclonic seizures
(140.3±19.78) and significant increase in time to
death latency (1800±0.0) when compared to
control. All the animals of the Diazepam group
survived against the Pentylenetetrazole challenge.

The tested essential oil at 100 mg/kg showed
significant (P<0.05) delay in the onset of
myoclonic seizures (49.0±1.95). However, at
doses of 400 and 800mg/kg did not produce any
significant changes in the convulsive parameters,
when compared to control.

Discussion

The most popular and widely used animal seizure
models are the traditional MES and PTZ tests.
Prevention of seizures induced by PTZ in
laboratory animals is the most commonly used
preliminary screening test for characterizing
potential anticonvulsant drugs. The MES test is
considered to be a predictor of likely therapeutic
efficacy against generalized tonic-clonic seizures.
By contrast, the PTZ test represents a valid model
for human generalized myoclonic and also
absence seizures. Other chemoconvulsant models
for primary generalized seizures include
bicuculine (ã-amino butyric acid

 A
, (GABA

A
)-

receptor antagonized), strychnine (glycine

receptor antagonist) and aminophylline
(adenosine-receptor antagonist. The PTZ
(Metrazol) assay has been used primarily to
evaluate antiepileptic drugs. However, it has been
shown that, most anxiolytic agents are also able
to prevent or antagonize Metrazol-induced
convulsions. Generally, compounds with
anticonvulsant activity in the petitmal epilepsy
are effective in PTZ induced seizure model (12).

Lactones are common components in essential
oils (specialy aromatic) bearing plants are
extensively used in traditional medical systems
in various parts of the world. Accordingly,
essential oils have been revealing usual
compounds as well as unexpected
pharmacological activity (13). From the chemical
and by/or ethno pharmacological point of view,
the study of essential oils is further complicated
by its rather complex mixture of compounds, the
volatile nature of several commonly present
constituents, the presence of photo reactive
substances and the wide variability of the
chemical profile obtained with different samples.

G.P.Coelho de Souza (1997) (14) reported the
presence of lactones viz., E-â-farnesene, ä-decan-
2-lactone, linalyl acetate and linalool in the
essential oil of Aeollanthus suaveolens (used as
an anticonvulsant in the Brazilian Amazon, has
sedative properties). Our present study revealed
the presence of linalool and â-farnesene in the
essential oil of Artemisia species.

Some researchers have reported anticonvulsant
activity of monoterpenes,    SL-1, a synthetic
monoterpene homologue of GABA,
demonstrated anticonvulsant activity in PTZ
induced seizures. Monoterpenes have protective
effects against PTZ, picrotoxin and NMDA
induced convulsions (15). The anticonvulsant
activity of essential oil of Lippia alba
(Verbenaceae) is also reported (16). Therefore it
seems that antiseizure profile of A.abrotanum
may be related in part to terpenoids present in
the plant.
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Mohammed Sayyah et al., (2004) (17) reported
the anticonvulsant and chemical composition of
essential oil of Artemisia dracunculus L.  The
GC-MS analysis showed that 68% of the essential
oil was composed of monoterpenoids.
Modulation of glutamatergic and GABAergic
transmission mechanisms are indicated for
anticonvulsant activity of the monoterpenes,
trans-anethole, á and â-pinene and methyl
eugenol  (18, 19).

Hence, the monoterpenoids especially trans
anethole, pinene and methyl eugenol present in
the essential oil of A.dracunculus, seems to
mediate anticonvulsant activity. This is in
agreement with the study of Sayyath et al., (2002)
(20) where monoterpenes  methyleugenol,
eugenol and pinene present in the essential oil of
Laurus nobilis (Lauraceae) protected mice
against tonic convulsions induced by MES and
PTZ.

GABA is the major inhibitory neurotransmitter
in the brain and the inhibition of its
neurotransmission has thought to be an
underlying factor in epilepsy (21). The standard
antiepileptic drugs, phenobarbitone and diazepam
are thought to produce their antiepileptic effects
by enhancing GABA neurotransmission (22).
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