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SESSILE AEROBIC MICROBIOTA FROM THE WALL OF THE NATIONAL
MUSEUM, BRAZIL: CHARACTERIZATION AND QUANTIFICATION

*Diogo Simas Bernardes Dias’, Ulrich Vasconcelos?, Marcia Teresa Soares Lutterbach?,
Cristiana Cravo-Laureau” and Eliana Flavia Camporese Sérvulo®
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ABSTRACT

The interest in preserving cultural heritage sites and artifacts has driven the development of additional measures to
protect them from deterioration, which increases over time. The Garden of the Princess (Jardim da Princesa) located at
the National Museum in Rio de Janeiro, Brazil, was the main site under evaluation in this work. Microbial colonization
of the garden’s walls was evaluated at two different areas by cultivation-based approach using specific media for fungi
and bacteria, including total heterotrophic bacteria, acid and iron-producing bacteria. Results demonstrated that the
higher cell density was detected in the sample from the higher humidity despite the limited humidity of the walls.
Molecular identification of isolates revealed that Arthrobacter was the main bacterial genus in the biofilm, even though
the others predominant genera have longer survival times during starvation and higher resistance to desiccation. Sessile
fungi, despite fewer in number, were also quite diverse. In conclusion, even found in such hostile environment an
interesting microbial diversity was observed in this study including four genera not yet reported as biodeterioration

agents in heritage sites: bacteria Ensifer, Enterobacter and Srenotrophomonas and the fungus Hypocreacea.

Keywords: Jardim da Princesa, biodeterioration, biofilm, cultural heritage.

INTRODUCTION

The cultural heritage of a country is the legacy, including
physical and intangible attributes, which make references
to the identity, action and memory of different social
groups. Therefore, cultural heritage includes natural
environments such as landscapes, historic places and
sites, buildings, and intangible items such as collections,
past and continuing cultural experience, and knowledge
(Tomaz, 2010; Ghirardello et al., 2008; McKercher et al.,
2005).

One peculiarity of human civilization, since prehistory, is
the ability to build temples and monuments motivated by
religious principles or simply to show power (Mapelli et
al., 2012). Contemporary society finds in its cultural
heritage their collective memory and is responsible to
keep this living legacy for future generations. Therefore,
the appreciation of historic monuments and the

*Corresponding author e-mail: diogodias@eq.ufrj.br

implementation of measures to maintain the cultural
heritage of each nation is important (Tavin, 2004).

The preservation of assets exposed to outdoor
environments is complex. Under this condition, the action
of different physical and chemical factors such as rain,
salinity, wind and air pollution, in association with
microorganisms activity, particularly increases the wear
of the materials, which contributes to the environmental
disfigurement and restoration costs (Loh, 2011,
Shirakawa et al., 2008; Gaylarde and Gaylarde, 2005).
The type of material and coatings used in buildings also
has an influence on the colonization and biodeterioration.
After metallic materials, concrete is the most susceptible
material to deterioration process, which can be seen on its
surface through crusting, loss of material, and color
alterations (Resende, 2008; Sarré et al., 2006). In
addition, in outer walls, the composition of the structural
material and the paint and dirt that accumulate in them
can also be a nutritional source for microbial growth
(Ciferri, 1999).
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The presence of microorganisms can increase the
deterioration process by accelerating the kinetics of the
reaction  without altering the  electrochemical
phenomenon.  However, the intensity of the
biodeterioration depends on the amplitude of the
microbial colonization, their composition, and their
distribution on the surface (Beech and Gaylarde, 1999). In
addition to the aesthetic problems, microbial colonization
of solid surfaces can compromise the structure of the
material and also be a health risk since bacterial and
fungal spores can trigger respiratory problems and
allergic reactions. Therefore, the biodeterioration process
has been extensively studied since it involves
constructions and human housing, such as bridges and
buildings, and also cultural legacy represented by
sculptures, statues and monuments (Sanchez-Moral et al.,
2005; Mapelli et al., 2012).

The microbial colonization involves the adhesion of
microorganisms to a given structure and the formation of
biofilms. Biofilms are complex structures consisting of
different microbial species embedded in a matrix made of
extracellular polymeric substances (EPS), basically
polysaccharides, and high content of water. In the biofilm,
the coexistence of microorganisms of different
metabolisms, and even the death of the cells enables a
continuous supply of nutrients, which ensures the stability
of the structure (Herrera and Videla, 2004; Costerton and
Wilson, 2004).

In walls, different species from different microbial groups
have been isolated, including bacteria, fungi and algae
(Wei et al., 2013; Murphy, 2002; Flores et al., 1997).
Among them, there are heterotrophic bacteria, particularly
EPS-producing, considered primary colonizers, since the
EPS favor the adhesion of cells to surfaces and its
presence in biofilms allows the adherence of new
microorganisms, and may serve as a substrate. The
biogenesis of organic or inorganic acids may weaken the
mineral structure of the wall or of the coating applied to
them and also cause color changing. These acids may also
encourage the development of other microbial species.
The recurring problems of iron bacteria activity in
outdoor walls are changes of color and the support for
sulfur oxidizing bacteria activity. Fungi are mainly
involved in the release of metabolites, which are often
corrosive, whereas the mycelium contributes to the

structure of the biofilm. However conventional
microbiological techniques wusually employed to
characterize the microbial communities involved in

biodeterioration processes allow only the identification of
a small portion of the microorganisms involved (Lan et
al., 2010; Gu et al., 1998).

The objective of this study was to investigate the
microbial diversity on walls surrounding the Garden of
the Princess, created by D. Jodo VI in 1818, that was part
of the residence of the Portuguese imperial family.

Presently, the building is part of the National Museum of
Rio de Janeiro, the largest museum of natural and
anthropological history of Latin America. This is the first
study characterizing biofilms on this site. The microbial
characterization will allow better assessment of possible
risks to property, as well as further insight into the
conservation methods to be adopted (Lopez et al., 2010).

MATERIALS AND METHODS

Site and Sampling Procedures

The Garden of the Princess is located in the Quinta da
Boa Vista Park in the city of Rio de Janeiro, an urban area
but with little vehicle traffic, wet and wooded. Samples
were collected at two different areas in the concrete walls
coated with paint. The wall is in a state of deterioration
since the last recovery occurred more than 30 years ago
(Fig. 1). The main constituents of the concrete,
determined by X-ray diffraction were as follows: SiO,
(60.6%), CaO (18.2%) and Al,O3 (4.0%).

The samples were collected by scraping the wall with a
sterile spatula and a flexible plastic mold, disinfected by
immersion in alcohol, to restrict the scraping zone to a
known area. The mold had a square inner opening with
4cm?. Ten samples from each spot were collected for the
microbiological analyzes. The samples were collected in
penicillin bottles with 50 ml capacity containing 40 ml of
reducing solution (0,85¢/L sodium chloride, 0,134 g/L
sodium thioglycolate, 0,1g/L ascorbic acid) previously
weighed on an analytical balance to the tenth of a
milligram. Samples were also collected in sterile Petri
dishes to determine the moisture content of each material
collected. Seasonal temperature in the area where the
National Museum is located varied from 15.1 to 28.0°C,
the relative humidity was between 31 to 81g/m® and the
average rainfall was 5.5 mL/day [data obtained during 15
days before sapling].

Microbiological Analyzes

The collected samples, previously homogenized and
diluted, were poured on Petri dish using the spread plate
technique. Different specific culture media were used
including media for heterotrophic bacteria, acid producing
bacteria and iron bacteria, as well as for fungi (Table 1),
with addition of antimicrobials (nystatin or amoxilicin,
50mgL™?) to inhibit undesirable contaminants.

The specific media for growth of heterotrophic bacteria,
acid producing bacteria, iron bacteria, and fungi were
incubated in bacteriological incubator at 30°C for 2, 3, 4,
and 5 days, respectively. After the incubation time the
colonies were counted (colony forming units, CFU), or
the growth was evaluated through the most probable
number technique (MNP). All analyzes were performed in
triplicate  and the results shown in CFU/ cm? or
NMP/cm’.
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Fig. 1. Wall from the garden of the princess. Numbers represented sampling sites.

Table 1. Cultivations conditions employed to determine the diversity of biofilms formed on the walls of the Garden of

the Princess.

Microorganisms Counting method

Media

Heterotrophic bacteria SP Nutrient agar added with Nys

Acid producing bacteria MPN Phenol red broth added with Nys

Iron bacteria SP Ammonium ferric citrate agar added with Nys
Total fungi SP Sabouraud agar added with Amx

SP — Spread Plate counting; MPN — Most Probable Number; Nys — nystatin (50mg.L™); Amx— amoxicilin (50mg.L™).

Identification of Predominant Groups of Bacteria and
Fungi

The microorganisms were recovered from predominant
colonies grown on agar plates. The DNA extraction was
carried by thermal lysis. One isolated colony was picked
and suspended in 50 pL ultrapure water (MilliQ™) in
eppendorf tube (500 pL). The microbial suspension was
treated by heat shock using dry bath, according to the
program: 96°C for 10 minutes followed by 4°C for 30
minutes. Then, the material was centrifuged for 1 minute
at 10,000g. The supernatant containing the DNA was
transferred to a new tube and stored at -20°C until the
amplification of DNA. The DNA amplification was
conducted using the conventional PCR technique (PCR
System 9700 thermocycler, Applied Biosystems) using
the random primers, Sadir (5
AGAGTTTGATCATGGCTCAGA-3) and S17 (5-

GTTACCTTGTTACGACTT-3") for bacteria. For fungi,
the genomic DNA of each isolate was extracted
employing the commercial kit MOBio Ultra
Clean"™Microbial DNA Isolation.

After the extraction, the concentration and degree of
purity of the DNA were analyzed by spectrophotometer
(NanoDrop Spectrophotometer - model ND-1000) at
wavelengths of 230, 260 and 280 nm. The DNA
amplification was conducted using the conventional PCR
techniqgue (PCR System 9700 thermocycler, Applied

Biosystems) using the random primers, ITS4 (5°-
TCCTCCGCTTATTGATATGC-3’) and ITS5 (5°-
GGAAGTAAAAGTCGTAACAAGG-3). The

conditions of amplification were 94°C/30 sec, 55°C/30
sec, 72°C/30 sec for bacteria and 94°C/30 sec, 50°C/30
sec, 72°C/30 sec for fungi with 30 cycles for both. All the
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amplified products were analyzed in agarose gel (1%,
m/v). After checking the efficiency of PCR procedures by
electrophoresis, the amplified products were purified
using the system Wizard® PCR Clean-Up System
(Promega) according to the manufacturer's guidelines.
The material was placed in a 96-well microplate
containing from 30 to 60 ng of amplicon plus 2.5 pmol of
primer suspended in ultrapure water (Milli-Q) gsp 6 uL.
Each tube contained a single primer (Sadir and S17, for
bacteria, and 1TS4 and ITS5 for fungi) in duplicates per
sample. The amplicons were labeled using primers in
solution and 0.5 plL BigDye Terminator v3.1 reagent
Standard Cycle Sequencing Kit (Applied Biosystems) in
final volume of 10 pL. The labeling reactions were
performed in a thermocycler LGC XP Cycler. The PCR
conditions were 96°C/10 sec, 55°/5 sec, 60°C/4 sec, 25
cycles.

After the samples were purified by precipitation with
isopropanol and washing with 75% to 60% ethanol, a
dilution was performed with 10 pL Hi-Fi formamide
(Applied Biosystems), denatured at 95°C for 5 min,
cooled on ice for 5 min and electroinjecting Automatic
Sequencer AB 3500 Genetic Analyzer with reinforced
capillaries of 50 cm and polymer POP7 (Applied
Biosystems). The sequences were edited and analyzed
with an appropriate software (Chromas Lite® and
Bioedit), = GenBank  (www.ncbi.nlm.nih.gov) and
compared for similarity to other sequences already
deposited by using BLAST software online.

RESULTS AND DISCUSSION

Even though the places where the two samples were
collected were exposed to similar ranges of UV radiation
and other climatic variations and were only 5-10 m apart
from each other, both places had well-differentiated visual
appearance of color and texture, revealing advanced
process of biodeterioration (Fig. 1). At the time of
sampling, the tropical climate characterized by mild
temperatures and low precipitation, may have been the
main factor for the low water content of the samples, 4.6
and 1.1%, in area 1 and 2, respectively.

The low humidity did not restrict the development of
microbial biofilms on the walls. As shown in Table 2,
both sampling areas had significant numbers of sessile
microorganisms of different microbial groups. The
highest microbial density was found in area 1, where the
humidity was higher. The number of sessile
microorganisms was different according to the place
where the sample was taken from, particularly for iron
bacteria. However, the number of fungi has remained in
the same order of magnitude in both areas. The variation
of microbial density may be due to variations in humidity,
being lower in area 2.

Another study, Shirakawa et al. (2011) evaluated the
characteristics of concrete walls coated with different
formulations of acrylic paints for seven years of exposure
to the elements, located in the urban area of S&o Paulo
and in the coastal town of Ubatuba, State of S&o Paulo,
Brazil. The discoloration and detachment of the coatings
were more intense in  Ubatuba. Phototrophic
microorganisms and fungi were detected in all biofilms
using standard microbiological methods. However,
biofilms from Ubatuba had fewer numbers of fungi and
higher number of phototrophic microorganisms. The
authors attributed this fact to the higher humidity in the
coastal region, due to increased precipitation.

Similarly, Guiamet et al. (2011), investigating the
biofouling and biodeterioration of photos and maps stored
at Historical Archive of the Museum of La Plata,
Argentina, and two repositories of the National Archive
of Cuba Republic, found an increased number of bacteria
(2,148.7 CFU/m® and fungi (260.7 CFU/m® in areas
where the relative humidity of the air and temperature
were 75 g/m® and 28°C, respectively. In contrast, under
59 g/m® and 23.8°C, the microbial density decreased by 3
times for fungi and by 35 times for bacteria. Also, Papida
et. al. (2000) observed that the microbial density was
higher when the water content was also higher in
constructions of dolomite (8.5%) and limestone (12.1%).
According to these authors, the humidity increased the
porosity of the material, resulting in the reduction of its
strength and consequently increasing its vulnerability,
leading to the erosion process.

Table 2. Biomass of cultivable microorganisms on the walls of the Garden of the Princess.

Microbial groups Cell counting
Area l Area 2
Aerobic bacteria (CFU/cm?) 3.3x10° 2.6x10"
Acid producing bacteria (MPN/cm?) 8.2x10° 2.8x10*
Iron bacteria (CFU/cm?) 1.4x10° ND
Fungi (CFU/cm?) 6.8x10° 2.4x10°

ND - not detected (below the detection limit of the method).
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The predominant cultivable sessile microbial cultures of
each group, corresponding to 15 bacteria and 10 fungi.
Table 3 shows the diversity of the microbial community
in the biofilms formed on the walls of the Garden of the
Princess in two different areas. According to L6pez-Miras
et al. (2014), bacteria and fungi that may survive as
spores represent an important part of the microbial
community which can accumulate on the surface for a
long time.

The greater diversity of bacteria was found in the area
with the lowest moisture content (area 2), which showed
also the lower cell density. Likewise, in area 2 the
diversity of fungi was slightly higher than that found in
area 1, although the species constituents of each biofilm
were quite different. Among the bacterial isolates
obtained using culture-dependent  methods, the
Artrobacter genus stood out. And surprisingly, the other
four genera of bacteria identified in this study have not
yet been described in the literature as members of
microbial communities in biofilms formed in buildings
and historical heritage: Ensifer, Stenotrophomonas
rhizophila, Enterobacter and Rhodococcus.

Artrobacter, belonging to the phylum Actinobacteria, is a
common airborne and spore-forming microorganism
inhabitant of the soil environment, in which it
corresponds to more than one half of the total bacterial
populations (Cross et al., 2015; Scheublin and Leveau,
2013; Mongodin et al., 2006). This genus, as well as
Pseudomonas and Bacillus, are related to biofilm
formation since they are typically heavily-encapsulated
and fast-growing bacteria (Lépez-Miras et al., 2013).
Interesting properties of these bacteria are the metabolic
versatility, capable to growth at the expense of a
minimum of nutrients and to degrade a wide variety of
organic substances, including toxic ones, which
contributes to recycle nutrients in the soil (Weiser et al.,
2014). In view of the above, the presence of these genera,
in particular the genus Arthrobacter, in biofilms formed
on the walls of the Garden of the Princess is mainly the
result of the proximity of the sampling areas with soil and
vegetation, as seen in figure 1. Heyrman et al. (2005) also
isolated 21 bacterial strains from samples of biofilms
from Servilia tomb (necropolis of Carmona, Spain) and
the Saint-Catherine chapel (castle at Herberstein, Austria).
All the isolates were allocated to the genus Arthrobacter,
including six novel species, which proposed names were
A. castelli spp. nov., A. monumenti spp. nov., A. parietis
spp. nov., A. pigmenti spp. nov., A. tecti spp. nov. and A.
tumbae spp. nov.

Similarly, to this present work, bacteria and fungi were
isolated from microbial biofilms developing on the
surfaces and within the painting layers of St Martin
Church, Germany (Gorbushina et al., 2004). The
predominant bacteria belonged to the genera Arthrobacter

and Bacillus. However, as reported by the authors, the
microbial community was inactive. However, studies by
Sarré et al. (2006) on the statues of lions, at the Alhambra
Palace, Spain, attributed part of the responsibility on the
monument deterioration process to Arthrobacter. While,
Nuhoglu et al. (2006) stated that Bacillus sp. was the
main  responsible to the acceleration of the
biodeterioration process of stone monuments in Turkey.

Among fungi, the predominance of Fusarium in area 1
was interesting as previous studies only identified it in
isolated areas while Cladosporium and Penicillium stood
out as the genera with higher prevalence (Elissawy et al.,
2015; Guiamet et al., 2011; Nuhoglu et al., 2006;
Shirakawa et al., 2002). Most Fusarium species is widely
distributed in soil from temperate and subtropical regions.
These fungi are able to grow in water and soil through the
assimilation of organic matter in decomposition, and can
also infect plants and animals. Some species are
producers of mycotoxins, which can enter the food chain
and affect the health of people and animals (Priest and
Campbell, 1996).

In area 2, species of the Pestalotiopsis genus were
predominant. In fact, Pestalotiopsis species are largely
distributed worldwide (Jeewon et al., 2003; Wang et al.,
2005). Similarly, to most fungi, they can grow from a
wide range of substrata, as saprobes in soil, and plant
pathogens, even though endophytic Pestalotiopsisare
considered being the most important community in
nature, inhabiting leaves, branches, stalks and seeds.
Some endophytic Pestalotiopsis have been shown to
produce important bioactive products such as
antimicrobial and antitumor compounds of potential
application in medicinal area (Wei et al., 2007; Li et al.,
2001). Endophytic Pestalotiopsis have been isolated
mainly in the subtropical and tropical regions (Liu et al.,
2007). In Brazil, Pestalotiopsis species have been
reported in almost all the territory, although its
identification is difficult due to the known morphological
variation between different species (Jeewon et al., 2003).
Ramos-Mariano et al. (1998) found P. palmarum to be
the main fungus in coconut in Brazil. More recently, two
fungal species, P. neglecta and P. maculiformans, were
isolated from the air inside the imperial coach, first used
in the consecration and coronation ceremony of King
Pedro Il in 1841, and then on solemn occasions
(Lutterbach et al., 2013). Currently, the coach is part of
the Imperial Museum collection, located in Petropolis,
Rio de Janeiro.

Gorboushina et al. (2004) isolated thirty-two fungal
species by cultivation methods. Most of the fungi were
identified as Acremonium, Aspergillus, Cladosporium,
and Fusarium. A Cladosporium specie was also detected
in one of the biofilms of this present work, but unlike no
Aspergillus species and only one Pestalotiopsis specie
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Table 3. Microbial diversity of the biofilms on the walls of the Garden of the Princess.

Areal Area 2
Bacteria S Bacteria S
Artrobacter spp. 85% Artrobacter sp* 99%
Artrobacter sp.* 100% Bacillus megaterium?® 100%
Artrobacter spp. 100% Bacillus megaterium® 100%
Artrobacter spp.* 100% Enterobacter sp.* 84%
Artrobacter spp.t 100% Enterobacter sp.* 91%
Ensifer spp.? 97% Rhodococcus sp. 90%
Ensifer spp.’ 92% Stenotrophomonas rhizophila 100%
Pseudomonas mexicana 100%
Fungi S Fungi S
Hypocreaceae sp. 100% Cladosporium spp. 100%
Fusarium oxysporum 99% Hypocreales spp. 100%
Fusarium domesticum 96% Pestalotiopsis spp.’ 99%
Penicillium spp. 99% Pestalotiopsis disseminata ° 99%
Pleosporales spp.” 99%

S — similarity. ! Six different isolates Artrobacter. 2 Two different isolates Ensifer. 3 Two different isolates Bacillus megaterium.
* Two different isolates Enterobacter. ® Three different isolates Pestalotiopsis.

could be detected by the conventional -cultivation
technique. This is unusual since spores of those fungi are
frequently present in the air and soil. However, the
investigation of microbial communities adhered to the
obverse and the reverse sides of an oil painting on canvas,
exhibiting signs of biodeterioration, employing culture-
dependent technique also revealed the presence of solely
Penicillium spp. (L6pez-Miras et al., 2013). According to
the authors, the results may be related to the indoor
quality of the air of the room where the painting was
exposed. Air samples showed bacteria and fungi numbers
ranging between 200 and 500 CFU/m?, including fungal
isolates from the genera Alternaria, Ulocladium,
Stachybotrys, Cladosporium, and mainly Penicillium
(46.2 % phylogenetically identified). Mucor, Aspergillus
and Eurotium were solely detected through genetic
techniques. Besides, differences in the community
structure could be observed when using different
techniques, wherein in some cases the counts were below
the detection limit of the technique used.

In this study, the Hypocreales fungus was one of the most
predominant in the biofilms. This is the first report on
their presence associated to communities adhering to solid
surfaces. These microorganisms form haustoria and occur
naturally as parasites of plants and have a vibrant color in
the fruiting body, usually yellow, orange or red. Species
of this genus are also found in the lichen form (Silanes et
al., 2009). There are reports of the isolation of
Hypocreales spp. from the anaerobic fermentation of
organic waste (Kazda et al., 2014) and marine-derived
Hypocreales capable of producing bioactive terpenes
(Elissawy et al., 2015).

The present study demonstrates that structures of the same
area are subject to different microbial colonization, which
is a critical problem when setting the restoration strategy
of cultural heritage. Moreover, it was possible to identify
the presence of fungi and, mostly bacteria, whose
metabolism can aggravate the deterioration by releasing
substances that promote the change in color of the walls,
or whose corrosive action damages the structure and
coatings usually used for the protection of these buildings.
Most of the identified species have low nutritional
requirements and are high enzymatic producers of
extracellular enzymes, such as proteases, esterases and
lipases, which activities contribute to the loss of material
(Ciferri, 1999). As pointed out by some researchers, the
correct conservation and restoration of biodeteriorated
buildings and monuments needs a detailed knowledge of
the microbial communities associated with these
substrates and changes of the natural environment and
climate conditions (Capodicasa et al., 2010; Suihko et al.,
2007; Schabereiter-Gurtner et al., 2001). This type of
research is still little explored in Brazil which has allowed
many of the artifacts and monuments of the Brazilian
heritage suffer from progressive deterioration. Therefore,
ways to control biofilm formation must be studied in
order not to miss the cultural heritage left by our
ancestors.

CONCLUSION

The analysis of the microbial community adhered to the
outdoor walls of the Garden of the Princess, part of the
National Museum of Rio de Janeiro, Brazil was
performed wusing culture-dependent techniques. Our
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results demonstrated that fungi and particularly bacteria
were the main members of the microbial communities
adhered to the surfaces, despite the limited humidity of
the walls. Molecular identification of isolates revealed
that Arthrobacter was the main bacterial genus in the
biofilm, even though the others predominant genera have
longer survival times during starvation and higher
resistance to desiccation. Sessile fungi, despite fewer in
number, were also quite diverse in the communities’
structures. Our results confirm that bacteria of the genera
Arthrobacter, Bacillus, Pseudomonas and fungi of the
genera  Pestalotiopsis, Pleosporales, Fusarium,
Penicillium and Cladosporium are widespread in
microbial communities adhered to outdoor walls in
tropical areas. In addition, three bacterial species that
were identified as Ensifer spp., Stenotrophomonas
rhizophila, Enterobacter spp. and one fungi species,
Hypocreaceae spp., have not yet been described in wall as
biodeterioring agent.
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ABSTRACT

This study aimed to analyze the endophytic coelomycetes under direct and indirect methods from stems of Mangifera
indica, Rhododendron arboreum, Taxodium distichum and T. mucronatum. Both direct and indirect methods were
effective for isolation, and identifying endophytic coelomycetous fungi such as Botryodiplodia sp., Colletotrichum sp.,
Pestalotiopsis spp., Bartalinia sp., Monochaetia spp., Seimatosporium sp. and Truncatella sp. All the fungi are reported
from this study has been identified up to species level based on classical taxonomy using microscopic techniques and
chemotaxonomy. This study demonstrates first time that fatty acid profile can be used for chemotaxonomical
identification of coelomycetous fungi, Pestalotiopsis spp. and other genera. In addition, the fatty acid profile has not only
facilitated to determine chemotaxonomy distribution, also provided an evidence for further research in fungal secondary

metabolites and mycodiesel technology.

Keywords: Endophytic fungi, Coelomycetes, Pestalotiopsis spp., Ascomycotina, Deuteromycotina.

INTRODUCTION

The term endophyte (Gr. Endon - within; phyton - plant)
was first introduced by De Bary (1866) who defined it as
‘organisms that colonize internal plant tissue’. The
biological association between the fungus and its host is
considered to be pathogenic (Sieber, 2002), mutualistic
(Redman et al., 2002), commensalistic (Deckert et al.,
2001) and latent pathogenic (Schulz et al., 1998). It was
estimated that there are 1.5 million species of fungi on
Earth; of which, only 75,000 species have been described
so far (Hawksworth, 2001). Nevertheless, several novel or
new fungal genera and species are hidden; it is possible to
locate them by identifying their habitats (Hyde, 2001).
The internal tissues of plants harbouring endophytes may
well account for a substantial number of such new reports.
Approximately 300,000 plant species growing in
unexplored area on the Earth are host for number of
endophytes (Strobel and Daisy, 2003). Earlier reports
indicated that endophytic coelomycetous fungi were
studied for over three decades (Webber and Gibbs, 1984;
Stone et al., 1996; Suriyanarayanan and Vijaykrishna,
2001). The term coelomycete was mainly used to indicate
that conidia are formed within a cavity lined by fungus or
fungal host tissue. Hence, it may be considered as coelo-
holo, mycetes-fungi. The growth of coelomycetous fungi

*Corresponding author e-mail: kamalsubban@gmail.com

mainly depends upon the host specificity and it may
emerge as saprophytic or endophytic organisms for
ecological commensalisms (Kirk et al., 2001). The
diversity of endophytic coelomycetes from various tree
species was subjected to biotechnological approach
because of the colony frequencies accumulated over the
time; the age of leaves and needles are strongly correlated
with the fungal colonization (Helander et al., 1993;
Carroll, 1995; Magan et al., 1996). Considering that, only
few studies were carried out on endophytic coelomycetes
(Lehtijarvi and Barklund, 2000; Poteri et al., 2001;
Arnold and Herre, 2003). A recent report has motivated to
evaluate and elucidate the potentials of these
microorganisms applied on biotechnological processes
focusing on the production of bioactive compounds
(Pimentel et al., 2011). The production of bioactive
substances by endophytic fungi is directly related to the
independent evolution of these microorganisms, which
may have incorporated genetic information from higher
plants, allowing them for better adaptation to plant host
and carry out some functions such as protection from
pathogens, insects, and grazing animals (Strobel et al.,
1996a). Endophytes are chemical synthesizer inside plants
in other words; they play a role as a selection system for
microbes to produce bioactive substances with low
toxicity towards higher organisms (Strobel et al., 1996b).
However, attempt has not been made so far to find out the
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endophytic coelomyceteous fungi from Chennai and
Ootcamund in the Indian state of Tamil Nadu by direct
method. Therefore, the present investigation has
attempted on isolation of endophytic coelomyceteous
fungi from inner stems of Mangifera indica,
Rhododendron arboreum, Taxodium distichum and T.
mucronatum using direct method and indirect method as
well. In addition, this investigation reporting first time
fatty acid profile can be used in chemotaxonomical
identification of the endophytic fungi.

MATERIALS AND METHODS

Plants collection and sampling methods

The plant samples were collected from forest at Tamil
Nadu Botanical Garden (2623 m above sea level) in
Ootcamund, Nilgiri district is located between 10-38 and
11-49 North Latitude and between 76-0 and 77-15 East
Longitude in South India.

Stems from the healthy plants, Mangifera indica,
Rhododendron arboreum, Taxodium distichum and T.
mucronatum were collected during four different season
such as South West monsoon (July-September), North
East monsoon (October-Navember), monsoon season
(December-February) and summer season (April-June)
between 2008 and 2009. In addition, leaflets and petioles
were collected and brought to laboratory in separate
plastic bags. All the samples were processed within 24 h.
The bark and stem samples were subjected for surface
sterilization as described by Kamalraj et al. (2008). One
hundred and fifty small pieces of stems are approximately
0.5 cm diameter were cut from the upper, middle and
lower portions of stems with the aid of a flame-sterilized
scalpel blade.

The leaf were surface sterilized by immersion in 70%
ethanol for 5 sec followed by 4% sodium hypochlorite for
90 sec and then rinsed in sterile distilled water for 10 sec.
After surface sterilization, the tissues were dried on
sterilize tissue paper.

Examination of endophytic fungi in stem by light
microscopy using direct method

The stem samples fixed using 4% paraformaldehyde in
0.1 M phosphate buffer (pH 7.2) at 4°C for overnight. The
fixed specimens were rinsed with the 0.1 M phosphate
buffer for 3 times and then dehydrated by ethanol dilution
series about 30%, 70%, 83%, 95% and 100% for 2 sec
(Gao et al., 2005). The thin sections of healthy stems
about 5-10 um were taken manually by using sterile razor
blade and placed in the sterile water. Then, the stem
sections were taken with the help of a single eye lash
brush and placed on a glass slide with a drop of sterile
distilled water. The slides were then placed on the slide
warmer at 50°C for 1 min for adhesion of the sample on
to the slide. The sections were further stained with 2, 3, 5-

triphenyltetrazolium chloride and 1% aniline blue and
mounted using DPX mount. The sections were
photomicrographed using phase contrast microscope (Carl
Zeiss Axiostar plus-photomicroscope) with camera by
using Konica films and Nikon HFX Labophot bright field
microscope.

Isolation and identification of endophytic fungi from
leaves by indirect method

The surface sterilized leaf segments were evenly placed in
Petri dishes containing potato dextrose agar (PDA) media
amended with chloramphenicol 150 mg I™* and incubated
at 26 = 1°C in a light chamber (Bills and Polishook,
1992). The growth of endophytic fungal colonies from the
leaf segments were monitored every day. The hyphal tips,
which grew out from the leaves segments were isolated
and subsequent sub-culture was made to bring as a pure
culture. The purified endophytic fungi were identified to
species level by using standard keys by microscopy
characteristic features (Guba, 1961; Sutton, 1980; Nag
Raj, 1993). All the purified fungal cultures are preserved
using 15% glycerol and stored at -80 °C.

Ilustration and photomicrographs of endophytic fungi
using light microscope

Photomicrographs of conidiomata, conidiogenous cells
and conidia were taken using phase contrast microscope
with camera by using Konica films and Nikon HFX
Labophot light microscope. The vertical sections of the
conidiomata were taken and the conidia were observed
under oil immersion microscope (100X, 320X and 700X)
and photographed.

Identification of endophytic fungi

The microscopic characteristics of the isolated endophytic
fungi were observed by microslide preparation of the
fruiting bodies and conidia. The endophytic fungi were
identified on the basis of the structure of fruiting body
(conidiomata), conidiogenous cells and conidia (Sutton,
1980). As, the presence of appendage on the conidia is
now being recognized as an important taxonomic criterion
(Guba, 1961; Sutton, 1973a; 1973b), the present study is
also critically examined the appendage on the conidia of
the isolated endophytic fungi.

Identification of coelomycetes up to different
morphospecies levels were carried out by using standard
mycology manuals (Guba, 1961; Sutton, 1980; Nag Raj,
1993). Descriptions of the coelomycetous fungi are
included in the present study along with the
photomicrographs.

Scanning electron microscopy studies on endophytic
fungi

The surface morphology of the fungal spore samples has
been analyzed by using Scanning Electron Microscope
(SEM)  (Hitachi  S-3400N, USA)  employing
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cathedoluminescence detector (CLD) to distinguish
conidia, spores, septa and appendages were measured for
the selective fungal samples (Bartlinia robillardoides,
Seimatosporium mariae, Monochaetia circularis, M.
kansensis, Truncatella angustata and Pestalotiopsis
mangiferae). The sample preparation of endophytic
fungal spores for SEM studies has followed described by
Abdel-Kareem and Szostak-Kotowa (1999).

Fatty acids isolation from endophytic fungi

All the fungal pure cultures were grown in 250 mi
Erlenmeyer flask containing 50 ml of potato dextrose
broth (PDB) at 27 + 2°C for 15 days under static
condition. After incubation, the mycelial mat of each
culture was filtered using filter paper and washed with
sterile distilled water. The excess water was drained out
by pressing the mycelial mat using blotting paper. The
mycelial mat of each fungus was lyophilized (FlexiDry ™)
for desiccation.

Chemotaxonomy of Pestalotiopsis spp. and other
genera

Two grams of each fungal mycelial mat were ground
separately with sterile mortar and pestle by adding ether
(100 ml). The mixture was shaken on a flatbed orbital
shaker for 12-16 h, which was allowed to settle out until
clear. Then, an aliquot of 10 ml was removed and diluted
with 10 ml of 5% saline solution and extracted with
hexane. The hexane fraction was allowed to dry under
vacuum at 40°C. The each sample was added to a glass
column (10x250 mm) packed with 1 g of dry silica gel
(60-120 A°) and then it was eluted with a mixture of 100
ml chloroform and methanol (2:1). The collected sample
was allowed to dry in rotary evaporator under vacuum at
45°C. The dried sample was re-dissolved in hexane and
then it was subjected to GC-MS analysis.

RESULTS AND DISCUSSION

The endophytic flora differs on the type and number in
their host depends upon the host geographical position
(Arnold and Herre, 2003; Gange et al., 2007). In the
present investigation, a total of 74 different
morphospecies of coelomycetes have been isolated and
identified from 14,400 segments of healthy tissues
collected from four plants such as M. indica, R.
arboreum, T. distichum and T. mucronatum. During the
isolation of endophytes, some hyphomycetous fungal
colonies were also obtained. The phylloplane fungi such
as Alternaria sp., Aureobasidium sp. and Cladosporium
sp. were routinely isolated as endophytes from the wide
range of plant species (Bills, 1996). Moreover, the
phylloplane fungi are capable of penetrating the
superficial layers of the leaf or may be localized in the
substomatal chambers (Cabral et al., 1993). Earlier
reports on leaf and stem endophytes were largely based
on cytological and visual examination (Stone, 1985),

however in the present study, spores of coelomyctes were
observed using light microscopy; Botryodiplodia sp., and
Colletotrichum sp., mycelia were observed below
epidermis and cortex regions in the young stems (Fig. 1).
Very few mycelia with spores were also observed inside
the xylem parenchymatous ray cells in T. mucronatum by
direct section method. The mycelium infects single cells
and establishes small intracellular thalli (Baayen et al.,
2002). However, many fungi reported as endophytes on a
broad range of hosts, but only few are achieved
sporulation (Baayen et al., 2002). Among the host plants,
the T. mucronatum exhibited three interesting appendage
bearing coelomycetous fungi P. microspora, M. circularis
and T. angustata followed by T. distichum (M. karstenii
and S. mariae), M. indica (P. microspora) and R.
arboretum (B. robillardoides). The results are clearly
revealed that T. mucronatum bearing rich diversity of
endophytic  coelomycetous fungi  (Kamalraj and
Muthumary, 2013).

Fungal systematic is an essential part of biological
research especially in the context of the ecological,
economical and biotechnological approaches. Such
important fungi is studied in this investigation such as
Pestalotiopsis  sp. MUBL1002, Bartalinia  sp.
MUBL1096, Monochaetia  sp. MUBL 1100,
Seimatosporium sp. MUBL1107 and Truncatella sp.
MUBL1109 for species level identification and their
antimicrobial properties. Monochaetia sp. MUBL 1101
and Pestalotiopsis sp. MUBL1013 are producing
anticancer drug Taxol (Unpublished data). The
Pestalotiopsis spp. were noted in the wanted list of fungal
culture in American Mycological Society since 2006
(http://MSAfungi.org). Pestalotiopsis Spp. is
heterogeneous group of coelomycetous fungi and their
inter-specific delineation of the genus has been based on
the conidial morphology (Guba, 1961; Nag Raj, 1993),
conidiogenesis  (Sutton, 1980) and the telomorph
associations (Zhu et al., 1991; Metz et al., 2000). There
has been considerable ambiguity and confusions in inter-
generic classification, which has been dealt in different
aspects by various researchers (Guba, 1961; Sutton, 1980;
Nag Raj, 1993; Jeewon et al., 2002). In addition,
taxonomy of the coelomycetous fungi, Pestalotiopsis spp.
and other closely related genera based on the
morphological characters has also been equivocal.
Therefore analysis of molecular data combined with
morphological data resolves many disputes in the
identification of coelomycetous fungi (Jeewon et al.,
2002). However, this study used both classical- and
chemo- taxonomy for the identification of Pestalotiopsis
spp. and other allied genera. Similarly, Jeewon et al.
(2002) and Li et al. (2013) applied chemotaxonomy along
with  classical taxonomy for identification of
Pestalotiopsis and allied genera. In the classical taxonomy
of this study, the size of conidia, length of appendages,
pigmentation of the septa and cells, and appendages
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Fig. 1. Microscopic examination of fungal spores and mycelia from the plant samples.

al-a3: Cross section of bark; b1-b3: Cross section of stem; c: Xylem vessels; ca: Conidia; et: Epidermis tissue; m:

Mycelium; pt: Phloem tissue; Xv; Xylem vessels.
T

1 2 3 4 5 6 7

Fig. 2. Culture plate, size of conidia, length of appendages, pigmentation of the septa and cells, and appendages
origination of Pestalotiopsis spp. and allied genera.

a. culture, b. conidia, c, conidiomata

1: P. mangifera ; 2: P. microspora; 3: B. robillardoides; 4: M. circularis; 5: M. karstenii; 6: S. mariae; 7: T. angustata

origination with mycelial morphology (Fig. 2) were in the present study for coelomycetous fungi
analyzed for the identification. The characteristics such as identification of Pestalotiopsis spp. and other genera as
number of median cells, which may or may not be described by Jeewon et al. (2002). The characteristic
pigmented, presence of apical and basal appendages and feature of each fungus is given below:

hyaline apical or basal cells have carefully been observed
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Fig. 3. Scanning electron microscopy of conidial surface morphology of Pestalotiopsis spp. and allied genera.
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a-k: Conidial surface morphology of Pestalotiopsis spp. and allied genera; a-c: B. robillardoides; d: S. mariae; e-f: M. circularis; g:

M. karstenii; h: T. angustata; i-k: P. mangiferae

Pestalotiopsis sp. MUBL1002/ P. mangiferae (Henn.):
Conidia 5-celled, oblong-clavate 22-26 x 6-8 um; colored
cells 15-18 um long, upper two of them amber to
fuliginous or slightly darker than the lowest olivaceous
colored cell, subglobose, the septa and walls sometimes
black, indistinct; appendages 3, widely divergent, 19-26
pm long; pedicels short 6-7 pm long. Based on the
microscopic results Pestalotiopsis MUBL1002 may be
Pestalotiopsis mangiferae (Ell and Ev.) Steyaert (Fig. 3).
Isolated as endophyte from: Leaves, stems and barks of
M. indica from Botany Field Lab, University of Madras,
Maduravoyal, Chennai, Tamil Nadu, India.

Pestalotiopsis sp. MUBL1013/ P. microspora (Speg.):
Conidia clavate-fusoid, broad, tapering towards the base,
5-celled, straight, 15.69- 29 x 6.73-9.5 um; intermediate
colored cells guttulate, amber or olivaceous, equally
colored, lowest colored cell sometimes slightly paler, 15-
20 pm long, slightly constricted at septa. Apical
appendages 1-2; 5-6 um, and basal appendage 1, 2.92-4.5
pm long (Fig. 3). Isolated as endophyte from: Leaves,
stems and barks of T. mucronatum from Government
Botanical Garden, Ootacamund, Tamil Nadu, India.

Bartalinia sp. MUBL1096/ B. robillardoides (Tassi.):
Conidia clavate to cylindrical, 4-septate, wall smooth,
slightly constricted at septa, 15-20 x 2.5-3.5 um with
appendages, apical cell conic, colourless, 2.0-3.0 um
long, three apical appendages unbranched, attenuated
towards the tip, flexuous, divergent, 8-18 um long;
median cells 3, cylindrical or subcylindrical, hyaline to
pale brown, wall thicker than the apical and basal cells,

together 11-15x2.5 — 30 um; lower median cells longer
than the upper cell, basal cell obconic with truncate base,
hyaline, 2.5-3.0 um long, with an excentric, filiform,
unbranched, flexuous appendage, 3-5 um long (Fig. 3).
Isolated as endophyte from: Leaves, stem and bark of R.
arboreum from Bryant Park, Kodaikanal, Tamil Nadu,
India.

Monochaetia sp. MUBL1100/ M. circularis: Conidiomata
acervular, irregular to subglobose, 250-300 um diameter,
wall composed of brown, pseudoparenchymatous cells.
Conidiogenous cells lining the conidiomatal cavity,
subcylindrical to irregular, hyaline, smooth. Conidia
fusiform, 4-septate, 20-25x5-6 pum with three median
cells, an apical and basal cell, apical and basal appendage,
10-15 um long (Fig. 3). Isolated as endophyte from:
Leaves, stem and bark of T. mucronatum from
Government Botanical Garden, Ootacamund, Tamil
Nadu, India.

Monochaetia sp. MUBL1101/ M. karstenii (Sacc. and P.
Syd.): Conidia 4-celled, occasionally 2-celled, due to
degeneration of end cells, slightly constricted at the
median septum, 14 (12-16) x 6.5 (5.5-7) um, two middle
cells with thick walls, brown, (9-12) um long, apical cell
thin-walled, hyaline, with a short apical appendage, basal
cell thin-walled, hyaline, sometimes with a minute central
appendage, both hyaline cells sometimes collapsing (Fig.
3). Isolated as endophyte from: Leaves, stem and bark of
T. distichum from Government Botanical Garden,
Ootacamund, Tamil Nadu, India.
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Seimatosporium sp. MUBL1107/ S. mariae (Clinton):
Conidia are variable and cylindrical fusiform. 2-5 septate,
4 celled, lacking of appendage (Fig. 3). Isolated as
endophyte from: Leaves, stem and bark of T. distichum
from Government Botanical Garden, Ootacamund, Tamil
Nadu, India.

Truncatella sp. MUBL1109/ T. angustata (Persoon:
Fries): Conidia ellipsoid to fusiform, 4-celled, 18-25 x
5.5-7.5 pm, two median cells brown, 8-20 pm long, apical
and basal cells hyaline, hemispherical, smaller than the
median coloured cells, apical cell with 1-4 simple or 2-4
irregularly or dichotomously branched appendages, 10-30
pum long, basal cell with a simple, unbranched appendage,
2-3 um long, which disappears at maturity of conidium
(Fig. 3). Isolated as endophyte from: Leaves, stem and
bark of T. mucronatum from Government Botanical
Garden, Ootacamund, Tamil Nadu, India.

In taxonomy, the validity and delimitation of these genera
are problematic (Steyeart, 1949). Concurrently, Fuckel’s
Fungi imperfecti concept and Saccardoan system of
classification (Deuteromycetes) based on conidial and
conidiophores morphology resulted in a comprehensive
yet practical solution for classifying “asexual” fungi. The
system was designed for convenience rather than for
phylogenetic inference (Shenoy et al., 2007). In the
present study, Pestalotiopsis spp. and other genera were
identified up to species level. The conidia with non-
pigmented median cells, axial single basal appendages
arising from the particular locus and branches tubular
outgrowth of the wall were found in B. robillardoides and
M. karstenii (Muthumary, 1986). The Bartalinia spp. was
characterized by spores having almost hyaline median
cells with apical appendages arising from a particular
locus and not separated by a septum; Truncatella spp. has
two pigmented median cells and Seimatosporium spp. has
two or three pigmented median cells with a single apical
appendage and basal appendages that are excentric.
Monochaetia karstenii was characterized by simple or
complex eustromatic conidiomata and holoblastic conidia
of variable morphology, mostly 3-euseptate, 2 unequal
median cells olivaceous or very pale brown, the end cells
hyaline, the apical one extended into a cellular appendage,
sometimes the basal one with a central endogenously
formed appendage (Muthumary, 1986). Monochaetia
circularis differs slightly in  morphology from
Pestalotiopsis spp., in which, the spores possess median
cells that have slightly thickened walls and are doliform
shape, mostly verrucose in ornamentation and guttulate.
They also have a slower growth rate on synthetic media
compared to P. mangiferae and P. microspora. Most
probably, the median cells have thicker walls and
somehow distoseptate results in perplex during
identification. The obtained result coincides with previous
morphological hypothesis (Sutton, 1980; Nag Raj, 1993),
in which, the median cells of Pestalotiopsis species such

as P. mangiferae and P. microspora are not distoseptate
as in M. circularis.

In contrast, Guba (1961) adopted a wide generic concept
of the genus Pestalotia synonymizing Pestalotiopsis,
Truncatella synonymized with Pestalotia and Seiridium
synonymized with Monochaetia. Von Arx (1981) treated
the genus, Bartalinia as a synonym of Seimatosporium,
but, based on the morphology, however, Nag Raj (1993)
disagreed as these two anamorphic genera are quite
distinct whether the proposed synonym of von Arx (1981)
was highly controversial. However, the findings are
partially similar with Steyeart’s view, which is an
agreement with the commonly accepted taxonomic
classification (Sutton, 1980; Nag Raj, 1993). The core of
this study was to test the morphology-based hypothesis of
Steyeart (1949) and Guba (1961) using molecular data.
The present study opposes the concept proposed by Guba
(1961) on wide generic treatment of Bartalinia and
Truncatella as synonyms of Seimatosporium (1981).
Traditionally, Seimatosporium has been regarded as
having 3-5 euseptate conidia (the median cells of which
are pigmented), usually a single apical cellular appendage
and a single basal cellular appendage that is formed just
above the truncate, unthickened basal scar.

According to Steyeart’s concept, it is necessary to re-
assign all four-septate conidia (three median cells) to
Pestalotiopsis, a view supported by Sutton (1980; 1969)
but Nag Raj (1993) preferred to adopt a wider generic
concept of Pestalotiopsis by including three-septate (two
median cells) form was originally assigned to Truncatella
(Sutton, 1969). The classical taxonomy hypothesis of
conidia with non-pigmented median cells and axial single
basal appendages arising from the particular locus and
branches tubular outgrowth from the wall was found in B.
robillardoides and M. karstenii reported by Muthumary et
al. (1986).

Chemotaxonomy is traditionally restricted to comprise
fatty acids, proteins, carbohydrates and secondary
metabolites. The researchers have suggested that volatile
fungal metabolites, detected by chemical methods, might
be used in the classification of fungi (Larsen and Frisvad,
1995a,b). Further, chemotaxonomic investigations were
performed to confirm morphology-based identification
(Fisher et al., 1996). The present study also applied
chemotaxonomy for identification of Pestalotiopsis spp.
and other genera. Intracellular fatty acids were analyzed
and interpreted with the chemical library construction by
using GC-MS analysis. Interestingly, total number of fatty
acid peaks in P. mangiferae, P. microspora, M. circularis,
B. robillardoides, M. Kkarstenii, S. mariae and T.
angustata were found to be 22, 21, 09, 07, 21, 13 and 27,
respectively (Table 1). Each peak was represented to be a
particular type of fatty acid derivatives in all the
respective isolates. However, the fatty acid 2, 4-Di-
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Table 1. Fatty acid profile of Pestalotiopsis spp. and other genera using GC-MS analysis.

S. ) ) Strain (Absorption area %)
No. Mycelial fatty acid Pm | Pmi | Mc | Br | Mk | Ta | sm
1 n-[2-(3-Bromo-phenyl)-1-(morpholine-4- - - - 9.94 - - -
carbonyl)-vinyl]-4-methyl-benzamide
2 Purin-2,6-dione, 1,3-dimethyl-8-[2-[3,4- - - - 16.84 - - -
dimethoxyphenyl]ethenyl]-
3 |1-Methylbutyl docosanoate - - - 8.64 - -
4 |2,6-Dimethylheptan-4-one - - - 11.22 - - -
5 |2,4-Ditert-butylphenol - - - 36.06 - - -
6 |4-Ethoxy-N-(1-methylacetonyl)amphetamine - - - 17.31 - - -
7 |Hexanoic acid 4.99 2.12 - - - 2.53 1.36
8 |Nonanal 1.53 0.64 - - 0.21 0.58 0.26
9 |Octanoic Acid 3.19 1.85 0.29 - 0.96 0.83 1.30
10 [Dodecane 1.62 0.06 0.21 - 0.13 0.07 -
11 |Decanal 0.58 0.20 - - - 0.07 -
12 |1,3-Di-tert-butylbenzene - - - - 0.18 - -
13 |(2e)-2-Decenal - - - - - - 2.29
14 |4-Hydroxy-3-nonenoic acid lactone 0.18 - - - - - -
15 [Nonanoic acid 7.13 2.87 - - 1.35 1.28 1.28
16 |[8-Methyl-1-undecene 0.86 0.55 - - - - 0.33
17 |2-Undecen-1-al - 0.05 - - - - -
18 |Tetradecane 0.46 0.26 0.30 - 2.37 0.26 0.34
19 |Eicosane 0.30 - - - 0.07 - -
20 |2,4-Di-tert-butylphenol 0.72 0.27 0.46 0.26 0.41 0.48 1.30
21 |Heptadecane 0.36 - - - 0.23 - -
22 |8-Pentadecanone 0.24 - - - - - -
23 |2-Pentadecanone 0.67 - - - 0.14 0.19 -
24 |Tetradecanoic acid 0.14 0.21 1.38 - 2.38 1.10 1.10
o5 Fumaric acid, di(trans-4-tert-butylcyclohexyl) 0.28 - - - - - -
ester
26 |Methyl tridecyl ketone 0.36 0.21 - - - - -
27 |Hexadecanoic acid, methyl ester 1.77 0.54 - - - 0.38 0.52
1,2-Benzenedicarboxylic acid, bis(2- 1.77 - - - - - -
28
methoxyethyl) ester
29 |n-Hexadecanoic acid 51.03 | 78.74 | 96.75 - 91.14 | 87.18 | 71.94
30 |Octanal - 1.20 - - - - -
31 |7-Bromobicyclo[4.2.0]octa-1,3,5-triene - 1.61 - - - - -
32 |(2e)-2-Decinal - 0.49 - - - - -
33 |1,13-Tetradecadien-3-one - 0.20 - - - - -
34 |(E)-2-Dodecen-1-al - - - - - 0.20 -
35 |3-Nonen-2-one - - - - - 0.27 -
36 |(22)-3-methyl-2-undecene - - - - - 0.19 -
37 |9-Oxononanoic acid - - - - - 0.20 -
38 |2-Butyloctan-1-ol - - - - - 0.81 -
39 |n,n-Bis(2-hydroxyethyl)dodecanamide - - - - - 0.11 -
40 |3-Methylpentadecane - - - - - 0.12 -
41 |(1-Ethyloctadecyl)benzene - - - - - 0.43 -
42 |1,5-Dodecadiene - - - - - 0.13 -
43 |Octadecanal - - - - 0.14 - -

Continued..
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Table 1 continue...

S. ) ) Strain (Absorption area %)
No. Mycelial fatty acid Pm | Pmi | Mc | Br | Mk | Ta | Sm
44 |Trans-2-Decenal - - - 0.19 - -
45 |2,6,11-Trimethyldodecane - - - 0.04 - -
46 |Decanoyl chloride - - - 0.27 - -
(2e)-3,7-Dimethyl-2,6-octadien-1-ol, [13c] - - - 0.12 - -
47 | !
isotopic labeled
48 |2,6,11,15-Tetramethylhexadecane - - - 0.34 - -
49 |Octadec-9-enoic acid - - - 0.65 - -
50 |5-Ethyl-2-methyloctane - 0.05 - - - -
51 |Docosane - 0.05 - - - -
52 |Hexadecane - 0.24 - - - -
53 |Cyclohexylmethylamine - - - - - - 1.08
54 |(2z)-2-Decenal 0.23 - - - - - -
55 |2- Undecenal - - - - 0.35 -
56 |n- Decanoic acid - - - 0.35 0.21 -
57 |Octaiucanoic acid 0.37 - - 0.95 0.96 1.30
1,2-Bezenedicarboxylic acid, bis(2- 0.84 0.41 - - - 0.48 -
58
methoxyethyl) ester
59 |Pentadecacoic acid 0.84 - - - 0.91 -
60 |2-Bromo dodecane - - - - 0.28 -

Pm: P. mangiferae ; Pmi: P. microspora; Mc: M. circularis; Br: B. robillardoides; Mk: M. karstenii; Ta: T. angustata; Sm: S. mariae

tertbutylphenol was observed in all the isolates. The
tetradecanoic acid, n-hexadecanoic acid and octanoic acid
were observed in T. angustata, P. mangiferae, P.
microspora, M. karstenii, S. mariae and M. circularis
except in B. robillardoides. The nonanal and nonanoic
fatty acids were found in T. angustata, P. mangiferae, P.
microspora, M. karstenii and S. mariae excluding in M.
circularis and B. robillardoides (Table 1). The absorption
of area percentage was calculated in GC-MS analysis.
Significantly, 2, 4-Ditert-butylphenol was observed at
36.06 area percentage in B. robillardoides (Table 1).
Interestingly n-hexadecanoic acid was exhibited in all
strains except B. robillardoides and the absorption area
percentage was calculated as 51.03, 78.74, 96.75, 91.14,
71.94 and 87.18 respectively, in P. mangiferae, P.
microspora, M. circularis, M. karstenii, S. mariae and T.
angustata (Table 1). Based on literature survey, the cell
wall fatty acid analysis in Pestalotiopsis spp. and other
genera are not reported so far. However the present study
applies fatty acid profile for the first time in identification
of coelomycetous fungi, Pestalotiopsis spp. and other
genera. Nevertheless, the secondary metabolites were
already reported in Pestalotiopsis spp. and Bartalinia spp.
(Gangadevi and Muthumary, 2009a,b), Monochaetia spp.,
Seiridium spp. and Truncatella spp. (Lee et al., 1996).

CONCLUSION
The present study reveals that both direct and indirect

methods were efficient for isolating the endophytic
coelomycetous fungi. Both classical- and chemo-

taxonomy are used in this study for the species-level
identification of Pestalotiopsis spp. and other allied
genera. Further the fatty acid profiling used first time by
this study for identification of coelomycetous fungi. Our
findings indicates that the obtained fatty acids in the
present study are the evidence of chemotaxonomy, which
is strongly indicate that the distinguished relationship
between Pestalotiopsis and other genera. Isolation of
potential secondary metabolites and lipids from the
isolated fungi obtained from this study would be taken for
further research.
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ABSTRACT

The present study investigates the possible protective effect of curcumin on Methimazole (MMZ). It is an anti-thyroid
drug induced hepatotoxicity in albino rats. In this study the rats were randomly divided into four experimental groups;
first group was used as control treated with a standard diet. The second group was treated with curcumin at dose of 150
mg/kg body weight. The third group was treated with the MMZ dissolved in drinking water at dose of 60mg/kg body
weight. The fourth group was treated with a liquid mixture of MMZ and curcumin. The rats were dissected after 6 weeks
of treatment and livers of these animal were collected separately and used for histological and histochemical methods. It
was clear form the results obtained that the MMZ caused histological alterations in the liver tissue of the MMZ treated
rats. These changes appeared as congestion of blood vessels, leucocytic infiltrations and cytoplasmic vaculation of the
hepatocytes. The histochemical analysis has revealed a reduction in carbohydrates content, total proteins and DNA. The
histochemical results of the same rats treated with MMZ showed an increase in serum level of ALT, AST and ALP.
However, the group treated with curcumin showed a remarkable improvement in the histological structure of the liver
tissue. The results revealed an increase in carbohydrates level, total proteins and DNA. In addition the Biochemical
results of this group showed a noticeable decrease in the hepatic enzymes (ALT, AST and ALP). These finding have
confirmed that curcumin is an effective agent with special antioxidant properties that prevent and protect the liver from

histological and histochemical damages induced by MMZ.

Keywords. Methimazole, curcumin, hepatotoxicity, histochemistry, rats.

INTRODUCTION

Methimazole (MMZ) (1-methyl-2-mercaptoimidazole) is
known as an antithyroid medication used to prevent
thyroid hormone synthesis and described medically to
treat hyperthyroidism. It has been documented in by
Nakamura et al. (2007) that MMZ acts by interacting with
thyroid peroxidase enzyme (TPO) function. This enzyme
is expressed mainly in the thyroid and secreted into
colloid. The MMZ function is to lower thyroid hormone
levels and minimize the effects of thyroid manipulation
by interrupting the iodination of tyrosine residues in
thyroglobulin  which cause a reduction in hormone
secretion (Cooper, 2005). Another study, Aboul-Enein
and Al-Badr (1979) have reported a similar observation
confirming that when MMZ is absorbed by the thyroid
gland it prevents the thyroid hormone production and
stops the synthesis of hormone by oxidizing the anion
iodide. However, it has been administrated that in 5-7%
of patients taking MMZ different symptoms and side

*Corresponding author e-mail: famahboub@uqu.edu.sa

effects were reported including fever, skin rashes,
gastrointestinal, loss of taste and neuropathy (Chevalley et
al., 1954) and (Schmidt et al., 1986). In addition,
agranulocytosis is another uncommon side effect of
MMZ. This was occurred in three cases causing a death of
one patient (Specht and Boehme, 1952).

Rivkees et al., (2010) has revealed that when one hundred
consecutive pediatric patients were given MMZ other
symptoms such as pruritus and hives were recognized in a
few patients. Some other patients were suffered from
diffuse arthralgia and joint agony and unusual symptoms
known as neutropenia and Stevens-Johnson syndrome
were noticed. One kid was suffered from a decrease in
bile flow due to impaired secretion by hepatocytes, which
is known as Cholestasis (Rivkees et al., 2010). It has been
substantiated by Mikhail (2004) that MMZ could lead to a
liver damage and injury causing intrahepatic cholestasis.
While, Epeirier et al. (1996) has also reported that one
patient had suffered from hyperthyroidism severe
inflammation and hepatic necrosis as a result of 6 weeks
treatment with MMZ carbimazole and propranolol.


https://en.wikipedia.org/wiki/Hyperthyroidism
https://en.wikipedia.org/wiki/Enzyme
https://en.wikipedia.org/wiki/Thyroid

3962

Canadian Journal of Pure and Applied Sciences

In some cases, it has been noticed that in a 43-year-old
man suffering from hyperthyroidism and hepatitis B
surface antigenemia acute hepatic failure was accrued
during the treatment with MMZ (Epeirier et al., 1996) and
(Kang et al., 1990). It was also reported that the needle
biopsy post mortem examination showed micronodular
cirrhosis  characterized  with  mild  septal/portal
inflammation, cholestasis and scattered acidophilic bodies
in liver tissue of some patient (Epeirier et al., 1996).
Recently, Gallelli et al. (2015) has also stated that the
MMZ has caused hepatotoxicity in a 54-year-old patient
suffered from hyperthyroidism during treatment and
biopsy examination of the liver tissue revealed diagnosis
of cholestatic hepatitis in this patient. Morover, Tashkandi
et al. (2014) has showed that hepatorenal toxicity was
noticed in the rat’s liver as a result of MMZ treatment.

Curcumin is the principle yellow pigments herbal plant
from a species of Curcuma longa. It is a major component
of turmeric and widely used in most tropical and
subtropical region as a spice and food-coloring agent. It
has been commercially used as a cosmetic component and
also added into some medical preparations for some of its
positive side effects (Menon and Sudheer, 2007). It has
been commonly used in treatment of a wide variety of
diseases and chronic illness to exhibit any anti-
inflammatory, immunomodulatory, and anti-atherogenic
effects (Srinivasan, 1952; Joe et al., 2004) and also
described as a potent inhibitor of many reactive oxygen-
generating enzymes (Chainani-Wu, 2003; Borra et al.,
2013). It has been reported by Manikandan et al. (2004)
and Venkatesan, (2000) that curcumin has a positive
influence against free radical formation in animal rats
suffered from myocardial ischemia and in lung toxicity.

Kadasa et al. (2015) has revealed in his study that
curcumin showed a strong hepatoprotective effects
against hepatocarcinogenesis caused by
diethylnitrosamine (DENA) in rodents. He has also
reported that curcumin improved the liver functions by
modulating the hepatic enzymes serum levels and
increasing the antioxidant hepatic system which cause a
reduction in the pro-inflammatory cytokines (Kadasa et
al., 2015). Palipoch et al. (2014) has demonstrated that a
mixed of curcumin and a-tocopherol suppressed the
induction of cisplatin and reduce the hepatotoxicity of
liver. The present study aimed to investigate the effects of
curcumin against the histological, histopathological and
histochemical changes of hepatotoxicity induced by MMZ
in albino rats.

MATERIALS AND METHODS

Animals

Mature healthy male albino rats were chosen for this
experiment, they were weighted between 140-160g. The
animals were housed in the animal care center and were

treated and kept under normal conditions with minimal
diurnal or seasonal variation in temperature, light cycle,
or other environmental conditions. They were wire-
floored cages under standard laboratory conditions of 12
h/12 h light/dark, 25 + 2C ° with free access to food and
water in accordance with the Ethical Principles for the
Care and Use of Laboratory Animals (NRC, 1995).

Experimental design
Animals were divided into four experimental groups:

Group 1. Rats were fed the standard diet and were served
as control group.

Group 2. Rats were orally administrated curcumin at a
dose of 150 mg/kg body weight daily for 6 weeks. Dry
turmeric rhizomes of the plant Curcuma longa were
purchased from a local market and were crashed into
powder. The powder was then dissolved in distilled water
and were orally given to the rats.

Group 3. Rats were orally given MMZ at a dose level of
60mg/kg body weight in distilled water. The solution was
daily given to these animal for 6 weeks.

Group 4. Rats were given MMZ (60mg/kg body weight)
followed by oral administration of curcumin extract
dissolved in distilled water a dose level of 150mg/kg daily
for 6 weeks.

Histological and Histochemical Examination

The treated animals and their controls were
sacrificed by decapitation after 6 weeks of
treatment and their liver were carefully separated and
collected separately. The liver tissues were then washed
in normal saline. Specimens were fixed in 10% phosphate
buffered formalin (pH 7.4). Fixed materials were
embedded in paraffin wax and then sections were cut at
thickness of 5 micrometer. Slides were after stained with
haematoxylin and eosin for histological observation. For
the analysis of histochemical demonstration the total
carbohydrates periodic acid Schiff’s technique (PAS)
(Kiernan, 1981) was applied. Total proteins were detected
using the mercury bromophenol blue method (Pearse,
1972) and DNA was detected using Feulgen reaction
(Kiernan, 1981).

Biochemical Assays

For biochemical measures, blood samples were taken and
harvested from rats after 6 weeks of treatment. Sera were
acquired by centrifugation of the blood samples and kept
at -20°C. Aspartate aminotransferase (AST) and alanine
aminotransferase ~ (ALT) levels were  detected
colourimetrically as indicated by Reitman and Frankel
(1957). Alkalin phosphatase (ALP) activity was measured
by the method of Belfield and Goldberg (1971) using
reagent kits acquired from Bio-Merieux Chemical
Company (France).
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STATISTICAL ANALYSIS

The results were expressed as mean + SD of various
groups. The differences between the mean values were
assessed by ANOVA followed by Student's "t" test using
Minitab 12 PC program (Minitab Inc., State Collage, P.
A).

RESULTS AND DISCUSSION

Histological Observations

Histological examination of control sample of the liver
tissue showed normal architecture. The hepatocytes were
found arranged at normal shape and strands around the
central vein, the sinusoids appeared natural and
containing normal Kupffer cells as shown in Figure 1A.

Fig. 1 A. Section in liver of a control rat showing hepatocytes (H), central vein (CV) and sinusoidal spaces(S), X 400.
B. Section in liver of a rat treated with curcumin showing activated kupffer cells (K),X400.

C. Section in liver of a rat treated with MMZ showing congested portal vein (P), X200.

D. Leucocytic infiltrations (LI) in liver of a rat treated with MMZ, X200.

E. Section in liver of a rat treated with MMZ showing cytoplasmic vacuolation of the hepatocytes (arrow), X400.

F. Section in liver of a rat treated with MMZ and curcumin showing an improvement in the liver structure,X200.
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Animals treated with the curcumin solution appeared
normal and no histopathological alterations were observed
(Fig. 1B). On the other hand, animals treated with MMZ
appeared to be congested with enlarged central and portal
veins as shown in Figure 1C. Leucocytic infiltrations
were observed in large areas of the liver tissue (Fig. 1D).
The liver tissue treated with MMZ also showed
cytoplasmic vacuolization of the hepatocytes with
pyknotic nuclei (Fig. 1E). In the liver tissue of rats group
treated with curcumin and MMZ different observations
were obtained. In these sections there was a histological
improvement in the structure of the liver tissue and the
hepatocytes appeared to be normal with healthy nucleus
and cytoplasm as shown in Figure 1F.

Histochemical Observations

Total carbohydrates of hepatocytes in the liver of control
rats appeared as red or magenta color when stained with
Schiff's reagent. The carbohydrates in the cells found to
be concentrated at one pole, this is termed glycogen flight
(Fig. 2A). The nuclei appeared entirely PAS-negative. In
the liver cells of curcumin-treated animals the
carbohydrates arrangement was natural and appeared
normal. However, in the section of rats treated with
MMZ the carbohydrates content was reduced as a
consequence of MMZ treatment (Fig. 2B). In the section
of rats treated with curcumin and MMZ, the observation
was different, in this section as shown in Figure 2C, the
carbohydrates content of the hepatocyte was increased
significantly and appeared to be normal.

Total proteins contents in the control rats section appeared
as blue color after staining with bromophenol blue. The
proteins appeared as fine granules in the cytoplasm of the
hepatocytes (Fig. 3A). Kupffer cells, endothelial lining
cells of sinusoids and the walls of blood vessels exhibited
strong stainability. In the rats treated with MMZ there was
a noticeable dimension in the total protein contents in the
liver cells (Fig. 3B). on the other hand, Hepatocytes of
rats treated with curcumin and MMZ appeared with an
increase in protein contents (Fig. 3C).

The DNA-containing particles (chromatin) appeared in
the form of densely stained red particles distributed in the
nucleoplasm and the peripheral rim of the nuclei of
hepatocytes of control rats (Fig. 4A). Examination of
hepatocytes of animals treated with MMZ revealed that
most nuclei exhibited a weak Feulgen reaction of their
chromatin granules (Fig. 4B). Animals treated with
curcumin and MMZ showed that most of the nuclei
appeared with normal amount of DNA-containing
particles (Fig. 4C).

Biochemical Results

Treatment with MMZ for 6 weeks showed a highly
significant increase (P<0.05) in the level of ALT and AST
compared to the control animals. In contrast, these

parameters were restored close to normal values in rats
treated with curcumin and MMZ. Both control and
curcumin treated rats showed no significant differences in
serum content of ALT and AST (Figs. 5 and 6). Similarly,
ALP was elevated in MMZ treated rats compared to the
control group, and decreased in MMZ and curcumin
treated group (Fig.7).

Fig. 2A. Section in liver of a control rat showing
distribution of carbohydrates in the cytoplasm, X400. B.
Section in liver of a rat treated with MMZ showing
decrease of carbohydrates, X 400.
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C. Restoration of carbohydrates in liver of a rat treated
with MMZ and curcumin, X 400.

Fig. 3A. Section in liver of a control rat showing normal
protein contents, X400

B. Reduction of proteins in liver of a rat treated with
MMZ, X 400

C. An increase in protein contents in liver of a rat treated
with MMZ and curcumin, X400.

Results our study showed that Methimazole caused
histological, histochemical and biochemical changes in

the liver of treated rats and induced hepatotoxicity and
damage to the cells structure. Findings of our study is
similar to the results reported by Tashkandi et al. (2014)
and Zhao et al. (2014), when it has reported that MMZ
leads to degenerative changes such as congestion of blood
vessels, appearance of inflammatory infiltrative cells,
cytoplasmic vacuolization of the hepatocytes and cell
death. Moreover, ALT and AST levels were elevated in
sera of the treated animals. It is well known that the
normal level of AST and ALT serum play an essential
role to maintain a normal liver function and any changes
in these enzymes level cause a sever liver damage and
could lead to dysfunction if the organ. Also in some
studies done by (Cano-Europa et al., 2011; Gallelli et al.,
2015), it has been documented that MMZ treatment has
induced liver damage and showed abnormality in the
enzymes liver, in accordance with this statement the
obtained results have confirmed that MMZ is a hazard
material that cause damage and abnormality to the liver
function and structure.

Histochemical results showed that carbohydrates, total
proteins and DNA are drained in liver rats treated with
MMZ. This finding is similar to those reported by, Ram
and Waxman (1992), it has stated that treatment with
MMZ had caused a remarkable reduction of proteins at
percentage of 75-85% in hepatic microsomal P450
reductase activity in both male and female rats. Also,
Meisami et al. (1994) has reported that testicular weight
and DNA content were significantly decreased in rat pups
treated with propylthiouracil from birth. Snedecor et al.
(1972) has administrated that some histochemical and
histological changes were found in the animal exposed to
MMZ such as reduction in liver weight and glycogen
content. Moreover, Sakr et al. (2012) has reported that
treating rats with carbimazole caused alterations in
prostate gland tissue including decrease in the
polysaccharide, total protein and nucleic acids contents.

There are some evidences that antithyroid drugs had used
as a medication that lead to cause cellular damage and
produced oxidative stress to cells and organs (Bruck et
al., 2007). Another study, Valko et al. (2007) reported
that MMZ can cause oxidant species that lead to lipid
peroxidation, nitration, carbonylation or glutathionylation
of proteins, and interrupt the hepatocytes DNA. This
statement is consistent with the results obtained from this
investigation. It also has been mentioned that MMZ is
responsible for the cell damage (Ortiz-Butron et al.,
2011), it has been made clear that the cell damage was
associated with an increase of reactive oxygen species

(ROS), lipid peroxidation and reduction of catalase
activity. It has been reported that MMZ promoted
oxidative stress causing an increase in liver

malondialdehyde levels, and led to a reduction in
glutathione, nonprotein thiols and vitamin C level (Sefi et
al., 2014). The results revealed from this study is
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Fig. 4A. Nuclei of hepatocytes of a control rat showing normal content of DNA, X 1000
B. Decrease of DNA in hepatocytes of a rat treated with MMZ, X1000.
C. Anincrease in DNA hepatocytes of a rat treated with MMZ and curcumin, X1000
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contestant whit those reported by other researchers. The
histochemical analysis showed in this study confirm that
MMZ is a harm chemical that interact and create damage
to the liver tissue.

Curcumin is a traditional herb used widely world wised.
The results showed in this study have indicated that
curcumin ameliorates and control the damage caused by
MMZ and prevents the damaged appeared in the
hepatotoxicity of rat liver. This result is consistent with
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the other results mentioned in previous study (Singh et
al., 2013). It has been demonstrated that curcumin could
prevent several hepatotoxin. Zhang et al. (2014) reported
that pretreatment with curcumin has a protective effect
against D-galactosamine (D-GalN), lipopolysaccharide
(LPS)-induced acute liver damage in mice and rats feed
with acetaminophen. Singh et al. (2013) and Kalpana et
al. (2005) have noticed that Curcumin was found to
modulate the elevated activities of the biochemical
marker enzymes AST, ALP, ALT and of plasma lipid
profiles in nicotine treated rats. Curcumin has been found
to have some hepatoprotective properties against CCl,
(Sengupta et al., 2011), ethanol (Singh et al., 2012),
thioacetamide (Salama et al., 2013) and lead acetate
(Baxla et al., 2013).

Curcumin considered as a class of antioxidants agents. It
was documented to induce a noticeable increase in the
activity of detoxifying enzymes such as glutathione
peroxidase, glutathione reductase, glucose-6-phosphate
dehydrogenase and catalase in liver (Igbal et al., 2003),
and hemeoxygenase-1 (Motterlini et al., 2000). It also
was found to reduce lipid peroxidation in different organs
(Okada et al., 2001; Kempaiah and Srinivasan, 2004). In
conclusion, the results of this study indicate that the
hepatotoxicity and oxidative stress caused by MMZ can
be controlled and prevented by the curcumin antioxidant
activity. In future more investigation may reveled more
antioxidant properties for curcumin against other
hyperthyroidism and antithyroid drugs.
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ABSTRACT

Marala headwork situated on River Chenab in Punjab, Pakistan was surveyed to assess the diversity and abundance of
the fish fauna during the period September 2015 to June 2016. A total of five sampling sites were studied on monthly
basis by using different fishing nets for assessing fish diversity. Total 1391 fish specimens belonging to 38 species, 30
genus, 14 families and 6 orders were recorded in the present study. Family Cyprinidae was found dominant with 14 fish
species followed by Channidae (4 species) and Bagridae (3 Species). Fish abundance and diversity was assessed by using
different diversity indices. The Shannon-Wiener diversity, Pieclou’s evenness and Margalef's richness indices were 2.950,
0.81 and 11.8, respectively. Present findings showed that the population of Tor putitora and Nandus nandus has declined
while exotic fish species, Cyprinus carpio, Ctenopharyngodon idella, Hypophthalmicthyus molitrix, Oreochromis
niloticus and Oreochromis mossambicus has become established. The low evenness in the river was an indication of the
effects of anthropogenic activities such as habitat degradation, aquatic pollution, overfishing, damming and introduction
of alien fish species. Present findings highlight the importance of instant mitigation measures for conserving fish

diversity in the river.

Keywords: Chenab, fish fauna, freshwater, diversity, abundance.

INTRODUCTION

The freshwater icthyo diversity of Pakistan is represented
by 193 species, out of which 86 species have been
identified as “species of special importance”(Rafique and
Khan, 2012). River Chenab is one of the most important
water body in Pakistan providing habitat for aquatic
biodiversity including fishes. Number of studies has been
carried out on the fish diversity of River Chenab (Mirza
and Khan, 1988; Khan et al., 1991; Afzal et al., 1995;
Javed et al., 1997; Qazi et al., 2000; Mirza and Javed,
2003; Altaf et al., 2008; Qadir et al., 2009; Altaf et al.,
2011 a,b; Altaf et al., 2015). In a riverine ecosystem
fishes plays a vital role for maintaining the ecosystem.
Anthropogenic stresses are responsible for bringing the
climatic changes leading to the devastating effect on the
ecosystems and biodiversity (Qureshi and Ali, 2011). The
present study was aimed to investigate diversity,
abundance and richness of fish fauna of Head Marala
situated on River Chenab, Punjab, and to suggest
conservative measures for declining fish species.

MATERIALS AND METHODS

The data was collected from September 2015 to June

*Corresponding author e-mail: marialatif5847@gmail.com

2016 from Marala Headwork on monthly basis. During
the study period fish samples were collected by using
fishing nets of varying mesh sizes such as Cast, Drag and
Drift nets, to capture as many as fish species as possible
(Bhat, 2003). At the site of collection smaller fish samples
were preserved in 10% formalin, while larger specimens
were injected formalin intraperitonally. Later on, these
samples were brought to the Fish Museum where they
were shifted into 70% alcohol. On the basis of
morphometric and meristics characteristics specimens
were identified up to the species level by using regional
fish identification keys (Mirza and Sharif, 1996; Mirza
and Sandhu, 2007). The preserved specimens have been
displayed at Fish Museum, Fisheries Research and
Training Institute Manawan, Lahore.

STUDY AREA

River Chenab originates from India and near Diawara
village enters into district Sialkot, Punjab. In the Pakistan
side total length of this river is about 960 km. There are
four Headworks on this river namely; Marala Headwork,
Qadirabad Headwork, Khanki Headwork and Trimmu
Headwork for regulating the flow and storage of water
(Siddigi and Tahir-Kheli, 2004). Marala Headwork (32°
3859 N, 74°2805 E) is about 38.6 km away from district
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Sialkot. Fish sampling was done mainly from five sites
viz Upstream and lower stream of Head Marala, Jammu
Tawi, Manawar Tawi and Bajwat area (Figs. la-d).
Sampling sites were intensvely sampled during the study
period to capture as many as fish species as possible in an
order to estimate the proportion to their abundance.

STATISTICAL ANALYSIS

Fish species diversity, richness and evenness from the

study area were estimated by using the following
formulas. Diversity Index, H' (Shannon-Wiener, 1963). H'
= -[X P, In P{]Margalef’s richness index, D (Margalef’s,
1958). R = S-1/logN, Evenness index, E= (Hill, 1973) E =
H'/In(S) Where: H'= diversity Index,

P,=proportion of the species relative to the total number
of species, In P, natural logarithm of this proportion, D=
dominance index, S= total no of species, N= total number
of individuals, E= evenness index.

Fig. 1b. Location of Lower stream of Marala Headwoks, River Chenab.
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Fig. 1c. Location of Jammu Tawi, River Chenab.

Fig. 1d. Location of Manawar Tawi, River Chenab.

Fig. 1le. Location of Bajwat area, River Chenab.
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Table 1. Status of Fish fauna at Head Marala, River Chenab, Punjab, Pakistan.

S. No. Family Scientific Name Common Name R.A P,InP,

I-1. Labeo rohita Rohu 0.0381 -0.1244
2 Cyprinidae Cirrhinus mrigala Mori 0.0690 -0.1884
3 Cirrhinus reba Reba Machali 0.0237 -0.0886
4 Gibelion catla Thaila 0.0186 -0.0741
5 Puntius sophore Sophore Popra 0.1603 -0.2934
6 Puntius chola Chola popra 0.0625 -0.1732
7 Tor putitora Masheer 0.0050 -0.0264
8 Salmophasia punjabensis Punjabi Chal 0.0496 -0.1489
9 Securicula gora Bari Chal 0.0416 -0.1322
10 Esomus danricus Somara Machali 0.0150 -0.0629
11 Osteobrama cotio Pali-ro Machali 0.0136 -0.0584
12 Cyprinus carpio Gulfam 0.0265 -0.0962
13 Ctenopharyngodon idella Grass Carp 0.0136 -0.0584
14 Hypophthalmicthyus molitrix Silver Carp 0.0115 -0.0513
11-15 Bagridae Sperata sarwari Singhari 0.0194 -0.0764
16 Mystus cavasius Kanghar 0.0438 -0.1370
17 Mystus bleekeri Kanghar 0.0158 -0.0655
111-18 Sisoridae Bagarius bagarius Fauji Khaga 0.0079 -0.0382
19 Gagata cenia Gagata cenia 0.0064 -0.0323
1V-20 Heteropneustidae | Heteropneustes fossilis Sanghi Machali 0.0115 -0.0513
V-21 Siluridae Wallago attu Malli 0.0093 -0.0435
VI-22 Channidae Channa marulius Saul 0.0136 -0.0584
23 Channa striata Sauli 0.0036 -0.0197
24 Channa punctate Daula 0.0244 -0.0906
25 Channa gachua Dauli 0.0050 -0.0264
VII-26 Chandidae Chanda nama Sheesha Machali 0.0740 -0.1926
27 Parambassis ranga Ranga Sheesha 0.0258 -0.0943
VII1-28 | Nandidae Nandus nandus Patta Machali 0.0014 -0.0091
1X-29 Gobiidae Glossogobius giuris Golu Machali 0.0079 -0.0382
X-30 Belontidae Colisa fasciata Bari Kanghi 0.0033 -0.0188
31 Colisa laila Choti Kanghi 0.0208 -0.0805
X1-32 Cichlidae Oreochromis niloticus Chirra Machali 0.0474 -0.1445
33 Oreochromis mossambicus Chirra Machali 0.0244 -0.0906
XI1-34 Mastacembelidae | Mastacembelus armatus Baam 0.0093 -0.0435
35 Macrognathus pancalus Garoj 0.0050 -0.0264
XI111-36 | Schilbeidae Eutropiichtys vacha Jhalli Machali 0.0222 -0.0845
37 Clupiosoma garua Bachwa 0.0079 -0.0382
XIV-38 | Notopteridae Notopterus notopterus But Pari 0.0093 -0.0435
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Table 2. Morphometric measurements (cm) of the recorded fish species from Marala Headwork.

S.No. |TL S.L F.L B.W B.H Pr.L Ps.L H.L L.CP
1 25.3 20.2 22.1 7.1 7.4 9.8 7.2 5.3 3.9
2 15.3 124 13.4 35 3.8 6.1 4.7 29 2.2
3 14.5 12.1 12.9 3.4 3.9 5.6 5.1 2.8 2.1
4 42.1 354 38.2 11.2 12.3 18.2 11.9 9.6 3.8
5 8.7 7.1 7.9 3.1 3.2 3.7 2.5 2.1 1
6 7.1 6.1 6.4 2.2 2.4 3.1 2.1 1.6 0.8
7 16.2 14.8 15.9 4.3 4.6 7.3 8.1 3.9 2.6
8 7.2 5.3 5.7 1.5 1.7 3.3 2.3 1.6 0.8
9 15.3 134 14.3 2.8 3.2 8.9 3.9 29 2.4
10 5.4 4.9 5.1 1.1 1.3 2.9 1 11 0.6
11 9.5 7.5 1.7 35 3.8 4 3.7 1.7 0.9
12 18.7 151 15.9 5.9 6.3 7.2 2.5 4.5 2.9
13 31.3 26.3 27.9 6.2 6.5 13.9 11.5 6.2 3.7
14 36.5 30.2 32.2 9.3 10.4 16.8 11.7 8.7 55
15 32.1 25.2 25.6 4.4 4.6 11 11.3 6.4 4.2
16 13.3 104 10.9 2.5 3.1 4.2 5.7 2.2 2.5
17 5.2 4.1 4.4 1.2 14 1.9 0.8 14 0.5
18 39.3 35.1 37.2 7.3 7.6 21.4 14.1 6.3 4.2
19 4.9 3.9 45 2.1 2.3 2.1 3.2 1.9 1.3
20 10.9 9.9 - 2.1 2.3 3.9 6.7 1.6 -
21 475 435 44.3 9.5 9.9 12.6 30.1 9.7 1.1
22 48 41 - 9.5 10.7 11.9 15 11.8 25
23 47 37 - 7.1 7.5 11.3 2.5 10.3 2.9
24 16.3 13.7 - 4.1 4.4 6.9 11 53 0.9
25 8.2 6.9 - 2.1 2.2 2.6 0.6 29 0.4
26 4.2 3.2 3.7 1.3 1.4 15 0.3 1.2 0.2
27 8.3 6.2 7.9 3.2 3.3 3.2 11 2.2 0.9
28 155 13 - 55 5.8 6.1 1.7 5.3 1.6
29 4.9 3.7 - 1.2 14 2.1 0.9 14 11
30 8.1 6.6 - 3.1 3.3 2.4 0.6 1.9 0.2
31 53 4.8 - 2.6 29 1.8 0.3 1.2 0.1
32 19.5 16.3 - 7.3 75 6.3 2.9 4.5 2.3
33 9.5 7.6 - 35 3.8 3.3 1.1 2.1 1
34 36.2 34 - 3.6 3.7 23.2 - 5.4 -
35 29.3 28.2 - 3.1 3.3 18.3 - 4.3 -
36 13.6 11.7 13.2 2.7 3.6 8.2 3.7 2.9 1.4
37 35.3 30.2 31.3 6.8 7.9 8.9 19.1 6.2 6.5
38 16.8 16.1 - 3.8 4.9 8.5 7.6 35 -

Legend: T.L= Total length, S.L= Standard length, F.L= Forked length, B.W= Body width, B.H= Body height, Pr.L= Pre-dorsal

length, Ps.L= Post-dorsal length, H.L= Head length, L.C.P= Length of caudal peduncle.
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Table 3. Number and percentage composition of families, genera and species of fishes under various orders.

5 — 5 5 -
S. Orders Eamilies Genus | Species _AJ of families _A) of genera _/o of species
No. in an order in an order in an order
1 Cypriniformes 01 12 14 7.14 40 37
2 Siluriformes 05 08 09 35.7 27 24
3 Channiformes 01 01 04 7.14 3.3 10
4 Perciformes 05 06 08 35.7 20 21
5 Synbranchioformes | 01 02 02 7.14 6.6 5.3
6 Osteoglossiformes 01 01 01 7.14 3.3 2.6
Total 14 30 38
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Fig. 2. Number and percentage contribution of families, genera and species.
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Fig. 3. Fish species diversity and their relative abundance from Head Marala, Chenab.




Latif et al.

3977

RESULTS AND DISCUSSION

A total of 1391 fish specimens were collected from all the
sampling sites at Head Marala. These fishes belong to 6
orders, 14 families, 30 genera and 38 species. The list of
recorded fish species is given in Table 1. Morphometric
measurements of the largest specimen of all recorded fish
species are given in Table 2. Order Cypriniformes was
found dominant represented with 14 species included in a
single family Cyprinidae. Order Siluriformes was
represented with 9 species included into five families
namely Bagridae, Sisoridae, Hetropneustidae, Siluridae
and Schilbeidae. Sperata sarwari, Mystus cavasius and
Mystus bleekri were represented under a single family
Bagridae. Both Sisoridae and Schilbeidae families were
represented with two species each. Hetropneustidae and
Siluridae each represented with single species. Order
Channiformes was represented with a single family
Channidae having four species. Order Perciformes
included 5 families, Chandidae, Cichlidae, Belontidae,
Nandidae and Gobiidae. Families Chandidae, Belontidae
and Cichlidae included two species each. Nandidae and
Gobiidae were each represented with a single species.
Order Synbranchioformes was represented with single
family Mastacembelidae and two species. Order
Osteoglossiformes was represented with single species
under family Notopteridae. The number and percentage
composition of these families, genera and species of
fishes under various orders is given in Table 3 and Figure
2.

The highest value for the relative abundance was
calculated for Puntius sophore (0.1603) followed by
Chanda nama (0.0740) and Puntius chola (0.0625).
Nandus nandus and Tor putitora showed lowest values
for their relative abundance. The species diversity and
their relative abundance showed in Figure 3. The diversity
index was 2.95 for the study area. The value for the
richness of the study area was 11.7. The value for the
species evenness from all the sampling sites was found
low (0.81). The statistical analysis of different diversity
indices has been shown in Table 4.

Table 4. Statistical analysis of the fish diversity of Marala
Headwork, Chenab.

Number of Species 38

Shannon diversity (H") 2.95
Evenness (E) 0.81
Margalef's (R) 11.7

In the present study, 38 fish species belonging to six
genera (Cypriniformes, Osteoglossiformes, Perciformes,
Siluriformes, Channiformes and Synbranchiformes) were
recorded. Among these Labeo rohita, Cirrhinus mrigala,
Gibelion catla, Tor putitora, Sperata sarwari, Bagarius
bagarius, Wallago attu, Channa marulius, Channa

punctate, Mastacembelus armatus, and Eutropiicthyus
vacha were commercially and economically important
fishes in Pakistan. Five commercially important exotic
fish species Cyprinus carpio, Ctenopharyngodon idella,
Hypophthalmicthyus molitrix. Oreochromis mossambicus
and Oreochromis niloticus were also found in the present
collection.

Among the collected fish specimens Puntius sophore and
Chanda nama were abundantly found. This was may be
due to their wide distribution in the river and also their
smaller size rendering them inedible to the humans. Tor
putitora and Nandus nandus were found from the
upstream of head Marala. These species have shown
lower relative abundance in the present collection. Their
population has seemed to decline in the river due to the
various anthropogenic stresses such as overfishing,
pollution, Damming, and introduction of alien fish
species.

Qazi et al. (2000) studied the fish fauna of Bajwat area,
District Sialkot during the period 1998-99. They reported
this area as an important wetland representing 37 species
of fishes belonging to 13 families and 28 genera. Their
collection included some remarkable cold water fish
species (Schizothorax plagiostomus, Racoma labiate,
Lepidocephalus gentea and Glyptothorax cavia) which
were not found in present collection. Altaf et al. (2008)
reported various threats to Indian and Chinese carps of
river Chenab. Their results supports our findings as
commercially important fishes were being highly
exploited showed low relative abundance in the Chenab
river.

Another study, Altaf et al. (2011a) reported 33 fish
species from Head Qadirabad, Chenab. Their study found
that Oreochromis niloticus, an exotic fish species in the
river showed highest relative abundance. This species was
also found with high (0.0474) relative abundance in the
present collection. Various threats to ecology and fish
diversity were also indicated in their report. Qadir et al.
(2009) conducted a survey on the two tributaries of River
Chenab in Pakistan namely Nullah Aik and Nullah Palkhu
to assess the distribution of freshwater fish fauna. They
collected 1506 fish specimens belonging to 24 species and
12 families. They reported that fish assemblage was
relatively stable throughout the year at upstream of
Nullah's; however, downstream are severely affected due
to various anthropogenic activities. In a recent study on
fish diversity of river Chenab conducted by Altaf et al.
(2015) at the three heads of river and reported 34 species.
The highest diversity index was found at Head Qadirabad
followed by Khanki and Marala headworks. Their
findings did not include these fish species Nandus
nandus, Channa striata, Channa gachua and Colisa laila
from Head Marala which were found in the present
collection. Our findings showed that the relative
abundance of these fish species is very low in the river.
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Fresh water icthyo-diversity has been studied by different
researchers in the country. Khan et al. (2008) conducted a
survey at Chashma (Jhelum) and Taunsa (Indus) to
analyze the freshwater fish status. Twenty fish species
from Chashma Reservoir and twenty two species from
Taunsa Reservoir were collected. Their collection was
dominated with native fish species however; exotic fish
species such as Carassius auratus, Ctenopharyngodon
idella, Hypopthalmichthys molitrix, Hypopthalmichthys
nobilis and Cyprinus carpio were also reported from these
two important freshwater reservoirs. Another study, Mirza
et al. (2011) reported 51 freshwater fish species from
River Jhelum.

Their results showed that the population of a
commercially important fish species, Tor macrolepis has
diminished, while Oreochromis aureus an exotic fish has
become established. Khan et al. (2011) studied the impact
of exotic fish species on the native fish fauna of the rivers
in Punjab and reported that these alien species has
become invasive and are competing with economically
important native fish species. Earlier, Igbal et al. (2013)
studied population dynamics of Tor macrolepis and other
commercially high valued species in Attock region. They
reported that population of commercial fishes is declining
due to various anthropogenic activities. Their finding has
supported our results.

CONCLUSION

River Chenab is an important water body in Pakistan
supporting diverse fish fauna and other aquatic
biodiversity. Various anthropogenic activities such as
pollution, habitat destruction, overfishing, damming and
introduction of alien fish species into the river are
responsible for declining the population of commercially
and economically important fish species in the river.
Authorities should take necessary steps to conserve fish
fauna by minimizing adverse human activities.
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ABSTRACT

With the common practice in poor Africa endemic area to take local antimalaria herbs in combination with orthodox
medicine and the increasing resistance to anti-malarial drugs, this study investigates the roles of methanol leaves extract
of Vernonia amygdalina, in combination with artesunate. 24 male wistar rats weighing 190g were randomly grouped,
administered therapeutic doses of artesunate and extract. Plasma total protein, urea, creatinine. Alanine. amino
transferase (ALT), Alkaline phosphatase (ALP) and Gamma glutamyl transferase (GGT) were determined using
international standardized methods. Percentage inhibition of lipid peroxidation, Malondialdehyde, (MDA), reduced
glutathione (GSH) levels were determined spectrophotometrically. Results shows that extract conferred above 50% cell
protection as it inhibited lipid peroxidation ,decreases MDA level significantly (P<0.05) and increases GSH level
significantly (P<0.05) compared with controls, Artesunate alone and combined treatment of artesunate and extract.
Plasma total protein concentrations were significantly (P<0.05) increased in all treatment groups . Artesunate alone
significantly increased (P<0.05) plasma ALT, ALP and liver GGT activities while the combined treatments showed a
modulatory effect as these activities were significantly decreased (P<0.05) nearly to control levels .Also, artesunate elicit
significant (P<0.05) increases in plasma urea and creatinine concentrations which were attenuated to control levels in the
combined treatment.Results are indicative of extract ability to inhibit lipid peroxidation, boost GSH formation, increases

antioxidant status, shows hepatoprotective and nephroprotective effects.

Keywords: Anti- malarial, lipid peroxidation, hepatoprotective, nephroprotective, antioxidants.

INTRODUCTION

In the developing countries of tropical Africa, Asia and
Latin America, Malaria constitutes one of the major
public health problems. It was estimated that over (350-
500) million people are infected by malaria parasite
world-wide where among the four species of Plasmodium
parasites; P. falciparum, P.vivax, P.ovale, P. malariae,
the P. falciparum is the most virulent parasite and is
highly present in all malaria endemic regions of the world
especially in Africa. (Miller et al., 1996; Singh et al.,
2004; WHO, 2005; Kumar and Srivastava, 2005; Hilou et
al., 2006; Mbatchi et al., 2006). The greater virulence of
P. falciparum is associated with its tendency to infect a
large proportion of the red blood cells, while patients
infected with this species exhibit ten times the number of
parasites per cubic millimeter of blood than patients
infected with the other three malaria species (WHO,

*Corresponding author e-mail: otadedosu@lautech.edu.ng

2005).

Many strains of P. falciparum have developed resistant to
some of the drugs used to treat or prevent malaria,
however the alarming rate at which Plasmodium
falciparum has developed resistance to chloroquine,
artesunate and other synthetic antimalarial drugs makes it
necessary to search for more effective anti malarial
compounds (Mbatchi et al., 2006). In Africa and other
countries where malaria is endemic, traditional medicinal
plants are frequently used to treat or cure malaria, while it
is well known that the convectional anti malarial such as
quinine and artemisininis were obtained from plants.
However, since malaria treatment evolved originally from
traditional folkloric medicines obtained from plant
preparations as herbs by various traditional healers, this
treatment method still remain a promising source of new
anti-malarial compounds (Ouattara et al., 2006;
Chukwujekwe et al., 2009) as the use of indigenous plants
have played important roles in the treatment of malaria by
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serving as good sources of novel anti plasmodia
compounds whose natural products have been a good
source for drug development (Mbatchi et al., 2006; Hilou
et al., 2006; Challand and Wilcox, 2009).

Also with the advent of combination therapy involving
artemisinins-based combinations with other anti malaria
drugs, as currently approved by WHO (Looarwsuwan,
1996; Ridley, 2002) to ward off resistance. Certain
bioactive agents which may serve as anti malarial drugs
of plants origin abounds and are still yet to be discover
while the continuous screening of these plants especially
in Africa for effective malaria drugs may still be the best
means or lead to either right combinations or single
dosage of anti malarial drugs for overcoming resistance.

Although international efforts have been under way for
decades to produce a vaccine, so far without success in
order to immunize against P. falciparum resistance while
combination of anti malarial agents has been introduced
as a response to widespread drug resistance the
advantages of combination therapy should be balanced
against the increased chance of drug interactions (Giao
and Vries, 2001).

During the last decade most of the pharmacokinetic and
metabolic pathways involving anti malarial drugs have
been elucidated, including the roles of the cytochrome P
450 (CYP) enzyme complex. In this way it is pertinent to
note that a number of drugs currently in clinical use exert
their pharmacological activities at least in part by
increasing oxidative stress in the parasitized erythrocytes
while ROS are often produced by the host immune system
adds to the overall oxidative burden of the parasitized cell
(Becker et al., 2004) .

Interestingly, based on the principle of oxidative stress
associated with most anti malarial drugs action (Taylor
and White, 2004), the present study explore the
possibilities of using extract of known anti malarial
medicinal plants as an agent for a possible means of an
attempt to overcome drug resistance in malaria
chemotherapy and in view of the common practice in
poor Africa endemic area to take local anti malarial herbs
in combination with orthodox medicine when privileged
to have such drugs and with the increasing resistance to
anti-malarial drugs, this study investigates the roles of
methanol leaves extract of Vernonia amygdalina, a local
anti  malarial in combination with artesunate, a
combinative therapy using artemisinins based drugs since
treatment failures have been recorded with artemisinins
combination treatment (ACTSs) in some endemic regions
especially in Africa, hence the justification for this study.

Vernonia amygdalina is a perennial herb belonging to the
Asteraceae family. It is popularly known as bitter leaf, an
under shrub of variable height with petiolate green leaves

of about 6mm diameter. The leaves are usually bitter and
are very popular soup vegetable in Nigeria (Iwu, 1982;
Igile et al., 1995). The plant is found in Savannah regions
and through central and south tropical Africa. All parts of
the plant (leaves, stem and roots) are said to have
medicinal uses such as cure of tonsillitis, fever, malaria,
diabetes, pneumonia, jaundice, anaemia, stomach problem
and ascaris (Iwu, 1982). Extracts of the plant have been
used in various folk medicines as remedies against
helminthes, protozoan and bacterial infections with few
scientific support for these claims. In this study the
combinative effect of the methanol extract of Vernonia
amygdalina on artesunate activities as a possible model to
study the potential effects of non-synthetic bioactive
agents of medicinal plants with known anti malarial drug
was examined.

MATERIALS AND METHODS

Materials

Materials and laboratory equipment used in this study
includes: Cages, micropipette, test tubes, hand gloves,
cotton wool, distilled water, electric blender, refrigerator,
Artesunate tablets, Vernonia amygdalina leaves,
Chemical Weighing balance, water bath, centrifuge,
spectrophotometer, beakers, homogenizer, conical flask,
cuvette, measuring cylinders, separating funnels, pH
meter, thermometer, bottles, syringes, test tube racks etc.

Reagents

Methanol, sodium carbonate, sodium hydroxide, ascorbic
acid, phosphate buffer, Tris HCI, potassium chloride,
ferrous sulphate, Tris buffer , distilled water, normal
saline, laboratory kits for determination of total protein,
Alkaline phosphatase, Alanine aminotransferase, gamma
glutamyl transferase activity, Trichoroacetic acid (TCA),
Thiobarbituric acid (TBA) etc. All other chemicals were
of the highest quality grade available obtained from
British Drug house (BDH) and Sigma Chemical
Company, USA.

Plants material and preparation of extract

Fresh healthy leaves of Vernonia amygdalina were
collected within the premises of the Botanical garden
Ladoke Akintola University of Technology, Ogbomoso
Oyo State .The leaves were identified and confirmed by
Dr. AT.J Ogunkunle of the Botany Unit of the
Department of Pure and Applied Biology of the same
Institution with herbarium voucher number LHO 283
deposited. The leaves were air dried at room temperature
for two weeks on the ceramic slabs in the laboratory and
powdered. The powdered leaves was weighed and kept in
a well labeled transparent plastic container. Methanol
extract was prepared using 300g of the powdered leaves
soaked in 3liters of methanol (95%v/v) and kept for 3
days in the dark cupboard. The colored methanol filtrate
solution obtained from the mixture was decanted into a
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clean dry breaker. The filtrate was concentrated by
placing it in a water — bath at 40°C to obtained the dry
methanol extract.

Experimental Animals

Twenty four healthy male Wistar Albino rats obtained
from the animal house of the Department of
Biochemistry, University of Ibadan were used for this
study. All animals were fed on rat pellets and maintained
under standard laboratory conditions for two weeks
before the start of the experiment. They were allowed
food and water ad libitum before and during the
experiment and randomly selected into four groups A, B,
C, and D with six animals in each group. Handling and
treatment of the animals throughout the experiment were
based on the regulations and guard lines for handling
laboratory animals by our institution which conform with
international standards.

Experimental
substances
Artesunate was administered at 2mg/kg body weight
orally as its standard therapeutic dose for three days and
this was applied to the administration of the extract based
on the average weight of the experimental animals (190g).
Hence four treatment groups (A, B, C, and D). were
identified based on the experimental design and treated as
follows; The control (Group A), given 0.1ml normal
saline intravenously two times in a day morning and
evening for three consecutive days).

design and administration of test

Group B; administered orally with methanol extract of
Vernonia amygdalina (in 0.1ml corn oil containing
0.38mg of extract twice a day for three days) while, 0.1ml
containing 0.38mg of standard drug (Artesunate) was
administered orally to the rats in Group C twice a day for
three days.

Group D (combinative therapy or treatment) was also
administered with 0.1ml of each drug and extract
separately and simultaneous through oral means of route
of administration, twice in a day for three consecutive
days. The groups and the agents administered are shown
below:

Group A: Control rats received only normal saline
solution

Group B: Received only methanol extract at therapeutic
dose

Group C: Received only artesunate at therapeutic dose
Group D: Received both artesunate and extract at
therapeutic dose.

Collection of Blood Sample and preparation of plasma
and tissue homogenates

All the animals in each group were sacrificed at the end of
the treatment period by cervical dislocation. Blood was
collected directly from the heart into plain and well-

labelled sample bottles containing heparin anticoagulant
and were centrifuged at 4000rpm for 5 minutes to obtain
plasma for analysis of biochemical indices. One gram of
the liver sample was homogenized in KCI [10 mM]
phosphate buffer (1.15%) with ethylene-diamine tetra
acetic acid (EDTA, pH 7.4) and centrifuged at 12, 000
rpm for 60 min. The supernatants were used to assay for
reduced glutathione and malondialdehyde concentrations.

Biochemical indices

Plasma proteins, urea and creatinine concentrations were
estimated by the principles and procedures of Lowry et al.
(1951), Naito (1984) and Murray (1984 ) using diagnostic
kits. Enzyme assays, Alanine Aminotransferase (ALT),
Alkaline Phosphatase (ALP) and Gamma glutamyl
transferase (yGT) were determined using the method of
Wroblwski et al. ( 1956), Burtis (1999) and Szasz (1969)
based on the standardized methods by the International
Federation of Clinical Chemistry.

Antioxidants indices

Percentage inhibition of lipid peroxidation was
determined using the method of Ruberto et al. (2000).
Ferrous sulphate induces lipid peroxidation and measured
lipid peroxide formed with ascorbic acid as standard were
determined  Spectrophotometrically. Malondialdehyde
levels and reduced glutathione (GSH) determinations
were carried out by the methods of Varshney and Kale
(1990) and Beutler et al. (1963).

Statistical Analysis

Statistical analysis were based on the Duncan’s
experimental analysis with mean standard deviation of
sample analyzed using the student T test and p< 0.05 i.e.
95% level of significance or confidence limit (Bliss,
1967).

RESULTS AND DISCUSSION

Reports of chloroquine resistant strains of P. falciparum
are being documented in all regions of the world where
malaria is endemic while resistance to anti-malaria drugs
other than Chloroquine such as Pyrimethamine
/sulfadoxine, Mefloquine, Quinine, Halofantrine and
artemisinins based drugs such as artesunate are occurring
at an alarming rate such that WHO now recommends
protocols, and change their drug policy significantly with
the introduction of Artemisinins based combinative
therapy ACTs. While artemisinins are one of the few
classes of drugs useful to treat severe malaria that is
resistant to Chloroquine, its compounds include
artemether, artesunate and dihydroartemisinin which are
sesquiterpene lactone with a peroxide bridge and their anti
malarial activity has been attributed to their peroxide
moiety (Klayman et al., 1985) that generates free radicals
which damages the parasite membrane ( Muller et al.,
2004), while their possible toxicity such as neurotoxicity
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Fig. 1. Percentage Inhibition of lipid peroxidation by methanol extract of Vernonia amygdalina at various

concentrations.

Values are given as mean and standard deviation of six determinations

P value (P< 0.05) as the level of significance.
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Fig. 2. Malondialdehyde ( MDA) levels in the liver of various treatment groups.

Values are given as mean and standard deviation

and reproductive toxicity has been reported (Woedenbag
etal., 1994; Li et al., 2005; Clark et al., 2008 ).

Medicinal plants have formed the basis of health care
throughout the world right from the ancient times, the
development of novel anti malarial drugs as a tool for
combating malarial drug resistance is the reigning trend in
malaria chemotherapy, hence search for new drugs with
better and cheaper substitutes from plant origin is a
natural choice especially in poor populations of malaria
endemic regions in Africa. However studies have shown
that the medicinal values of these plant lies in some

bioactive substances present in them that produce a
definite physiological action on human body (Ames and
Forward, 1994), hence investigating them in a relation to
most claims by the traditional healers and users is
imperative in order to determine their potentials as
sources of new anti malarial agents (Farombi, 2003).

In this study co-administration of artesunate and methanol
extract of Vernonia amigdalina leaves used and known
locally in Nigeria and across West Africa as a potent anti
malarial plant was examined with the aims of validating
or recognition of ACTs and as a means to source for
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indigenous plant based anti malarials whose bioactive
agents may be useful and could be combined with
artesunate probably as a common practice among poor
African countries which depends solely on these herbs
and often combined them with synthetic drugs when they
are privileged to have them or whenever they are
available or affordable.

Numerous studies have suggested that oxidative stress
take part in the pathogenesis of thrombocytopenia
associated with malaria as a result of the cumulative
effects of free radicals and ultimately the chain process of

lipid peroxidation whose continuous reactions leads to the
formation of Malondialdehyde (MDA) and conjugated di
-ene compounds which are cytotoxic and mutagenic
damaging cell membranes (De Vries et al., 1997; Taylor
and White, 2004; Ejiofor et al., 2006). However, one of
the important marker for evaluation of natural herbal
products that can be harnessed as an anti malarial is the
ability of such agents or compounds to arrest the process
of lipid peroxidation (Marnett, 1999). In Figure 1, Ferrous
sulphate -induced lipid peroxidation in the liver
homogenates was inhibited in a concentration —dependent
manner by the extract and maximally at 350ug/ml by
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66.19% an indication that the extract convered 50%
cellular protection. Likewise in Figure 2, the extract alone
elicit significant decreases (p<0.05) in the level of MDA
(group B) compared with the controls and the artesunate
group. The extract also modulates artesunate activity in
bringing the MDA to control level when the combined
treatment (group D) is compared with the standard drug
artesunate (group C). The ability of the extract to inhibit
MDA formation and lipid peroxidation is an indication of
its potential to inhibit a variety of acute or chronic patho
physiological processes associated with diseases (Ames et
al., 1993; Adedosu et al., 2015).

Reduced glutathione (GSH) is a tri peptide of glycine,
glutamic acid and cysteine, it is the most abundant
intracellular small molecule thiol, an important
antioxidant with roles in detoxification of variety of
electrophilic compounds and peroxides via catalysis by
glutathione  S-transferases (GST) and glutathione
peroxidases (Gpx) preventing damage to important
cellular components caused by oxidants and free radicals
(Pompella et al., 2003). A deficiency of GSH put the cell
at risk of oxidative damage especially with oxidative
stress associated with most anti malarial hence an
imbalance of GSH level observed in a wide range of



Adedosu et al.

3987

Concentration (U/1)

Artesunate
{Group C)

Control
{Group A)

Exractonly
{Group B}

H Control {Group A)

W Exractonly  {GroupB)
B Artesunate {Group C}

B Combined treatment  (Group D}

Combined
treatment
{Group D)

Treatment groups

Fig. 7. Plasma ALT activities of various treatment groups.

Values are given as mean and standard deviation of six determinations

P value (P< 0.05) as the level of significance.
120

100

Concentration (U/I)
A

Control Baactonly Artesunate
(GroupA)l  (GroupB) (Group()
Treatmentgroups

Fig. 8. Plasma ALP activities of various treatment groups.

B Control (Group A}
Exractonly {Group B)
B Artesunate (Group C)
® Combined treatment (Group D
Combined
treatment
{Group D)

Values are given as mean and standard deviation of six determinations

P value (P< 0.05) as the level of significance.

pathologies including malaria, diabetes, cancer,
neurodegenerative disorders, cystic fibrosis, HIV and
aging serves as a measure of cellular toxicities (Pastore et
al., 2003). In this study Vernonia amygdalina methanol
extract boost GSH levels as it significantly increase
(p<0.05) GSH concentrations compared with other
treatment groups (Fig. 3). The standard drug, artesunate
however elicit a significant decrease (p<0.05) in GSH
concentrations suggestive of overproduction of free
radical associated with the mechanism of the drug action
which may be implicated with diminished hepatic
glutathione GSH concentrations ,as to combat the over
production of the free radicals ,hepatic GSH stores might
have been exhausted. However, with the combined

treatment of the extract and artesunate, this shows
significant increases in GSH level compared with the
standard drug alone, suggestive of the extract ability to
boost body’s antioxidant status, protects ,detoxifies and
modulates the activity of the drug (Mitchell et al., 1973).

In Figure 4, a significant increase (P<0.05) in plasma total
protein concentrations in all the treatment groups compare
to controls were observed. However, the combined
treatment (artesunate + extract) has the highest increase in
plasma protein concentration when compared with other
treated groups. Behaviour exhibited by the combined
treatment might not be unconnected with their ability to
increase certain tissue protein concentrations which might
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have been reduced due to their degradation by malaria
parasites.

Also, in the current study, the concentrations of plasma
urea and creatinine were examined as obtained in Figures
5 and 6 in various treatment groups. Significant elevation
of plasma levels of urea and creatinine in Group C ,may
explain the presence of strong correlation between
nephrotoxicity and oxidative stress associated with the
drug in the treatment of malaria (Li et al., 2006). The
elevated H,O, and O, production alters the filtration
surface area and modifies the filtration coefficient; both
factors could decrease the glomerular filtration leading to
accumulation of urea and creatinine in the blood. The
combined treatment group reduces plasma urea at nearly
control level while similar trends were obtained in
creatinine clearance with the combined treatment showing
the highest creatinine clearance thus showing a
modulatory effect on the drugs action.

Administration of artesunate alone resulted in the
significant increases (P<0.05),in the plasma activities
ofAlanine Aminotransferase and Alkaline phosphatase
(Fig. 7 and 8) which are membrane bound enzymes found
primarily in the liver with small amountsof ALP produced
by cell lining intestines,the placenta and the kidney( in the
proximal convulated tubules).This increases may be due
to lipid peroxidation of biomembranes which causes
leakage of cellular components into the blood (Matsuo et
al., 1989). However rats treated with the drugs and the
extract showed significant decreases in plasma levels of
these enzymes , the results of this effects are suggestive of
the extract capabilityto accelerate parenchymal
regeneration,thus protecting against membrane fragility
and subsequent decreasing leakage of marker enzymes
into the circulation. That the extract has the potential to

protect the liver and the kidney from artesunate -
dependent damage as revealed in this report by
modulating artesunate activities may be interpreted on the
basis of the antioxidant properties of the extract and their
constituent bioactive agents. If artesunate toxicity were
dependent on radical-generating mechanisms, one would
expect that an antioxidant might protect the organs from
such oxidative damage which might be responsible for the
anti malarial potency of the plant as shown from this
study.

Similarly, the results of the activities of gamma- glutamyl
transferase (Fig. 9) also indicated the modulatory
potential of the extact on the drug action.

The results above suggested that the methanol extract of
Vernonia amygdalina have anti-oxidant activities with
potential protective role on the liver and the kidney in
administration with artesunate and is able to modulate the
effect of the drug as an anti malarial probably as a result
of oxidative stress associated with its mode of action, an
indication that the extract bioactive agents may be useful
in drug design, template or as food supplements for
prevention or combating resistance in malarial
chemotherapy, hence the wide spectrum of
phytochemicals ‘bottled up’ in this leaf extract, could help
in preventing man from the present burden of malaria.

CONCLUSION

While clinical studies would definitely be needed to
establish the safety of combining the extract with
artesunate, the present study suggests that such
combination may actually protect the tissues from the
likely dangers associated with prolonged artesunate
administration however, further research must be carried
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out to identify or isolate the active compounds responsible
for these effects which may be helpful in drug design and
development towards eradication of resistance to malaria
drugs while the local usage of the extract as anti malarial
in poor endemic countries could be encouraged as more
has to be done, to transform the large volume of research
already done on the plant into practical, readymade
nutraceuticals or phytherapeutics so that mankind may
begin to effectively utilize the plant for maximal benefits
especially towards malaria treatment.
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ABSTRACT

In this study, the individual as well as combined effect of commercially available probiotics containing Lactobacillus
acidophillus and Sacchromyces cerevisiae was studied on the growth performance. The study was also extended to
protection against infectious bacteria Aeromonas hydrophila which is the cause of abdominal dropsy in fish. Three
different concentrations of probiotics (2, 3 and 4%) were fed to fish fingerlings (Labeo rohita) in 30% commercial
artificial feed for 60 days. In combination group, dietary probiotics at 4% dose showed significant average increase in
growth i.e. 80% and survival rate was 99% when challenged with Aeromonas hydrophila, followed by 3% and then 2%
doses. Sacchromyces cerevisiae and Lactobacillus acidophillus individually showed their significant effect on the growth
of fish which was very close to each other, as the % age increase in weight for Sacchromyces cerevisiae was 67.7% and
for Lactobacillus acidophillus it was 67% at 4% dose. Feeding of supplemented diets showed reduced mortality in
combination group (1%) followed by Sacchromyces cerevisiae (3%) and then Lactobacillus acidophillus (6%) in

comparison to control group where 93.33% mortality was observed.

Keywords: Aeromonas hydrophila, Labeo rohita, probiotic, immunity, growth.

INTRODUCTION

In Pakistan major carps, particularly Labeo rohita is the
most preferred farmed fish because of the rapid growth
and higher adequacy to consumers. The rapid
development and intensification of carp farming to bridge
up the gap of animal protein demand had led to the
epidemic of contagious diseases caused by bacteria,
viruses and parasites, inflicting rigorous loss on
production of fish. The extensive utilization of wide-
ranged chemotherapeutants to combat these diseases has
led to the enhancement of antibiotic-resistant bacterial
strains, in addition to this; could cause water
contamination in the aquatic environment (Lunden et al.,
2002). In order to resolve this condition, better emphasis
is being placed on improved water quality, better nutrition
and the application of immunostimulants and vaccines in
the last decade. In recent times, the use of probiotics has
been focused with the requirement for environmentally
friendly aquaculture (Bandyopadhyay and Mohapatra,
2009).

Currently, probiotics are becoming an essential part of the
aquaculture practices to achieve high production.
Probiotics are live microorganisms contemplated to be

*Corresponding author e-mail: sidra666@gmail.com

useful to the host organism.

The World Health Organization (WHO) has defined
probiotic bacteria as “live microorganisms which when
administrated in adequate amounts confer a health benefit
on the host” (FAO/WHO, 2001). In fish, the contribution
of probiotics as nutrition, in disease resistance and other
advantageous activities has been studied. Among the
various health benefits attributed to probiotics, inflection
of the immune system is one of the major benefits of the
probiotics and their effectiveness to stimulate the local
and systemic immunity. Probiotics may possibly improve
nutrition by the manufacture of vitamins; stimulate
appetite and detoxification of compounds in the diet
(Harikrishnan et al., 2010).

The wuse of probiotics as dietary live microbial
supplements and biological control agents in commercial
fish culture is possible to improve growth as well as
immune function of the fish (Irianto and Austin, 2002;
Kesarcodi-Watson et al., 2008).

Earlier studies reported that the positive effect of using
viable microorganisms in probiotic mixtures into fish
diets (Li and Gatlin, 2004; Brunt and Austin, 2005;
Pangrahi et al., 2005; Barnes et al., 2006; AboState et al.,
2009). The aim of this study was to analyze and check the
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individual as well as combined effect of Lactobacillus
acidophillus and Sacchromyces cerevisiae on the growth
and immune response of Labeo rohita.

MATERIALS AND METHODS

Experimental design

The present study was conducted at Fisheries Research
and Training Institute, Manawan Lahore. Six hundred
Rohu fingerlings of size 5-8gm were procured from Fish
Seed Hatchery, Chenawan, District Gujranwala. Before
the start of experiment, the fish were fed to the control
diet (commercially available feed with 30% protein) for
10 days in aquaria for acclimatization. Total 30 glass
aquaria (50 L) filled with fresh water were used for the
experiment, each aquarium was stocked with 20 Labeo
rohita fingerlings. Aquaria were divided into four groups
with each of three replicates, one group served as control
and the other groups were used as experimental.

Preparation of Experimental Diet

A commercially available feed (with 30% protein) at the
rate of 3% body weight was used as a basal diet for the
experimental fish. Fish were fed twice daily in 60 days.
The basal diet was used as the control diet. Nine
experimental diets were prepared from basal diet adding
2.0, 3.0, and 4.0% of Lactobacillus acidophillus and
Sacchromyces cerevisiae and a combination of above two
probiotics by using the water spraying method. The feed
was dried in oven at 50°C overnight. The growth rate in
fish for each experimental diet was noted every 15 days
and the feeding was adjusted according to the body
weight of fish in each aquarium.

Water Quality Analysis

Important water quality parameter such as pH,
temperature and dissolved oxygen, were recorded daily
and kept within the range throughout the experimental
period (Table 1).

Table 1. Range of selected water quality parameters.

Preparation of Antigen for Challenge Study
Pathogenic strain of Aeromonas hydrophila was collected
from commercial source (Microbiologist USA, Exon
Scientific Corporation, 4 Leek Road Chuburji Chowk,
Lahore). Aeromonas hydrophila was grown in lab on
sheep blood agar for 24 h at 37°C. In order to prepare the
bacterial suspension, the growth of bacteria was mixed in
sterile phosphate buffer saline (PBS, pH 7.4). The
turbidity of solution was checked by turbidity meter to get
same concentration of bacterial culture. After feeding fish
with experimental doses of probiotics for 60 days, 10 fish
from each aquarium were injected intraperitoneally with
100ul of bacterial suspension and the mortality was
observed for 15 days.

Growth Parameters
The percentage increase in weight in Lactobacillus
acidophillus,  Sacchromyces cerevisiae and in
combination was checked by applying formula:
%weight gain= Final weight- Initial weight
Initial weight

x 100

RESULTS

Water Quality

Water quality parameter such as pH, temperature and
dissolved oxygen was monitored with their minimum and
maximum range for the growth and survival of Labeo
rohita (Table 1). All the faecal matter was removed daily
by siphoning method.

Growth Performance

The growth of Labeo rohita was increase in all the
treatments as compared to control. The highest %age
weight gain of fish was observed in combination group
(Sacchromyces cerevisiae and Lactobacillus acidophillus)
at 4% dose, followed by 3% and then 2% (Table 4).
Sacchromyces cerevisiae and Lactobacillus acidophillus
individually showed their significant effect on the growth
of fish which was very close to each other, as the %age
increase in weight for Sacchromyces cerevisiae was

S. No. pH Temperature °C Dissolved oxygen (ppm)
Minimum 7.18 19.3 5.5
Maximum 8.09 28.8 6.2

Table 2. Average % age increases in weight of fish for probiotic Lactobacillus acidophillus.

Probiotic Lactobacillus Initial body weight Final weight Percentage increase in
Treatments ?
% @ @ weight %
Control 0.0 5.0 6.2 24
T1D1 2.0 5.4 8.3 53
T1D2 3.0 5.3 8.5 60
T1D3 4.0 5.2 8.7 67
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67.7% and for Lactobacillus acidophillus it was 67% at

Table 3. Average % age weight gain of fish for probiotic Sacchromyces cerevisiae.

Treatments Probiotic N Initi_al body Final weight Percentag_e increase in
Sacchromyces cerevisiae % weight (g) (9) weight %
Control 0.0 6.1 7.6 24.5
T2D1 2.0 6.3 9.8 55
T2D2 3.0 6.1 10.0 63
T2D3 4.0 6.2 10.4 67.7

Table 4. Average %age weight gain of fish for probiotics Lactobacillus and Sacchromyces cerevisiae in combination.

Treatments Combination of two Probiotics Initial body Final weight (g) | Percentage increase in
(L.B+Yeast) % weight (g) weight %
Control 0.0 7.1 8.8 23.9
T3D1 2.0 7.2 12.5 73
T3D2 3.0 7.2 12.8 77.7
T3D3 4.0 7.3 13.2 80
4% dose (Table 2, 3). DISCUSSION

Disease Resistance

Feeding of probiotic supplemented diets after 60 days led
to a considerable decrease in fish mortality after challenge
with A. hydrophila. Therefore, highest 93.33% mortality
was observed for the control when compared with
probiotic fed groups (Fig. 1). Significant decline in
mortality was found in combination group (1%) followed
by Sacchromyces cerevisiae (3%) and then Lactobacillus
acidophillus (6%). Highest survival of fish was found to
be in combination group.

In the present study, Labeo rohita fed diets supplemented
with  probiotic  Lactobacillus  acidophillus  and
Sacchromyces cerevisiae along with their combination in
different doses 2, 3 and 4% for 60 days were challenged
with Aeromonas hydrophila. The mortality of fish was
decreased significantly by dietary probiotic as compared
with fish fed the basal diet, and the result analysis
indicated that the maximum disease resistance ability of
Labeo rohita occurred at 4% diet supplementation of
probiotic i.e combination of Sacchromyces cerevisiae and
Lactobacillus acidophillus (Fig. 1). It showed that
combination of yeast and bacterial strain was found to be

100.00% -
90.00% -
80.00%
70.00% -
60.00%
50.00%
40.00%
30.00% -
20.00%
10.00% -

Mortality observed

0.00%

m Mortality

Lactobaclllus
acidophillus

control

Probiotics

Sacchromy ces Comblnation

cerevisiae

Fig. 1. Immunity in fish against Aeromonas hydrophila for different probiotics.
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very effective and resulted in modulation of immune
system of fish. In this study, the growth of Labeo rohita
was notably increased by dietary probiotic. Enhancement
in the growth of aquatic animals fed with probiotic diets
resulted in increased enzymatic activity, improved
digestive activity, synthesis of vitamins and weight gain
(Nayak, 2010). Another study, Giri et al. (2013) reported
that Probiotic supplementation improves growth
parameters and immune responses in Labeo rohita.

In this study, combination group showed the highest
growth rate at 4% dose followed by 3% and then 2%
(Table 4). It is reported that by mixing experimental diets
including Bacillus subtilis and Lactobacillus acidophillus
showed significant improvement in growth of Iranian
sturgeon fish (Acipencer perscius) for 30 days (Querroz
and Boyd, 2008). Similar results were found in Tilapia by
using yeast Sacchromyces cerevisiae, as yeast was found
to be good promoter of growth and immune system (Lara-
flores et al., 2003).

In Rainbow trout (Oncorhynchus mykiss), maximum
growth and survival rate was observed when
administrated with probiotics Sacchromyces cerevisiae
and Lactobacillus acidophillus individually as compared
to control when challenged with Aeromonas hydrophila
(kesarcodi-watson et al., 2008). In Cyprinus carpio, the
survival rate was 63% when supplemented with Bacillus
NL110, whereas it was just 11% in control; not treated
with probiotics when when challenged with Aeromonas
hydrophila for two weeks (Ortuno et al., 2002). In the
present study, average increase in growth of Labeo rohita
was 67.7% at dose of 4% by using Sacchromyces
cerevisiae (Table 3) and 67% in case of Lactobacillus
acidophillus (Table 2) for 60 days. Immunity in fish was
also modulated in case of yeast as compared to
Lactobacillus acidophillus. In the control group the
mortality of fish was found to be 93.33% which showed a
significance of probiotics against Aeromonas hydrophila

(Fig. 1).
CONCLUSION

Under the experimental conditions, it is concluded that
probiotics are not only beneficial for the growth but it is
an important immunostimulant for Labeo rohita. Dietary
probiotics Lactobacillus acidophillus, Sacchromyces
cerevisiae and its combination significantly increase
growth as well as immunity against Aeromonas
hydrophila, pathogenic bacteria that cause infection in
fish. To elevate the immune resistance ability and growth
in Labeo rohita, the dose at 4% of probiotic was found to
be very effective as compared to control group which
showed highest mortality. These results indicates that
dietary probiotics are very advantageous for the fish and it
should be taken into account by the farmers to treat their

fish from different bacterial diseases as well as for the
improvement of growth.
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ABSTRACT

There are two families, six genera and eight species of freshwater turtles found in Pakistan, and the same species have
also been recorded in Sindh province, six of which are threatened, and all species are listed in CITES Appendices | / I1.
Family Geoemydidae consists of Hard shelled turtles viz Spotted Pond turtle (Geoclemys hamiltonii), Crowned river
turtle (Hardella thurjii), Brown roofed turtle (Pangshura smithii), and Indian roofed turtle (Pangshura tectum) and the
second Family Trionychidae comprises of Soft shell turtles viz. Indian narrow-headed soft-shell turtle (Chitra indica),
Indian soft-shell turtle (Nilssonia gangeticus), Indian peacock soft —shell turtle (Nilssonia hurum) and Indian flapshell
turtle (Lissemys punctata). In Sindh province, Thatta, Sujawal, Badin, Dadu, Khairpur, Sanghar and Sukkur Districts
have been identified as hotspots for freshwater turtle populations. Legally, all freshwater turtles in Sindh have been
protected under the Sindh Wildlife Protection Ordinance 1972. Many efforts have been made by the Government, Non-
governmental organizations and Academia for the protection and conservation of turtle population in Pakistan. The
World Conservation Union for Nature - JUCN, WWF Pakistan, Sindh Wildlife Department, Zoological Survey of
Pakistan and Department of Zoology (Wildlife Section), University of Karachi are contributing in efforts for the
conservation of freshwater turtles in Sindh. But still, freshwater turtles are facing serious threats due to habitat

destruction, urbanization, developmental projects and illegal trading.

Keywords: Sindh, population, distribution, freshwater turtles, threats.

INTRODUCTION

Freshwater turtles play a major role in maintaining
balance in ecosystem of any wetland. They act as
scavengers by decaying dead organic matter. They act as
indicators of a healthy aquatic ecosystem. Some are
carrion eating species that feed on aquatic weeds and
reduce eutrophication. There are 313 species of Tortoises
and Fresh water Turtles present worldwide, while 128
Freshwater Turtle species have been included in IUCN
Red List of Threatened species (Fritz and Havas, 2007).
Economically, freshwater turtles are considered as more
valuable as compared to the fisheries because of the
presence of good quality flesh and fats which are highly
demanded by international markets for different purposes.
Flesh of turtles is mostly used in different Continental and
American cuisines, which serve as a luxurious dish in
many restaurants. The calipee is the fatty gelatinous
yellowish material present over the lower shell of a turtle,
which is the symbol of delicacy in dishes of many
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cuisines. Their fat is also used as a major component of
cosmetic industry in USA and other countries.

Pharmaceutical industries are also utilizing plastron of
Turtles for preparing specific medicines. In China and
Taiwan, specialized medicinal compositions are prepared
by using plastrons. China and Taiwan are considered as
the major markets that are famous for plastron imports.
According to a statistical review, annually hundreds of
tons of plastron are imported by Taiwan.

Guilinggao jelly is the specialized medicinal composition
that made up from boiling of plastron of turtles along with
some herbs so it is also called as Turtle Herbal Jelly. It is
also used for improvement of circulation in body, good
muscle growth, resolving acne problems and for cure of
many kidney diseases.

Pakistan has eight species of freshwater turtles. Based on
absence or presence of horny scutes or scales on their
carapace, freshwater turtles divide into two categories,
Soft shell Turtles and Hard shell Turtles, respectively.
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Soft shell turtle species includes Indian softshell turtle,
Peacock softshell turtle, Indian narrow-headed softshell
turtle, and Indian flapshell turtle, while Spotted pond
turtle, Indian roofed turtle, Brown roofed turtle and
Crowned river turtle are Hard shell Turtles.

Freshwater turtles are residing in the whole Indus River
system. This system is comprises of many canals,
irrigation ditches, ponds, agricultural ponds and water
reservoirs. All these tributaries of Indus River system are
providing rich habitat for turtles. Major threats to the
species are illegal hunting, poaching, and trading for
export.

Pakistan is continuously struggling for conservation and
protection of these threatened species and became the
signatory of the Convention of International Trade in
Endangered Species of Wild Fauna and Flora (CITES)
and CITES appendix | contains the four species and
appendix Il contains three freshwater turtles from
Pakistan.

Conservation measures of all the species of wildlife are
directly associated with legal decisions. In Pakistan,
Provincial governments are responsible for adopting all
conservational measures in their own provinces.
Implementation of Wildlife Protection Ordinances is the
major task for all provincial governments. In 1981,
Federal Government passed a rule to ban the export of all
wild mammals and reptiles. It also includes the restricted

export to all parts and products of wildlife.

Formerly in legal ordinances of provinces of Pakistan, no
protection was given to the species of freshwater turtles
and they were not considered as Protected in different
wildlife protection acts of the provinces. However,
present situation is different from past. Along with several
other conservational measures, there are amended acts,
which have declared the freshwater turtles as protected
species. Appendices | and Il of the CITES restricted the
international trade, export and import of wildlife species
including the freshwater turtles, their parts and their
products as well. Section 12 of Sindh Wildlife Protection
Ordinance, 1972 also banned the export of protected
wildlife species including freshwater turtles. Pakistan has
also been facing threats to freshwater turtles which
include scarcity of water in rivers, and canals, water
diversion and extraction projects for irrigation purposes,
water pollution, habitat deterioration and fragmentation
due to unsustainable development. In this paper we
reviews the distribution, threats, conservation efforts and
status of freshwater turtles in Sindh.

DISCUSSION

Sindh is the third largest province of Pakistan located in
West of South Asia, having the area of about 140,915
square kilometers (Fig. 1). Sindh is having very strong
belongings to Indus River and having a great variety of
ecosystems. In east, desert ecosystem lies in the form of
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Fig. 1. Map of Sindh with Districts.
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Table 1. Status of Freshwater Turtles in Sindh.

,\i'). Family Scientific Name Common Name IUCN Status CIITES Appen:jllx

1 Geoemydidae | Geoclemys hamiltoni | Spotted Pond Turtle Vulnerable +

2 Pangshura smithii Brown Roofed Turtle Near Threatened +

3 Pangshura tectum Indian Roofed Turtle Vulnerable +

4 Hardella thurjii Crowned River Turtle Vulnerable

5 Trionychidae | Nilssonia gangeticus | Indian Soft shell Turtle Vulnerable +

6 Nilssonia hurum Peacock Soft shell Turtle | Vulnerable +

7 Lissemys punctata Indian Flapshell Turtle Least Concern +

8 Chitra indica Indian narrow headed | Endangered +
soft shell Turtle

Fig. 2. Geoclemys hamiltoni (Spotted Pond Turtle).

vast Thar Desert commonly known as Tharparkar. In the
west, mountainous ranges are existing known as Khirthar
mountain range. In north, Punjab province is present
while from southern side, Sindh is bordered by the
Arabian Sea.

The climatic conditions are moderate, hot in summer, and
mild in winter. In summer season, temperature varies
from 35 to 48 degree Celsius, while during winter
temperature ranges from 2 to 20 degree Celsius. Sindh is
directly affected by two different monsoonal systems, one
from southwest system that comes from Indian Ocean
while other from northeast system coming from
Himalayan Mountains. Annual average rainfall is about
six to seven inches.

Distribution and Status of Freshwater Turtles
There are six genera and eight species of Freshwater
Turtles recorded in Sindh (Fig. 2 - 9) (Khan et al., 2012a ,

Khan, 2015), six of which are globally threatened. All
species are listed in CITES Appendices | / Il (Table 1)
and their import and export is prohibited.

Distribution

Following areas of Sindh which are considered as
hotspots for Freshwater Turtles, these includes Thatta
District, Sujawal District, Badin District, Dadu District,
Khairpur District, Sanghar District and Sukkur District.

1. Thatta District

Thatta is the historical district of Sindh Province. This
district is having very strong bonding with Indus River.
Thatta district is situated in southern portion of Sindh
province. According to climatic distribution, this is
included in lower region of Sindh. Major livelihood for
the people of Thatta is dependent on the fishing practices.
Thatta is distributed into four tehsils, Thatta, Mirpur
Sakro, Ghora bari and Keti Bander. The Keti Bander is
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Fig. 4. Pangshura tectum (Indian Roofed Turtle).

the coastal area, while Ghora bari is very famous because
of the presence of various fish farms there. Mir Pur Sakro
contains a major canal named as Ghulamullah Canal (Fig.
10) or Mirpur Sakro Canal (Fig. 11). This canal and fish
farms at Ghora bari (Fig. 12) serves as a very rich habitat
for freshwater turtle populations. Major wetlands in
Thatta district are Keenjhar, Haleji and Hadero Lakes.

Keenjhar Lake

Keenjhar Lake (Fig. 13) is a Ramsar site located in Thatta
District of Sindh. It covers approximately 14,000 ha of
area and having latitude and longitude of 68° 03> E and
24° 56’ N. It is considered as one of largest freshwater
lakes of Sindh and it is the major source of water supply
to Karachi city, Thatta city and Ketibunder. The main
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Fig. 5. Hardella thurjii (Crowned River Turtle).

Fig. 6. Nilssonia gangeticus (Indian soft shell Turtle or Ganges Soft shell Turtle).

water supply to Keenjhar Lake comes from River Indus.
The location of Keenjhar Lake is about 19km North and
North East to Thatta District, while it is situated 113km
away from Karachi city. Many seepage lagoons and
marshes are surrounding the Keenjhar Lake, which are
connected with semi desert areas bearing limestone rock
beds. This man made freshwater lake was formed in 1930
when two small lakes named Keenjhar and Kalri Lake

were merged together after development of a dam at
Bangla (Khan and Abbas, 2011). This lake provides a rich
habitat for Fresh water turtles survival.

Haleji Lake

Haleji Lake (Fig. 14) is an important wetland of Sindh
located in Thatta district. Its total area is about 6.58km?
along with the maximum depth of 5 to 6 m. This
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Fig. 8. Lissemys punctata (Indian Flap shell Turtle).

important Ramsar site is situated at 67° 46°38"E and 24°
48°N having an altitude of 4 m. This lake is located
88km away from Karachi (Khan et al., 2012a,b; Khan et
al., 2014). It is very rich in Biodiversity and a variety of
species of fauna and flora are inhabitant of this lake.
Haleji Lake is surrounded by lagoons which serves as a
natural habitat for fresh water turtles.

Hadero Lake

Hadero Lake is a saline water lake which is located at
longitude of 24 ° 49'N and latitude of 67 ° 52'E in Thatta
district of Sindh province. Primarily it affirmed as Game
Sanctuary in 1971 but later on it was declared as Wildlife
Sanctuary in 1977. Hadero Lake is natural lake that is
located at the periphery of the stony desert. Its covered
area is 1321 hectares. Livelihood of the local population
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Fig. 10. Ghulamullah Canal.

is dependent on fishing from the lake. In past a number of 2. Badin District

fresh water turtles had been observed in the vicinity of  Badin District is located in the lower portion of Sindh

this lake. called as Lar, It is having a critical geographical location
that lies in between Tharparkar Desert and Arabian Sea.
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Fig. 11. In Mirpur Sakro Canal, Brown Roofed Turtle (Pangshura smithii) is ready for jumping.

Fig. 12. Fish farms at Ghora Bari.

The geographical coordinates are 24°-5' to 25°-25' north
and 68°21' to 69° 20' east. Badin District is distributed in
five tehsils which includes Matli, Talhar, Tando Bago,
Badin and Golarchi.

There are 24 important lakes and wetlands present in
Badin District which serve as key potential areas for
distribution of freshwater turtle populations. Major canal
running through Thatta and Badin District is LBOD (Left
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Fig. 13. A view of Keenjhar Lake.

r—

Fig. 14. A view of Haleji Lake.

Bank Outfall Drain). Fish farming is the major profession
of the local population of Badin district. There are about
370 Fish farms developed by local people that also have
freshwater turtle population.

3. Sujawal District

Sujawal is a newly formed district of Sindh Province. Its
Latitude is 24°36'23" of North and longitude is 68°4'19"
of East. Indus River is the main demarcation line between
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Fig. 15. Nara Canal.

Fig. 16. A view of Sukkur Barrage.

Thatta District and Sujawal District. Administratively, it
is subdivided into five tehsils named as Jaati, MirPur
Bathoro, Shah Bandar, Kharochan and Sujawal. The total
area covered by this district is about 7335 kmz2. The major
livelihood for local people is cultivation of agricultural

crops. Fish farming is also common. Important fish of this
district is Palla that has been cultured in fish farms.
Freshwater turtles have been mostly recorded from the
near Sujawal.
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https://en.wikipedia.org/wiki/Mirpur_Bathoro
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4. Dadu District

Dadu District is an important district of Sindh Province. It
comprises of Mehar, Khairpur Nathan Shah, Dadu, Johi
and Sehwan tehsils. Its total area is about 190704 square
km. Geography of Dadu district is unique. It contains
three different types of ecosystems, Kohistan or Hilly
areas, Barrage area, and Lower lands river area. In east
Indus River is existing. There are many waterways which
are flowing in this district locally called as Nais. The
major wetland in Dadu District is Manchhar Lake. Other
important lakes are Sanjri Dhand and Unheri Dhand.

Manchar Lake

Manchar Lake is a natural freshwater shallow lake that
created by a vast depression formed in between hilly
ranges. Khirthar Hills are present in the west, while Laki
hills are present in the south and Indus River flows in the
east. The deepness of this lake is 10km. This big water
reservoir is sufficient to supply water for drinking
purposes to whole district as well as it is also a major
supplier of water to irrigation canals and agricultural
croplands. This is also an important source of livelihood
for local communities in the form of fishing practices.
Local anglers called as Mohanas or Meerbahar used to
live in boats inside the lake. In past it was considered as
major roosting area for migratory birds but because of
construction of MVND (Main Nara Valley Drain), most
of saline water drains out into Manchar Lake that result in
loss of natural fauna and flora from the lake. Drainage of
Chemical effluents and other pollutants in lake also result
in serious contaminations in water that leads to
biodiversity loss including that of turtles.

5. Khairpur District

Its total covered area is 15910 km® There is complete
network of canals present to irrigate the whole area, that
is the reason Khairpur is a very fertile area for cultivation
of all types of crops.

Nara Canal

It a major canal emerging from Nara Tehsil of Khairpur
district. It considered as largest canal of Sindh that
originates from Sukkur Barrage, extends from Nara Tehsil
of Khairpur District to Sanghar, and finally drains off in
Runn of Kutch Area. Nara wetland complex is very
famous and ecologically important combination of
approximately 200 wetlands of different sizes, which are
present on both sides of Nara Canal (Fig. 15). These serve
as important habitats for freshwater turtles.

6. Sanghar District

Sanghar District situated in the middle area of Sindh
Province. It comprises of six tehsils named as Jam Nawaz
Ali, Khipro, Sanghar, Shadad Pur, Sinjoro and Tando
Adam. Total covered area of Sanghar District is 9874km?.
It is famous because of the presence of a wetland complex
called as Chotiari wetland complex. Bakar Lake and

Sanghriaro Lake are the important lakes of Sanghar
District.

Chotiari Wetland Complex

Chotiari Wetland Complex is the combination of many
freshwater and Saline wetlands that covers an area of
about 18000 hectares. This complex has the major water
reservoir named as Chotiari Dam. The geographical
coordinates of Chotiari wetlands complex are 26°1' N
latitude and 69°4' E longitude. It is bounded by Thar
desert from East and North while in southern portion Nara
canal is present. The major wetlands in Chotiari wetland
complex are Naro, Khor, Meena, Sajaran, Phuleil, Gun,
Wari, Jajur, Bholo and Jadpur (Rais et al., 2008).

7. Sukkur District

Sukkur District comprises of four tehsils includes Sukkur,
Rohri, Saleh Pat and Pano Agil. Climatic condition of
Sukkur is very harsh and intense. Sukkur is famous for
Sukkur Barrage. Thick and dense Riverine forest is also a
unique ecological characteristic of Sukkur. It grows along
with the bank of Indus River.

Sukkur Barrage

Sukkur Barrage (Fig. 16) was constructed in 1932 over
River Indus to control the flow of water in River Indus. In
past it was also called as Lloyd Barrage. It has 66 gates. It
irrigates about 7.63 million acres of area. The land of
Sukkur is very fertile and productive due to presence of
this major irrigation canal system. Sukkur barrage is not
only responsible to fertile lands of Sukkur district but it
also supply water through its canal system to Khairpur
district, Mirpurkhas district, Sanghar district, Tharparkar
district and Hyderabad district. Sukkur Barrage is also
responsible for drinking water supply, irrigation and flood
control in Sukkur district. There is a very well developed
canal system that form unique networking and irrigation
system. There are seven canals that emerge out from
Sukkur Barrage. Four canals originate from left bank
while three canals originate from right bank. Nara Canal
is the major canal which is largest canal in Sindh. After
Nara Canal, Rohri Canal exist and the third canal is Mir
Wah Canal, while forth is Abul Wah Canal. Three canals
originate from Right bank named as Dadu Canal, Rice
Canal and Khirthar Canal. All other canals are permanent,
while Rice Canal is a seasonal canal for cultivation of
Rice fields.

Threats

Sindh is the highly populated province of Pakistan. Most
of the districts are under-developed and poverty is one of
the main reasons for their interest in trade of turtles. River
Indus, Indus basin and the tributaries of River Indus
includes canals, lakes, waterways, streams, swamps,
marshes and ponds, all provides feeding and breeding
grounds for freshwater turtles.
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Another threat for freshwater turtles in Sindh is the
profession of the local communities residing near
wetlands, and people depend on fishing for their survival.
Most of those areas in interior Sindh are rural areas and
local tribal communities like Mohana communities or
Kail communities are involved in trade of turtles along
with fishing.

Sand mining also has very disastrous effects on ecology
and habitat of freshwater turtles. Commercial sand mining
from the rivers not only cause erosion but also destruct
the nesting areas of the turtles. It also modifies the
direction of flow of water, configuration of riverbanks
and makes water more turbid. All these factors directly
influence on the growth of waterweeds, on under water
activities of turtles and it also has hazardous effects on
health of that aquatic ecosystem. Another important factor
which is influenced by sand mining in rivers is reduction
in dissolved oxygen in water which ultimately results in
disturbance of aquatic life.

Trade of Calipee

Calipee is the soft cartilaginous part of plastron of Soft
shell Turtles. It is considered as most valuable part of
turtle’s body. It can use in soups and other dishes. It is
very interesting fact that being a Muslim country,
Pakistan is not utilizing these parts of turtle for edible
purposes but most of these used to export to neighboring
countries like China.

People from rural areas utilize this resource of nature to
earn their riches. Mostly middlemen play an important
role by connecting the link between local fishermen and
foreign traders. It recorded that many consignments
seized by custom in Pakistan, which supplied to China.
The shipment contains tons of calipee, and tagged as dried
fish.

Turtle habitats are being extensively degraded, destroyed
and fragmented because of anthropogenic activities
(Klemens, 2000). Some time natural habitat of freshwater
turtles destructed because of developmental activities and
urbanization. In Sindh, several developmental projects are
under progress like Wind Mill projects Jhimpir (Thatta),
Thar Coal project (Tharparkar), Double carriageway
project (Thatta to Karachi), Solar power project
(Khairpur) and Thermal power projects. All these sort of
developmental activities although are beneficial for
mankind but also hazardous to natural habitat of wild
fauna.

All crop growing activities and major deforestation also
responsible for water seepage problems, modification of
waterways and canal blockage. Agricultural wastewater
and pesticides usage is also disastrous to population of
fresh water turtles, Khan and Law (2005) also reported
pesticides threats to turtles.

Industrial waste material is an important cause of reduced
population of freshwater turtles. It results in disturbed
breeding biology, infertility, eggs shell thinning and
physiological disorders in freshwater turtles.

Most of the soft shell turtles in Sindh are struggling for
their existence and continuously fighting with high level
of illegal killing for trade and export. The people kill
them and cut their parts to sell them to local consumers.
Alternate livelihood opportunities should be provided to
them for enhancing their financial resources.

China is the major market for Freshwater turtles. Being a
neighboring country, it is very easy for traders to export
whole turtles or their parts to China.

Environmental and climate changes and natural disasters
are also major threats for turtle survival. Pollution,
contamination of water with industrial, agricultural, or
domestic waste, pesticides sprays, fertilizers, global
warming, and pathogens, all serve as threat for existence
of Freshwater turtles. Habitat modification, habitat
degradation, and destruction are also important factors for
their loss.

Urbanization, developmental projects, construction of
dams, barrages and roads are also important reason for
their decreased populations. Globally, turtle habitats are
being extensively degraded, destroyed and fragmented,
and where they still exist in reasonable populations turtles
are being subjected to subsistence hunting as well as for
collection for regional and international consumption
markets, in addition to the growing international pet trade
(Klemens, 2000).

Conservation Efforts

In Pakistan, many efforts have been made by the different
governmental and nongovernmental organizations for the
conservation of turtles. IUCN Pakistan, WWF Pakistan,
Sindh Wildlife Department, Zoological Survey of
Pakistan and Department of Zoology, University of
Karachi are actively working and contributing for making
studies regarding the protection and conservation of
freshwater turtles in Sindh. The Scientific and Cultural
Society of Pakistan (SCSP) provided capacity
development through training workshops to university
students for conservation and management of freshwater
turtles. The IUCN Commission on Ecosystem
Management (CEM), West Asia also conducted several
training programs for conservation and management of
ecosystem at University of Karachi during 2013-2016.

Many researchers have worked on the distribution and
conservation of freshwater turtles particularly in different
locations in Sindh. Noureen (2009) reported eight species
of freshwater turtles in Indus River system. Arshad and
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Noureen (2010) conducted a survey to identify the causes
of mass scale mortality of freshwater turtles downstream
Sukkur Barrage. Regarding illegal trading, Noureen et al.
(2012) investigated the consequences and status of
freshwater turtles in Pakistan. Recently, Khan (2015)
reported the distribution of freshwater turtles in Indus
Valley with morphology, natural history, and threats.
Habitat loss was found to be the major threat for all
species. Another study, Khan et al. (2015) described the
distribution and status of freshwater turtles in Sindh and
Khyber Pakhtun Khuwa (KPK). In this study, eight
species of freshwater turtles were recorded in Sindh and
population of turtles was estimated to be higher in Sindh
as compared to that in KPK.

Recommendations

The legislation for conservation of turtles should be
properly implemented. Distribution areas and hotspots
should highlighted. Community based awareness should
be utilized. Alternate livelihood opportunities should be
provided to local people to avoid fresh water turtle trade.
Major threats should be detected and resolved. Habitat
destruction should be discouraged. Export of parts of
turtles should be checked, and local markets should be
monitored to minimize the use of turtles in as pet trade.
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ABSTRACT

This paper relates to the first centenary of the prediction of the existence of gravitational waves by Albert Einstein in
1916 and their prediction was experimentally confirmed in 2016 in one hundred years after the prediction. This work
develops the theory of the wave propagation in the solids possessing the piezoelectric, piezomagnetic, and
magnetoelectric effects as well as the piezogravitic, piezocogravitic, and gravitocogravitic effects, and the other
exchange coeffects. Exploiting the quasi-static approximation in the theory of electromagnetism and
gravitoelectromagnetism, the thermodynamics and the coupled equations of motion are developed in the common form.
To simplify the problem of the wave propagation in these solids, the shear-horizontal (SH) wave propagation in the
transversely isotropic materials was then treated. Considering all the aforementioned effects and coeffects, the explicit
forms of the propagation velocities of the bulk and new surface acoustic waves (SH-BAW and new SH-SAW coupled
with four potentials) were theoretically obtained. This theoretical work has the additional purpose to stimulate
experimental measurements of all the necessary material parameters when a solid possesses all the effects and coeffects
including the ones from the theory of gravitoelectromagnetism.

PACS: 51.40.+p, 62.65.+k, 68.35.Gy, 68.35.lv, 68.60.Bs, 74.25.Ld, 74.25.Ha, 75.20.En, 75.80.+q, 81.70.Cv, 96.20.Jz,
04.30.-w, 04.90.+¢, 95.30.Sf
Keywords: transversely isotropic solids, piezoelectric and piezomagnetic effects, magnetoelectric effect and other

exchange effects, piezogravitic and piezocogravitic effects, new nondispersive SH-SAW.

INTRODUCTION

Before to start any description of very complicated
problem of wave propagation in solids possessing many
effects that can be taken into account, it is necessary to
fist review the history and evolution of the discovery of
different effects that can be revealed in the studied solids.
It is necessary to state right away that the studied solids
can simultaneously have the following known different
effects: piezoelectric, piezomagnetic, magnetoelectric,
piezogravitic, piezocogravitic, gravitocogravitic effects.
These solids can also possess several coeffects that can be
studied and discussed below. So, it is possible to review
the problems of wave propagation from simple to more
complicated.

The well-known piezoelectric effect can cause the
propagation of the shear-horizontal surface acoustic
waves (SH-SAWSs) in the transversely isotropic (6 mm)
piezoelectrics. This is the simplest case of SH-SAWSs
known as the surface Bleustein-Gulyaev (BG) wave
independently discovered by Bleustein (1968) and
Gulyaev (1969) in their developed theories to the end of

Corresponding author e-mail: aazaaz@inbox.ru

the 1960s. There is also the second SH-SAW theoretically
discovered by Bleustein (1968) for the other electrical
boundary conditions. This SH-SAW is frequently called
the surface Bleustein wave. However, the author of this
theoretical report can use the words of the slower and
faster surface BG-waves instead of the surface Bleustein-
Gulyaev wave and surface Bleustein wave, respectively,
to distinguish them from each other. The speeds of both
the SH-SAWSs must be slightly slower than the speed of
the shear-horizontal bulk acoustic wave (SH-BAW) and
the existence of the SH-SAWSs demonstrates the fact of
the instability of the SH-BAW for certain cuts and
propagation directions in suitable solids. Studying the
wave propagation in piezoelectrics, the well-known
equations of  electrostatics in the quasi-static
approximation are used because the speed of light is
approximately five orders faster than any acoustic wave
speed. The slower and faster surface BG-waves can also
propagate  in  piezomagnetics  possessing  the
piezomagnetic effect when the piezoelectric and electric
constants are substituted by the piezomagnetic and
magnetic constants, respectively. Here the equations of
magnetostatics in the quasi-static approximation are used
for the same reason mentioned above.
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There are also piezoelectromagnetics (magneto-
electroelastics) as a class of magnetoelectric materials that
can simultaneously possess both the piezoelectric and
piezomagnetic effects resulting in the existence of the
magnetoelectric effect. In these smart materials there is a
possibility to control the magnetic subsystem by changes
in the electric subsystem via the mechanical subsystem, or
vice versa. Smart transversely isotropic (6 mm)
piezoelectromagnetic (PEM) materials were only recently
exhaustively treated regarding to the problems of different
instabilities of the SH-BAW, i.e. the existence of various
SH-SAWSs when different electrical and magnetic
boundary conditions are applied. Indeed, the equations of
the electrostatics and magnetostatics must be also used for
the problem of wave propagation in
piezoelectromagnetics. There is the single review
(Zakharenko, 2013a) concerning the problems of the
wave propagation in piezoelectromagnetics. One decade
ago Melkumyan (2007) has discovered several SH
acoustic waves propagating in the transversely isotropic
piezoelectromagnetics. However, only three of them can
be called the Melkumyan SH-SAWSs: the surface
Bleustein-Gulyaev-Melkumyan  (BGM) wave, the
piezoelectric exchange surface Melkumyan (PEESM)
wave, and the piezomagnetic exchange surface
Melkumyan (PMESM) wave. The first Melkumyan PEM-
SH-SAW is called the BGM wave to have an analogy
with the surface BG-wave (Bleustein, 1968; Gulyaev,
1969). Following the theoretical work by Melkumyan
(2007), several new PEM-SH-SAWSs were also
discovered in theoretical work (Zakharenko, 2010;
Zakharenko, 2013b; Zakharenko, 2015a,b). It is now
possible to state that more than ten new PEM-SH-SAWSs
can propagate in the transversely isotropic
piezoelectromagnetics in contrast to two SH-SAWSs
existing in pure piezoelectrics or pure piezomagnetics.
This is due to the fact of competition of three different
effects mentioned above that can coexist in
piezoelectromagnetics. The magnetoelectric effect is
extremely weak effect compared with the piezoelectric or
piezomagnetic effect. However, it can cause a dramatic
influence on the existence of some new SH-SAWSs
(Zakharenko, 2015b).

It is obvious that any gravitational effect or relevant
exchange coeffect can be extremely weak similar to the
magnetoelectric effect. However, it is possible that
consideration of some extremely weak effects can
disclose the existence of some relevant new SH-SAWSs
that can propagate in the apt solids. Indeed, the
gravitational effect can be readily recordable when very
massive bodies (preferably solids) are treated. For
instance, in the two-body system such as Moon-Earth, a
slight but remarkable attraction of Earth surface towards
Moon can be experimentally observed when Moon is
orbiting Earth. Concerning the microworld when
microwaves are propagating in a bulk solid or on the solid

surface, it is thought that it is hard to record any changes
caused by extremely small possible perturbations of local
gravitational fields. Note that solids for the problem of
acoustic wave propagation are naturally treated as
continua but not discrete materials consisting of atoms.
So, it is necessary to theoretically demonstrate that in
solid continua some extremely weak gravitational effects
or some relevant coeffects can cause the existence of
some corresponding new SH-SAWSs. This can be similar
to the new SH-SAW existence caused by the extremely
weak magnetoelectric effect in piezoelectromagnetics.

For the purpose of a deep study of the influence of some
relevant gravitational effects on the existence of new SH-
SAWs, it is natural to exploit the known equations of the
gravitoelectromagnetism. These equations are similar to
the  well-known equations of electromagnetism
(Heaviside, 1893; Maxwell, 1954; Jefimenko, 1992;
Jefimenko, 2000; Jefimenko, 2006; Assis, 1994; Assis,
1999). One century ago, namely in 1916 Albert Einstein
has predicted the existence of gravitational waves in the
context of his theory of general relativity (Einstein, 1916).
It is also known that gravitational waves propagate in a
vacuum with the speed of light, namely the speed of the
electromagnetic waves. So, the quasistatic approximation
incorporating gravitational effects is fitting here as well.
Using the equations of the gravitoelectromagnetism
instead of the equations of the electromagnetism, one can
find that the final explicit forms obtained for the
propagating velocities in (Melkumyan, 2007; Zakharenko,
2010; Zakharenko, 2013a,b; Zakharenko, 2015a,b) can be
readily rewritten down. Indeed, the utilization of the
piezogravitic, piezocogravitic, and gravitocogravitic
effects instead of the piezoelectric, piezomagnetic, and
magnetoelectric  effects, respectively, results in a
substitution of piezoelectric, piezomagnetic, electric,
magnetic, and magnetoelectric constants by the
piezogravitic, piezocogravitic, gravitational,
cogravitational, and  gravitocogravitic  constants,
correspondingly.  However,  this  substitution is
questionable because anisotropic solids (monocrystals or
composite materials) can be piezomagnetics or
noncentrosymmetric piezoelectrics, or
piezoelectromagnetics. This can mean that it is necessary
to treat the gravitational exchange effects only in a coupe
with the electromagnetic effects. Figure 1 schematically
shows a solid continuum that can possess the mechanical,
electrical, magnetic, gravitational (gravitoelectric), and
cogravitational (gravitomagnetic) subsystems. Figure la
shows that there is an interaction between any two
subsystems somewhat directly (some exchange must
occur) and via the mechanical subsystem. Figure 1b
shows the simpler case when the gravitational or
cogravitational subsystem can interact with the electrical
or magnetic subsystem only via the mechanical
subsystem.
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Cogravitational
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Gravitational
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Fig. 1. The schematic demonstration of possible connec-
tions among the used subsystems such as the mechanical,
electrical, magnetic, gravitational, and cogravitational
ones: (a) there is an interaction between each pair of
subsystem via the mechanical one and (b) the electrical
subsystem can interact only with the magnetic subsystem
(or vice versa) via the mechanical one and the
gravitational subsystem can interact only with the
cogravitational one (or vice versa) via the mechanical
one.

Scientists have recently measured the gravitational
equivalent of a magnetic field for the first time in a
laboratory under certain special conditions. This effect is
much larger than expected from general relativity. In

general, scientists preferably study gravitational fields
passively by observing for grasp of existing gravitational
fields produced by large inertial masses such as stars or
planets and there is no ability to change them, for
instance, with magnetic fields. In his publication Fiizfa
(2016) has described one revolutionary approach for the
creation of gravitational fields from well-controlled
magnetic fields and observing how these magnetic fields
could bend space-time. He has proposed a theoretical
device based on superconducting electromagnets (modern
technologies exhaustively used at CERN or the ITER
reactor) for creation of detectable gravitational fields. It
could disclose many new applications, for instance, in
telecommunications with gravitational waves. The ability
to produce, detect, and control gravitational fields would
certainly be a major achievement in modern physics. So,
scientific interest in the problem of interactions between
the gravitational and electromagnetic waves continuously
increases, for instance, see in (Hegarty, 1969; Kleidis et
al., 2010; Forsberg et al., 2010). The great interest in the
problem of the gravitational wave detection can be
supported by the fact that the European Space Agency
(ESA, the European Union) together with the National
Aeronautics and Space Administration (NASA, the
United States) have collaborated a series of expensive
space experiments called the Laser Interferometer Space
Antenna (LISA). The LISA is a proposed space-based
piezoelectric device (Mohle, 2013) for gravitational
waves’ detection in the low frequency range from 0.1
mHz to 1.0 Hz that is not accessible by ground-based
detectors. However, this expensive space journey has lost
any financial support by the NASA. Also, in February,
2016, it was reported by Professor Dr. David Reitze, the
executive director of the LIGO (Laser Interferometer
Gravitational-Wave Observatory) that the gravitational
waves were detected by the LIGO (Abbott et al., 2016). It
is obvious that the theoretical work developed in this
report does not require a multi-billion USD financial
support and can be developed at an Earth laboratory, even
in the International Space Station, Moon, or Mars.

The following section deals wth the thermodynamic
description of a piezoelectromagnetic bulk material when
the gravitational and cogravitational forces are also taken
into account. The third section provides both the
differential and tensor forms for the coupled equations of
motion concerning the case of the shear-horizontal wave
propagation. The fourth section discusses the boundary
conditions that can lead to the existence of new surface
SH-waves.

Thermodynamics

It is natural to consider a bulk solid continuum that
simultaneously possesses the piezoelectric,
piezomagnetic, and magnetoelectric effects. It is natural
to assume that the gravitational (gravitoelectric) and
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cogravitational (gravitomagnetic) forces must be also
considered. This complex continuum can be
thermodynamically described by means of suitable
thermodynamic variables and functions. Indeed, it is
necessary to choose a thermodynamic potential to
properly  describe thermo  gravitocogravitoelectro-
magnetoelastic interactions in the continuum. It is
preferable for this case to cope with the thermodynamic
potential called enthalpy H, to obtain adiabatic rather than
isothermal conditions. It is well known that an adiabatic
process can be characterized by the constant entropy, S =
Sy = const, and this thermodynamic variable illuminates a
level of disorder in the system. Treating a linear case, it is
possible to consider only linear terms in a Taylor series
for the enthalpy H. relative to an equilibrium condition
He(Sp). It is apparent that S = Sy = const actually gives
zero change, namely dS = 0. So, this thermodynamic
variable can be excluded from the further analysis, for
instance, see in Zakharenko (2010).

For this case, these linear terms in a Taylor series for the
suitable thermodynamic potential can contain the
following thermodynamic variables frequently written in
the tensor forms: strain v, electrical field E;, magnetic
field H;, gravitational (gravitoelectric) field GE;, and
cogravitational (gravitomagnetic) field GH;, where the
indexes i and j run from 1 to 3. Energetic terms of such
complex system described by a thermodynamic potential
can be naturally coupled with the following subsystems
shown in Figure 1. elastic subsystem (thermodynamic
variable z;), electric subsystem (variable E;), magnetic
subsystem (variable H;), gravitational subsystem (variable
GE;), cogravitational subsystem (variable GH;) and
thermal subsystem (entropy S).

Therefore, for the fitting thermodynamic potential T, one
can write the following: T = f(z,,E,,H,,GE,,GH,,S)

and  dT = f,(dz,,dE, ,dH,,dGE, ,dGH,,dS =0).

Next, it is natural that for the problem of acoustic wave
propagation in such continua, it is preferable to use the
following thermodynamic functions: stress oy, electrical
displacement (induction) D;, magnetic displacement
(induction or flux) B;, gravitational displacement
(gravitoelectric induction) GD;, and cogravitational
displacement (gravitomagnetic induction) GB;. These five
thermodynamic functions depend on five independent
thermodynamic variables described above as follows:

o; = fi(rq,E(. H, . GE,,GH,),
D, = fZ(TkI’Ek' Hk,GEk,GHk),
B = f3(TkI’Ek'Hk1GEk)GHk)|
GD, = f4(TkI’Ek' Hk,GEk,GHk),
GB, = f,(zy,E, Hy,GE,,GH, ).

In this linear case, the coupled constitutive relations can
be therefore written as follows:

05 = CijkITkI _ekijEk _hkink - gkijGEk - fkijGHk 1)

ij
D, =eu7y + & B + oy H + G GE, +&,GH, (2)
B, =hy 7 + By + 14Hy + B GE + 4,GH, (3)
GD,; = g7y +SuEe + By H\ +7,GE, +4,GH, (4)
GB; = fiyzy +SiEv + AuH + 9 GE +7, GH, (5)

In expressions from (1) to (5), the used indices i, j, k, and
I run from 1 to 3. The first equation indicates that the
mechanical thermodynamic function such as the stress o
also depends on the corresponding factors at the
independent thermodynamic mechanical (), electrical
(E)), magnetic (H;)), gravitational (GE;), and
cogravitational (GH;) variables. These factors represent
the corresponding proportionality coefficients for the
linear case and are thermodynamically defined below.
They are called the elastic stiffness constants Ciy,
piezoelectric constants e, piezomagnetic coefficients hy;,
piezogravitic ~ constants gy, and  piezocogravitic
coefficients fi.

In equations (2) and (3), the thermodynamic functions
such as the electrical and magnetic displacements (D; and
B;) also depend on the corresponding factors at the
thermodynamic variables and they can be divided into
two groups. The first group is for the dielectric
permittivity  coefficients (electrical constants) &,
magnetic permeability coefficients (magnetic constants)
Lik, and electromagnetic constants a;.. The second group is
for the following exchange tensors: material exchange
constants (i, &, Bk, and i that symbolize possible
exchanges between the electrical and magnetic
subsystems on one side and the gravitational and
cogravitational subsystems on the other side. It is
necessary to keep in mind that these exchange tensors
must be nonzero even in the case when their possible
values are very small. However, these small material
parameters must be taken into account in the common
case shown in figure 1a and can be neglected for the case
shown in figure 1b. It was found that consideration of
very small but nonzero material parameters can be very
important. This fact was demonstrated in work
(Zakharenko, 2010; Zakharenko, 2013b; Zakharenko,
2015a,b) concerning the wave propagation in
piezoelectromagnetics when the extremely small
electromagnetic constant « can cause the existence of
several new SH-SAWSs. In the common case, the tensor of
the electromagnetic constants aj is non symmetric in
contrast to the symmetric tensors of the electrical ¢ and
magnetic g constants. However, for the cubic and
transversely isotropic (6 mm) materials the tensor a;. is
symmetric (Schmid, 2008; Rivera, 2009). This symmetry
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can be also applied to other exchange tensors such as (i,
&k Pis and A in the first approximation, assuming that
the values of the material parameters of the tensors can be
very small. Similar to the exchange between the electrical
and magnetic subsystems characterized by the tensor of
the electromagnetic constants a; there must also exist an
exchange between the gravitational and cogravitational
subsystems. This exchange is taken into account by the
presence of the exchange tensor 9y in equations (4) and
(5). The tensor 9y can be called the tensor of the
gravitocogravitic constants and it is possible to assume
that the tensors aj and 3 can be symmetric for the same
materials. Equations (4) and (5) also contain the tensors of
the gravitic and cogravitic constants, yx and 7,
respectively. It is possible to require that they are
symmetric similar to the tensors of ¢ and .

In five equations written above, the first independent
thermodynamic variable such as the strain tensor z;; can be
defined by the following well known relation between the
strain and the mechanical displacements for small
perturbations: 7, :0_5(aui/axj+auj/axi), where the

indices i and j also run from 1 to 3. So, this relation
represents the dependence of the strain tensor components
7j on the corresponding partial first derivatives of the
mechanical displacement components U,, U,, and Uz with
respect to the real space components Xy, X,, and xs. Each
mechanical displacement component is directed along the
corresponding real space component for the rectangular
coordinate system shown in Figure 2.

X3

X
1 Xy

The transversely isotropic
material of 6 mm class

Fig. 2. The rectangular coordinate system. The coordinate
beginning is situated at the vacuum-solid interface. The
propagation direction is managed along the x;-axis. The
surface normal is directed along the xz-axis. The 6-fold
symmetry axis of the studied transversely isotropic (6
mm) material is parallel to the x,-axis.

In equations from (1) to (5), the other independent
thermodynamic variables such as the electrical field E;,

magnetic field H;, gravitational field GE; and
cogravitational field GH; can be also defined by
corresponding partial first derivatives. Using the

corresponding potentials (electrical potential ¢, magnetic
potential v, gravitational potential @, and cogravitational
potential ¥) in the quasi-static (irrotational field)
approximation, the components of all the fields are

determined as the following partial first derivatives with
respect to the real space components Xi, X, and Xs:

E, =—0p/0X;, H,=-0w/ox, GE, =-0®/oX,
GH, =—0%/ox; - It is natural to exploit the quasi-static

approximation when all the derivatives with respect to the
time t in the corresponding Maxwell equations of
electromagnetism (or the corresponding equations of the
gravitoelectromagnetism) are omitted because the speed
of the electromagnetic (or gravitational) wave is
approximately five orders larger than the speed of any
elastic wave (Dieulesaint and Royer, 1980; Auld, 1990;
Zakharenko, 2010).

In the constitutive relations from (1) to (5), all the
material tensors such as Cijkl: Exijs hkij: Okijs fkij! Eiky MUiks ik
Yiks  Hiks i G Siks ﬁik: Aik can be thermOdynamica"y
expressed. For the thermodynamic definition of the elastic
stiffness constants Cjjq, these material parameters can be
naturally defined from expression (1) as follows:

60'ij
Cijkl =

ory

(6)

jE,H ,GE,GH =const

Thermodynamic definition (6) of the elastic stiffhess
constants Cjy states that they can be determined at
constant  electrical, magnetic, gravitational, and
cogravitational fields. Symmetry arguments allow some
simplifications of the quantity of the Cjq because the
stress and strain tensors are symmetric: ¢ = o5 and 7; =
7ji. Therefore, the stiffness tensor Cjq must also possess a
corresponding degree of symmetry resulting in the
following simplifications:

Cijkl = Cklij = Cjikl = Cklji = Cijlk = Clkij = Cjilk :Ciji ()
Using Voigt’s notation, (3x3x3x3) tensor form (6) for the
elastic stiffness constants Cjyq can be rewritten in a form
of (6x6) symmetric matrix (Dieulesaint and Royer, 1980;
Auld, 1990; Zakharenko, 2010). The transformation
procedure of a tensor form into a matrix is wellknown.
For this purpose, the following rules are used for the
indices: 11 —» 1,22 52,33 - 3,23 54,13 -5 5,12 —
6 and therefore, ijkl — PQ and Cjjq — Cpq, Where the
indices P and Q run from 1 to 6.

With equations from (1) to (5), the thermodynamic
description of the piezoelectric constants e,
piezomagnetic coefficients hy;, piezogravitic constants
0w and piezocogravitic coefficients fg can be
correspondingly given by the following definitions:

Ci = _Lao-ij j =€y = [ D, J (8)
aEk z,H,GE,GH =const aTkI E,H,GE,GH =const
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0o )
hijk = _[ % ] =hy = [GB,J ®)
oH k /r,E,GE,GH =const aTk‘ E,H,GE,GH =const
0o 0GD,
Qijk :_(8GEJ J =0Oin :( P J (10)
k /z,E,H,GH =const Tu E,H,GE,GH =const

0o; '
f - _(%J _t, :(%BJ (11)
aGHk ,E,H,GE=const aTkl E,H,GE,GH =const

It is necessary to state that the quantities of the tensors
Nuij, €wij, Okijy and fi; can be decreased. The symmetry
arguments such as o = o5 and 7; = 7; can also
demonstrate the corresponding degrees of symmetry for
the hyj, €wij, Owij, and fi. The symmetry influences allow
the existence of the following equalities:

€ = Cik = Cyi = Cjix (12)
he; =My =hg =hy (13)
Oyii = Yijk = i = Gijix (14)
fis = fi = figi = Fiac (15)

Exploiting Voigt’s notation, all of the (3x3x3) tensor
forms for the hyj, ey, gyij, and fii; can be then rewritten as
the asymmetric (6x3) or (3%6) matrices: e; — €xp OF €jj
— €pk, Niij — hyp O i — iy, Giij — ke OF Tijk — pkr Fi
— fip or fijjx — fpy, Where the index P runs from 1 to 6.
Next, the rest material tensors such as e, ik @ik Yk Hiko
Jiks G Siks Pk Lik can be divided into three groups. The
first group (e, uik @) is for the electrical and magnetic
subsystems and their interaction. The second (yik, 7k, Jik)
is for the gravitational and cogravitational subsystems and
their interaction. Thus, the third group contains the rest
four exchange tensors. With the first group, the
thermodynamic definitions for the dielectric permittivity
coefficients ¢y, magnetic permeability coefficients g,
electromagnetic constants aj (see equations (2) and (3))
read:

D.
Ey = (L] (16)
aEk 7,H,GE ,GH =const
OB,
Hi = (GHI ] (17)
k /r,E,GE,GH =const

(297 :( aDI J = (%J (18)
oH k /r,E,GE,GH =const aEk 7,H,GE,GH =const

In the thermodynamic relations (16) and (17), the
constants & and wj represent symmetric tensors of the
second rank (matrices): g, =¢; and g, =, - It is also

natural to treat o, = a because it is symmetric for the

cubic and transversely isotropic (6 mm) materials
(Schmid, 2008; Rivera, 2009). Indeed, the components of
the tensors e, wik, and aj are naturally written as (3x%3)
matrices (Schmid, 2008; Rivera, 2009; Zakharenko,
2010).

With expressions (4) and (5), the second group of the
material tensors of the gravitic constants y; and cogravitic
constants #z; can be also written as (3x3) symmetric
matrices: y, =y, and . =, . Also, it is possible also

to treat the tensor of the gravitocogravitic constants 3; as
symmetric for cubic and transversely isotropic (6 mm)
materials. The thermodynamically defined as follows:

0GD.
Vik :(GGEIJ (19)
kK /z,E,H,GH =const
0GB:
M = (GGHI j (20)
k /z,E,H,GE=const

19ik :( aGDi ] = ( aGBi J (21)
aGHk 7,E,H,GE=const 8GE|< ,E,H,GH =const

In the rest third group there are four exchange tensors
such as i, S Bk Ak They are present in expressions
from (2) to (5) of the constitutive relations and manifest
possible  exchange  mechanisms  between  the
electromagnetism and gravitoelectromagnetism. One has
to be sure that some exchange occurs because there are
recently performed experiments (Fuzfa, 2016) in a
laboratory on Earth concerning the evidence of creation of
gravitational fields from well-controlled magnetic fields.
So, it is even possible to require that the exchange tensors
Gk i Pike @and Ay must be also symmetric at least for the
cubic and transversely isotropic (6 mm) materials. This
requirement is enough for this study because it deals for
simplicity with the 6 mm hexagonal materials.
Consequently, the rest exchange tensors are
thermodynamically defined as follows:

D. D,
aGE 7,E,H,GH =const 7,H,GE,GH =const
( (GGB 23)
7,E,H,GE=const 7,H,GE,GH =const

6 k /z,E,H,GH=const k r,E,GE ,GH =const

( J _[2cB 5)
aGHk 7,E,H,GE =const

7,E,GE,GH =const

UJITI

CD

6Hk
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This study deals with wave propagation in anisotropic
solid continua, i.e. crystals. This means that the
propagation velocity must be different for different
propagation directions in crystals. In general, all the
material parameters are obtained in a crystallographic
coordinate system that can naturally provide minimum set
of independent material constants for simplicity. This
study relates to surface acoustic SH-wave propagation
coupled with all the potentials (electrical potential ¢,
magnetic potential , gravitational potential &, and
cogravitational potential ¥) in such smart materials.
However, surface SH-waves can be supported only in
suitable propagation directions. It is necessary to rotate
around the x;-axis, X,-axis, or Xs-axis in order to obtain a
new propagation direction in the new suitable coordinate
system called the work coordinate system. The new
propagation direction must be directed along the x;-axis in
the work coordinate system. This situation requires a
recalculation of all the values of the independent material
constants. Therefore, the number of independent material
constants and their values must be recalculated. It is
obvious that the values of the new material constants are
obtained using the values of the old ones. Exploiting the
rules for tensor transformations (Dieulesaint and Royer,
1980; Auld, 1990; Zakharenko, 2010), some new values
of the material constants with the indexes i, j, k, and | can
be obtained by application of the transformation matrices
such as aim, ajn, akp, and ay to the original values of the
material constants with the indexes m, n, p, and g.
Therefore, the transformation formulae for all the material
tensors introduced above read:

Cija = Qim@n845810Crpq (26)
€ = 3im@n 3o Cmp @7)
h.. = 2,2, N (28)
Oijk = Qin@jn Qo Ynp (29)
fix = Q@0 fanp (30)

=8 @jnm (31)
My = Qi@ Mgy (32)

= 8@, Ay (33)
7ij = Q@0 mn (34)
Mij = Qi@ T (35)
3 = @y, (36)
Cii = @in@inCim (37)
i = Qim@jnSmn (38)
By = &inay fmy (39)
A = 8804, (40)

So, all the properly transformed material constants given
by transformations from (26) to (40) will be used in the
following section. The following section provides both
the differential and tensor form of the coupled equations
of motion. The equations of motion must be resolved for
construction of apt boundary conditions’ determinants for
determination of propagation velocity. To obtain the
propagation velocity based on the thermodynamic
principles developed in this section is the main purpose of
this theoretical investigation.

Coupled equations of motion

One of the common work tools in the physical acoustics is
the application of the quasi-static approximation because
the speed of the electromagnetic wave or gravitational
wave is approximately five orders larger than the speed of
any acoustic wave. Indeed, the acoustic waves
propagating in solids are extremely slow in comparison
with the electromagnetic (or gravitational) wave
propagating in the same material. However, propagation
of the acoustic waves in suitable solid continua can be
naturally coupled with the electrical (¢), magnetic (),
gravitational (@), and cogravitational (%) potentials in the
quasi-static approximation. Using the four field equations
of his electromagnetic theory, Maxwell has creatively
formulated the laws of electrostatics, magnetostatics, and
electromagnetism. The electrostatic and magnetostatic
equilibrium equations can be written using the differential
forms of the corresponding Maxwell equations which can
be written as follows: divD=0 and divB=0. The
first equality with the electrical displacement vector D
represents Gauss’s law without free charge and currents
and the second equality represents a divergence of the
magnetic displacement vector B. Using the analogy
(Heaviside, 1893; Maxwell, 1954; Assis, 1994; Assis,
1999; Jefimenko, 1992; Jefimenko, 2000; Jefimenko,
2006) between the electromagnetism and
gravitoelectromagnetism, it is possible to write down the
gravitostatic (gravitoelectrostatic) and cogravitostatic
(gravitomagnetostatic) equilibrium equations for the
studied case as follows: divGD=0 and divGB=0,
where GD and GB are the gravitational (gravitoelectrical)
and cogravitational (gravitomagnetic) displacement
vectors, respectively.

Further exploitation of the analogy between the
electromagnetism and gravitoelectromagnetism, the
governing electrostatic, magnetostatic, gravitostatic, and
cogravitostatic equilibrium equations can be respectively
exposed in the following differential  forms:

oD, /ox, =0, 0B, /ox, =0, oGD,/ox, =0 and
0GB, /0x; =0. These equations represent the partial

first derivatives of the electrical, magnetic, gravitational,
and cogravitational displacement components (i.e. D;, B;,
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GD;, and GB;, respectively) with respect to the real space
components x;, where the index i runs from 1 to 3.
Besides, the governing mechanical equilibrium equation
is also written as the following partial first derivative of
the stress tensor components o; with respect to the

components x; (i and j run from 1 to 3): 0o, /8Xj =0.

In the theory of the wave motions of a solid material in
dependence on time t, equations of motion can be
described by the following common form (Dieulesaint
and Royer, 1980; Auld, 1990; Zakharenko, 2010):

doy 0%,
= p 2
OX: ot

J

(41)

where p is the mass density of the bulk solid continuum.
On the right-hand side in equation (41), the partial second
derivatives of the mechanical displacement components
U; with respect to time t represent corresponding
accelerations with the dimension of m/s?.

In addition to equation of motion (41), it is necessary to
account the electrostatics, magnetostatics, gravitostatics,
and cogravitostatics in the quasi-static approximation:

%zo,%:o,aGDizo, L=0 (42
OX; OX; OX OX;

] ]

It is obvious that equations (41) and (42) represent the
coupled equations of motion in the differential form. The
coupled equations of motion can be readily rewritten in
the corresponding expended forms when the mechanical
displacements U;, electrical potential ¢, magnetic
potential v, gravitational potential &, and cogravitational
potential ¥ are exploited. These four potentials are
defined in the context above equation (6). Utilizing these
four potentials for equations from (1) to (5), equations
(41) and (42) take the following expanded forms:

o°U. o°U 0’
P—7 = Cijkl L+ €yij g
ot OX;OX, OX 0%,
(43)
oy 0’d o'y
+h axox Jagac T e gk
O iO%% i
0°U 0°
0= Ciii - Eij 4
OX;0X; OX;OX;
2 2 2 (44)
0%y 0’® o2y

i oxox, - axox, e OX,0X,

2 2
0 =hy, oY, — ) op
OX;0X; OX;OX;
0° o0’d R 4 “)
— Hjj v _ﬂij _ﬂ’ij
OX;0X; OX;OX; OX;OX;
oU o%p
O0=aq. k _ /o
Ji OX,0X, i OX,0X,
0? 0’d oy )
_ﬂij v —7jj _'9ij
OX;OX; OX;0X; OX;0X
2 2
Ozfijk 00, _§ij ¢
OX;OX; OX;0X
2 2 2 (47)
oy o“p oy

) 9 —n.
Yoxox; " oxox, i OX;0X

In equations from (43) to (47), the indexes i, j, k, and | run
from 1 to 3. These five homogeneous equations represent
partial differential equations of the second order. They are
actually seven equations because equation (43) can be
also written in the form of three equations corresponding
to the mechanical displacement components U;, U,, and
Uz. These coupled equations of motion constitute the
wave propagation in a suitable solid continuum
possessing the piezoelectric, piezomagnetic,
piezoelectromagnetic, piezogravitic, piezocogravitic,
gravitocogravitic effects and the other coeffects.

Next, it is convenient to further deal with the well known
tensor form of the coupled equations of motion that can
be obtained from the differential form written above. First
of all, it is required to state that these homogeneous
partial differential equations of the second order written
above must have natural solutions in the plane wave
forms (Dieulesaint and Royer, 1980; Auld, 1990;
Zakharenko, 2010). Therefore, these solutions read:

U, =Uexp[j(kx, +k,x, +kyx; —at)] (48)
where the index | runs from 1 to 7.

In solutions (48) there is the following: U, = U; for I =i =
1,2,3;Us= 9, Us =y, Us = ®dand U; = ¥. Also, U, j =
(-1)"2, and w stand for the initial amplitudes, imaginary
unity, and angular frequency, respectively. The angular
frequency w is defined by the linear frequency v: w = 2mv.
The values of U;°, U,®, U, U2 = ¢° Us® = 0, Uy = &°,
and U;® = ¥ called the eigenvector components should be
determined further. In (48), the parameters ki, k,, and ks
represent the components of the wavevector k directed
towards the wave propagation:
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(kl, kz,k3)= k(nl, n,, ns), where ng, n,, and n; are the

directional cosines, namely n; =1, n, =0, and nz =na. It is
worth noting that the wavenumber k in the direction of
wave propagation is coupled with the wavelength A as
follows: k2 = 2m.

It is transparent that the utilization of solutions (48) and
the directional cosines for the differential form of the
coupled equations from (43) to (47) can actually lead to
coupled equations written in a tensor form. These
homogeneous equations can be naturally written in the
following compact form of the well-known Green-
Christoffel equation (Zakharenko, 2010):

(GLIJ —0y prh)Jlo =0 (49)

where the indices I and J run from 1 to 7 and the phase
velocity is defined by V , = w/K .

In equation (49), GL,; stands for the components of the
modified tensor in the well-known Green-Christoffel
equation (Zakharenko, 2010). 6, represents the Kronecker
delta-function with the following conditions: ¢,; = 1 for |
:J<4,5|J:0f0r|#J,and544:555:566:577:0. Itis
also fundamental to state that the symmetric modified
Green-Christoffel tensor GL,;, i.e. GL,; = GLy, can have
only 28 independent tensor components. Compact form
(49) represents the common problem for determination of
the eigenvalues and eigenvectors. In this case, the suitable
values of nz for the corresponding phase velocity
represent the eigenvalues and a corresponding eigenvector

(RUATRU SRV EARU ST
should exist for each of the suitable eigenvalues.

However, this report relates to the study of the SH-wave
propagation and therefore, only suitable several equations
must be used from common compact form (49)
corresponding to fitting propagation directions. According
to excellent books (Dieulesaint and Royer, 1980; Auld,
1990), it is possible to find high symmetry propagation
directions in crystals relating to all classes of symmetry,
but the lowest triclinic symmetry. In such propagation
directions, tensor form (49) can consist of two
independent sets of homogeneous equations due to the
fact that some GL-tensor components can become equal
to zero when acoustic waves propagate in certain
directions on certain cuts. In some certain directions
(Dieulesaint and Royer, 1980; Auld, 1990) of wave
propagation, the in-plane polarized waves can be coupled
with the four potentials (electrical ¢, magnetic v,
gravitational &, and cogravitational ¥ potentials) and the

anti-plane polarized (SH) waves represent purely
mechanical waves. Therefore, the corresponding
eigenvectors are respectively written as follows:

(Uf,US,Uj,UQ,US,US) and (US) In the other
certain directions (Dieulesaint and Royer, 1980; Auld,
1990), the in-plane polarized waves represent purely
mechanical waves and the anti-plane polarized (SH)
waves can be coupled with the four potentials. This case

corresponds to the following eigenvectors: (Ulo,Ugo) and
(VERVERVINVIRVEN}

This study has an interest in investigation of the pure SH-
waves in the suitable high symmetry propagation
directions in the transversely isotropic materials of class 6
mm. There are certain cuts and certain propagation
directions in such materials (Dieulesaint and Royer, 1980;
Auld, 1990; Gulyaev, 1998; Zakharenko, 2010) in which
the propagation of the pure SH-waves can be coupled
with the four potentials. Figure 2 shows the suitable
propagation direction managed along the x;-axis in the
work coordinate system (Xy, X,, X3) in which the six fold
symmetry axis is directed along the x,-axis. The work
coordinate system was obtained from the original
crystallographic coordinate system (x’1, x5, x’3) in which
the six fold symmetry axis is directed along the surface
normal. In this case, the SH-wave has the mechanical
displacement component U, directed along the x,-axis. In
the studied propagation direction, it is unnecessary to
expand compact tensor form (49) because it actually
decomposes into two independent parts and there is only
an interest in the part corresponding to the pure SH-wave
propagation.

Dealing only with the suitable GL-tensor components of
compact tensor form (49) representing the coupled
equations of motion, the SH-wave propagation coupled
with the four potentials can be then expressed by the
following five homogeneous equations:

GL,, - przh GL,, Gl, GL, GL, |U;
GL,, GL, GLs GLg GL, |U;
GLs, Gly, Glg Glg Gly |Ug |=
Gl Gly, Glg Gly Glg |Ug
GLy, GL, GLly Gly Gl \U;

C[m—(\/ph/vm)z] em hm gm fm JU°) (O
em —em —am —¢m -&m| ¢’ | |0
hm —am —m —-pm —im|y°|=|0
gm —¢m —-pm —m -9m|®°| |0
fm -&n —im -9m —mm)\¥°) (0

(50)

where  m=1+n} and (Uo,gpo,l//o,cbo,‘}’o)

=(Us.Ug. UL, UL U2).
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In equation (50), the independent material constants for
the case are C = Cus = Cqg, € = €16 = €34, h= h16 = h34, g=
O16 = Qaa, T =Tig = Tag, e = &10 = €33, 0 = pt11 = gz, @ = 0oy =
033, Y = Y11 = Y33, 1 = N11 = 133, § = 911 = Fa3, (= (11 = (33, €
=¢n = &g, f = Pu = P A = Au = Ass. The suitable
eigenvalues n3 = ks/k can be found when the determinant
of the coefficient matrix in equations (50) equals to zero.
Therefore, it is possible to write down this determinant of
the coefficient matrix already in the following convenient
form consisting of five cofactors:

S LI
em -& —a —-¢ &
hm -a —u -p -4 (51)
gm ¢ =B -r -8
fm -& -4 -9 -7

xmxmxmxm=0
The first factor representing the determinant in equation

(51) is quite complicated and the rest ones give the
following four pairs of identical eigenvalues:

1,2 3,4 5,6 7,8 H
ng"? =ng? =nP® =nf'® =1j (52)

Expanding the determinant in equation (51) leads to the
following fifth pair of the eigenvalues:

néQ,lO) = ij\/]'_ (Vph /Vtemgc )2 (53)
where

Vtemgc = C/p(1+ Kezmgc )1/2 (54)
K = )

A =e*(uym +2p29 - 'y - B - 9u)

+h?(eyn + 2069~ F2e — - &)

+ gz(gy17+ 2a§/1—/128—a217—§2y)

+ 12 euy +20B8 - e —aty - )

+ 2eh(Fa + B + Ei—ayn - A9 -£B9)  (56)
+2eg(afn + ¢ + EQu—aA8 — Cun — EBA)

+ 2ef (apd + Cu + P& — a9 —CBA - Euy)
+2hg(eA9 + Can + E B — enf— CAE — E9ar)

1+ 2hf(g89+ £2A+ Eay — ehy — (9o — ECB)

+20f (eBA+ a9+ Eul — eud - alh — aPpE)

A = C(sy—aZXyn—Qz)
+C(B267 ~ &2y - Bren)+ C(2#¢% ~ Py~ un)
+2C(yalA+nafl + ePAd+ ulES — CEPA — aldd — afEd)

(57)

Expressions (54) and (55) represent the definitions for the
four-potential shear-horizontal bulk acoustic wave (4P-
SH-BAW) and the coefficient of the
electromagnetogravitocogravitomechanical coupling
(CEMGCMC), respectively. This coefficient can be
dramatically reduced for the case of {=0,¢=0,8=0,4=
0 when there is no direct exchange between the electrical
(magnetic) subsystem and gravitational (cogravitational)
subsystem. The reduced coefficient reads:

*2 2 2
Kemge = Kem + Ky

emgc

e’ +éh? —20eh g’ + % —299f (58)

C(g,u—az) C(yn—@z)
where
K2 = 1% + eh? —20eh
o C(g,u—az)
(59)
_eleu—ha)-hlea—-he) eM,-hM,
- C(g,u—az) - CM,
» 19’ +f7-29f
Ko = 2
Clym-9°) )
_9(gn-f9)-f(g9-fy) _ gMs - M,
C(yn—&‘z) CM,

Definitions (59) and (60) stand for the coefficient of the
magnetoelectromechanical coupling (CMEMC) and the
coefficient of the gravitocogravitomechanical coupling
(CGCMC), respectively. They depend on the following
corresponding coupling mechanisms:

M, =ea—he (61)
M, =eu—ha (62)
M, =su—-a’ (63)
M,=99- fy (64)
M,=gn—- 9 (65)
Mg =y -9 (66)

The coupling mechanisms M;, M,, and M3 are discussed
in (Zakharenko, 2013c) and the others are introduced in
this study. Using reduced coefficient (58), the reduced 4P-
SH-BAW speed can be inscribed as follows:
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Vtemgc Y, C/p(1+ K:rigc (67)

With known eigenvalues (52) and (53), it is now possible
to find all the suitable eigenvectors. This is a quite
complicated problem. Therefore, the appendix below lists
all the suitable eigenvectors. The reader can find in the
appendix that there are several suitable cases. Using the
eigenvalues and the corresponding eigenvectors, it is
possible to write down the complete parameters based on
expression (48) and to exploit them in the apt boundary
conditions. This is the purpose of the following section.

Boundary conditions leading to new SH-SAW

First of all, based on definition (48), it is indispensable to
write down the explicit forms for the following complete
parameters in the plane wave forms: the complete

mechanical displacement UZ‘ =U*, complete electrical
Us=9",

complete gravitational potential U

complete magnetic potential

z z
6:¢v

potential

z z
Ug =y~
and complete cogravitational potential U;2 =¥ These

complete parameters are very important and used further
to construct the determinants of the boundary conditions.
These complete parameters can be naturally introduced in
the following forms:

U;=U*= Y FOU® exp[j(klx1 +KyXy + KX, — a)t)]
s=1,3,5,7,9
= FU°® exp[jk(x, +n®x, -V )]+ F,U % exp[jk (x, +n®x, -V t)]
(68)
Ui =9 = D FOUL exp[j(klx1 +k,x, +kEx, —a)t)]
s=1,3,5,7,9
=Fe"® exp[jk(x1 +n{x, - )]+ Fp"® exp[Jk(x +n{x, -V t)]
(69)
Us =y*= Y FOUW exp[j(klx1 +KyX, + k% — a)t)]
5=1,3,5,7,9
=Fy® exp[jk(x1 +n{x, - )]+ Fy exp[Jk(x +nx, -V t)]
(70)
> Ry exp[j(klx1 +KyXy + kX, — a)t)]

s=1,3,5,7,9

=Fo'® exp[jk(x1 +n{x,

Us =" =

—Vpht)]+ F,@°® exp[jk(x1 +n{Ix, —Vpht)]
(71)

Uy=v*= Y FOU® exp[j(klx1 + K, %, + k%, —a)t)]

$=1,3,5,7,9
=Fyp°® exp[jk(x1 +n{x, -V )]+ F,2° expljk(x, +n®x, -V t)]

(72)
where F = F® + F® + F® + FD and Fy = FO,

It is clearly seen in the complete parameters written above
that one deals here with a five-partial wave because each

complete parameter must be formed by five terms due to
the summation over the index s = 1, 3, 5, 7, 9. This
summation corresponds to five suitable eigenvalues of ten
defined by expressions (52) and (53). The suitable
eigenvalues n; are those with a negative sign (x; < 0 in the
solid shown in Figure 2. In order to have the wave
damping towards the depth of the solid because this report
has an interest in a study of surface wave propagation
localized at the interface between two different continua,
namely a vacuum and the solid. This is usual thing for
investigation of surface wave propagation in solids
(Dieulesaint and Royer, 1980; Auld, 1990; Zakharenko,
2010). So, for these five-partial waves there are the
following five weight factors F®, F® F® F© and F©,
The complete parameters depend on them. However, it is
clearly seen in expression (52) that there are four identical
eigenvalues n; and they will give the same eigenvectors.
As a result, all the complete parameters can be written
down in convenient and simplified forms with only two
weight factors such as F and Fq defined right away after
expression (72). With F and F, it is possible to conclude
that these five-partial waves can be introduced as some
hidden two-partial waves. This fact can be used further
for determination of the propagation velocity of the
acoustic waves coupled with the four potentials: four-
potential shear-horizontal surface acoustic wave or 4P-
SH-SAW.

The boundary conditions used in this theoretical report
relates to the interface between a vacuum and the solid.
The mechanical boundary condition for the mechanical
subsystem is the mechanically free surface of the solid,
i.e. the normal component of the stress tensor oz, must
vanish at the interface between the solid surface and a
vacuum: osp(x3 = 0) = 0. Using expression (1), this
condition reads:

Op= S FOCkEU +ek® % +hky O + gk P 4 kPP |

s=13,57,9

=0

The electrical boundary condition for the electrical
subsystem is that the electrical potential must vanish at x;
=0,ie p= ZF(S) %) — 0 representing the electrically
s=1,3,5,7,9
closed case (Al’shits et al., 1992). The magnetic boundary
condition at x3 = 0 for the magnetic subsystem is as
follows: = ZF(S)l//O(S) =0 representing the
s=1,3,5,7,9
magnetically open case (Al’shits et al., 1992).
Analogically, for the gravitational subsystem and the
cogravitational subsystem it is possible to require that
both the gravitational and cogravitational potentials must
Z F o) — o

s=1,3,5,7,9

vanish at the interface x; = 0: @ =



4022

Canadian Journal of Pure and Applied Sciences

and ¥ = ZF(S)‘PO(S) =0. It is thought that these
$=1,35,7,9

boundary conditions are the most simple and more

complicated boundary conditions will be not treated in

this report.

Therefore, these five boundary conditions lead to five
homogeneous equations written the following matrix
form:

b(Ccu @
e(po(l) +h V/U(l) e(ﬂﬂ(f*) +h WDU) e(ﬂulﬁ) + hl//U(5) e¢0(7) + h'//ﬂ(7) +e(pﬂ(9) . hWU(B)
+g@°0 + fP°0 4 g™ 4 fPOO 4 g@p®® 4 fP°0 4 gD 4 fpo g 4 100
(pou) (po(a) (/,n(fr) {170(7) goﬂ(g)
et o ) oo oo
iRt ') @) o @@
Pom Por) o) o o)
F®) (0
F® | |o
x| F® [=|0
FO 0
F® 0

(73)

where b = \/1— (Vph Memge )2 :

It is well-known that a set of homogeneous equations has
a solution when the determinant of the coefficient matrix
is equal to zero. The experienced reader can find that the
determinant of the coefficient matrix in expression (73) is
always equal to zero because the first, second, third, and
fourth columns of the determinant are identical due to
four identical eigenvalues (52). It is obvious that the
identical eigenvalues give identical eigenvector
components that can be found in the appendix, for
instance, see in definitions (A18) and (A19) or (A30) and
(A31), or the others. Indeed, it is well-known fact that a
matrix determinant is equal to zero when there are two
(several) identical columns or two (several) identical
rows. This is also true when a column represents a linear
combination of two (several) columns and or a row
represents a linear combination of two (several) rows.
However, this fact that there are identical columns in
expression (73) does not determine the propagation
velocity because all the eigenvector components do not
depend on the propagation velocity, i.e. the phase velocity
Vpn that must be found. The main peculiarity of the
studied case is that only the factor b defined right away
after equation (73) depends on the Vg, The factor b is
only present in the first row and the last column of the
matrix determinant. For the sound determination of the
propagation velocity, one has to treat the rows instead of
the columns of the matrix determinant in (73). It is blatant
that the first row actually represents a linear combination
of all the rest rows. Indeed, the reader can successively
subtract the second, third, fourth, and fifth rows with the
factors of e, h, g, and f, respectively, from the first row
and the certain value for the propagation velocity can be
soundly obtained.

For this purpose, it is convenient to deal with an
equivalent set of two instead of five homogeneous
equations. With the five homogeneous equations written
in matrix form (73) and the weight factors F and Fq
defined after expression (72), it is possible to introduce
the following equivalent set of two homogeneous
equations for the determination of the propagation
velocity:

e(po(l) +hl//0(l) + g@ﬂ(l) + fylo(l) e(pO(sa) +h'//0(g) + 9450(9) + WIO(Q)
F 0
X =
Fy 0

It is clearly seen in reduced set (74) that the first row in
reduced set (74) represents the first row on complete set
(73) and the second row in set (74) represents a linear
combination of the rest rows in set (73). It is obvious that
in reduced set (74), it is unnecessary to use the second,
third, and fourth columns from complete set (73) because
they are identical to the first column. This is the usual
procedure to reduce a complicated set of equations by
replacing it with a more simplified but equivalent set of
equations. This can be convenient when more
complicated case can be treated in the future. Exploiting
reduced set (74), the propagation velocity can be
determined from the following common form:

b= \/1_(\/ph/\/temQC)2

[e(po‘” +h l//o(l) + gdﬁo‘“ + flpo(l) b(CU o) + 9(00(9) +h (//0(9) + g(DO‘Q) + flpo(g) )]

(74)

75
B e§00(9) + hVIO(9) + g¢0(9) + .I:Y/O(Q) ( )
T CU™ 4 ep™ +hy " 1 go™ + (%0
All the eigenvector components such as U%®, ¢, %)

@"@ and ¥ can be found in the appendix that offers
six different cases, each of which contains two pairs of
different eigenvectors. Also, the weight factors F and Fq
can be determined from the first equation in set (74).
They can be exposed as follows:

F= —b(CU %0 4 e’ + hy '@ 4 gp®® 4 0O ) (76)
Fy =0 +hy°® 4+ g@'® 4 fp°0 (77

Expression (75) can be also obtained from complete set
(73) by a successive subtraction of the second, third,
fourth, and fifth rows with the factors of e, h, g, and f,
respectively, from the first row. This was already
mentioned in the context above expression (74). The
reader can check that the utilization of any of possible
eigenvectors given in the appendix by formulae (A19) and
(A31) soundly leads to the following propagation velocity
of the new 4P-SH-SAW:
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1/2
2
Kemgc

1+ K?

emgc

VnewSAW :Vtemgc 1- (78)

where the 4P-SH-BAW velocity Viemg and the coefficient
of the electromagnetogravitocogravito mechanical

coupling (CEMGCMC) K2

emgc are respectively defined
by formulae (54) and (55).

Also, the CEMGCMC Kezmgc can be dramatically

reduced for the case of {=0,¢=0, =0, 1 =0. This is
the case of no direct exchange between the electrical
(magnetic) subsystem and gravitational (cogravitational)
subsystem. For this case, the reduced CEMGCMC K;ﬁgc
defined by (58) must be used along with the other 4P-SH-
BAW velocity Vt:mgc defined by formula (67). Therefore,

the value of the new 4P-SH-SAW velocity can be
calculated with the following formula:

1/2

K2
* \* emgc
VnewSAW _Vtemgc 1- 1 K*z
+ emgc
) ) 2 1/2 (79)
Ve Ken T Kge
— Ytemgc

|\ 14KZ + K2

where the coefficient of the magnetoelectromechanical
coupling (CMEMC) Kezm and the coefficient of the

gravitocogravito mechanical coupling (CGCMC) K;C
are respectively defined by (59) and (60).

It is also necessary to discuss the case when the
gravitational and cogravitational effects can be neglected,
i.e. the material parameters g = 0 and f = 0 resulting in

K:C =0. For this case, reduced velocity (84) further

reduces to the velocity Vggw of the surface Bleustein-
Gulyaev-Melkumyan (BGM) wave (Melkumyan, 2007;
Zakharenko, 2010, 2013a) discovered by Melkumyan
(2007). This velocity reads:

22

K 2
&] (80)

Voo =V, | 1—
BGM tem (l'l‘Kezm

where V,, :,/C/p(l+ KZ * stands for the SH-

BAW velocity coupled with both the electrical and
magnetic potentials.

The surface BGM wave can propagate in the
piezoelectromagnetic smart materials, in which more than
ten SH-SAWs were recently discovered pertaining to
different boundary conditions. This report has no purpose
to treat the other boundary conditions different from those
used in this section. Indeed, the four-potential wave
propagation is significantly more complicated case
compared  with the wave  propagation in
piezoelectromagnetic materials. Also, one can find in

formula (80) that a substitution of Kéc instead of K2

can result in the existence of new piezogravitoco
gravitational wave because neither Bleustein nor Gulyaev,
nor Melkumyan has studied the gravitational effects.
However, none has reported that such wave can be
recorded at the current level of experimental
development. Maybe this is a problem for this (next)
century.

The connection between the surface BGM wave and the
well-known surface Bleustein-Gulyaev (BG) wave can be
also discussed. Indeed, h = 0 results in

K2 —>KZ=e?/Cs and V,,, >V, = 1/C/,o(1+ Kez)u2
in formula (80). The coefficient of the electromechanical
coupling Ke2 and the velocity V,, of the SH-BAW

coupled with the electrical potential ¢ are the
characteristics for a pure piezoelectrics. On the other

hand, e = 0 results in K2 — K2 =h?/Cu and

Vin = Vi = ,/C/p(1+ Kri)”2 in formula (80). This

is the case of the wave propagation in a pure
piezomagnetics characterized by the coefficient of the

magneto mechanical coupling K2 and the velocity V,

of the SH-BAW coupled with the magnetic potential .
Therefore, the wvelocity of the surface BG-wave
propagating in a pure piezoelectrics or pure
piezomagnetics can be calculated with the following well-
known formulae (Bleustein, 1968; Gulyaev, 1969):

2 1/2

KZ
VBG =Vte 1_(14_ ;;zj (81)
5 2 1/2
Vo =V, [1-| m (22)
BG tm 1+K2



4024

Canadian Journal of Pure and Applied Sciences

For the case when some suitable materials can possess the
mechanical, magnetic, and gravitational subsystems,
formula (80) must be replaced by formula (83) written
below. This can be the case analogical to the
experimentally realized one by Professor André Fiizfa
(2016) when the magnetic and gravitational forces can
interact, i.e. the gravitational field can be controlled by
the magnetic field. If the magnetic subsystem can interact
with the cogravitational subsystem, the final expression
for the new propagation velocity is given by formula (84)
written below.

- , 12
K
V.. =V, |1- 9 83
1new tmg (1_'_ Krig J (83)
- , , 2
V2new =Vtmc 1- K—mcz (84)
1+ Ko,

stands for the

where Vtmg=,/C/,o(1+an1g 2

velocity of the SH-BAW coupled with both the magnetic
and gravitational potentials and

/2
Ve = 1/C/,o(1+ KZ. ] stands for the velocity of the

SH-BAW coupled with both the magnetic and
cogravitational potentials.

In formula (83), the introduced material parameter Knig

can be called the coefficient of magnetogravito
mechanical coupling (CMGMC). In expression (84), the

. . 2 .
introduced material parameter K. can be analogically

called the coefficient of magnetocogravito mechanical
coupling (CMCMOC). They are respectively defined by

2 _H9°+h"—2phg
" Cly-p)

(85)

_9(gu—-hp)-h(gs—hy) _ gM, —hM,

Cluy - ) CM,
2 _ M7+’ —27hf

e 2

Clun - 7) (86)
_ f(fu=h2)-h(f2-hy) _ ™M, —hM,,

C(yn—/iz) CM,,

In definitions (85) and (86), the following corresponding
mechanisms of coupling are introduced:

M, =gps-hy (87)

Mg =gu—hg (88)
M, = wy - 2 (89)
My, =fi-hp (90)
M, = fu—-hi (91)
My, = un -2 (92)
CONCLUSION

This theoretical report has predicted the existence of the
new four-potential shear-horizontal surface acoustic wave
(4P-SH-SAW) propagation in suitable solids when the
wave motion is coupled with the following four
potentials: the electrical potential ¢, magnetic potential v,
gravitational potential @, and cogravitational potential ¥.
The velocity of the new 4P-SH-SAW was obtained in an
explicit form. The obtained theoretical results can be used
for further development of some problems of gravitation,
the problem of 4P-SH-wave propagation in plates, and
constitution of smart technical devices. This can usher
gravitation into a new experimental and industrial era.
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Appendix I.

To find all the suitable eigenvectors corresponding to
found eigenvalues (52) and (53), it is necessary to treat
equations’ set (50) anew. It is natural to utilize the first
equation in set (50) for determination of the first
eigenvector component U° as a function of the rest
components ¢°, 1°, @°, and ¥°. So, this dependence reads:

U®=-mleg® +hy®+gd® + f¥°))CA (A1)

where m=1+nZ and

A=m—{V, N, f=—v,, /Vm)2 foreigenvalue (52) (a)
A=m-(v,, /VM)2 =—mK2__foreigenvalue (53)

emgc
Utilization of definition (Al) for equations’ set (50)
allows one to exclude the eigenvector component U° from
the further consideration and to deal with a reduced set of
equations. This is the usual mathematical procedure for



Zakharenko

4025

finding of the unknowns for the set of five equations in
five unknowns. It is also useful to state that formulae (A2)
are also applicable for the problem of finding of suitable
eigenvectors when the wave propagation in
piezoelectromagnetics (Zakharenko, 2010; Zakharenko,

2013a,b; Zakharenko, 2015a,b) (i.e. K2 =—— Kezm) is
investigated.

emgc

I.Al. The first order of equations

So, the new set of four homogeneous equations can be
written as follows:

gL+ mKZ /Ap® +afl+mK? /Aly°
+ L+ mK2 /AN + L+ mK 2 AJPO =0
all+mK? /Akp® + L+ mK2 /Ay °
+ B+ mK2 /A + AL+ mK 2 /AWP® =0

Clu+ mKC/A)(p s plrmk /Ay B

+ L+ mK2 /AJD° + 9L+ mK 2 /AN =

E(L+mK2 /Ap® + AL+ mK? /Al °

+ 91+ mK2 /AJD° + L+ mK? /AR =
where
KZ=¢e*/Ce (A4)
K2 =eh/Ca (A5)
KZ=eg/C¢ (A6)
K?=ef/C& (A7)
K2 =h?/Cu (A8)
K2 =hg/CB (A9)
K2 =hf/CA (A10)
Ks=9°/Cy (A11)
K:=gf/C9 (A12)
K?=1%/Cp (A13)

Next, from the first equation in set (A3) it is possible to
determine the second eigenvector component ¢° as a
function of the components °, @°, and ¥°. It can be
composed as follows:
o__alasmi?) o g(ArmK?) o dlarmKe) o, (AL4)
T oeAemkZ)T ArmK?) T g(ArmK?)

Definition (A14) for ¢° can be then utilized in set (A3) to
reduce the set of four homogeneous equations in four

undetermined. Indeed, it is natural to use definition (A14)
for the second, third, and fourth equations in set (A3). As
a result, the new reduced set of three homogeneous
equations with three unknown components °, @°, and ¥°
read:

pArmK?) a?(ArmK?2) )
| |

A As(A+mK?)

pla+mkz) a§(A+mK )(A+mK -
1A Ac(A+mK?)

+{/1(A+ mKZ) a§(A+ mK XA+ mK

A Ac(A+mK?)
pla+mK?) ag(A+mK? )(A+mK o
A As(A+mK?)

J{y<A+mK§)_§2(A+ mK 2} ]q)o

A As(A+mK?2)

+{.9(A+ mK?) &C(A+mK2fA+ ng)]WO o

A As(A+mK?)
AA+mk?) ag(A+mKZJA+mK2)) |
A ae(a+mk?) )
X gAa+mkz) &g(a+mKEfA+mK?) po  (AL9)
A As(A+mK?)

J{q(m mK?) &(A+ ng)Z)}UO "

A As(A+mK?

Exploiting the first equation in set (Al5), the third
eigenvector component y° represents the following
function of the eigenvector components &° and ¥°:

ﬂ(A+mK§)_a§(A+mK5XA2+mK§)
0 e(A+mK?) .
v o=— 0)]
(A+mK2)—a2 A+mK§)2
# " (A mK? (A16)
Aasmkz) ag(A+mK2)A+mK?)
_ ’ fATmK?) e
o (A+mK?2f
i) 2 A+mK?

Finally, function y°(@°, ¥°) (A16) must be used for
substitution in the second and third equations in set (A15).
This substitution results in the final two homogeneous
equations in two unknowns @° and ¥ that already can be
readily used for definition of both @° and ¥°. These two
complicated equations can be composed in the following
forms:
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AlA+mKE) ag(A+mK2(A+mK2)Y
AA+mK?) 2 (A+mK2f A ,

As(A+mKZ)

0= - -
A Ag(A+mK?) wlArmK2) a?(A+mK?f
A As(A+mK?)

g(A+mKz) EC(A+mK2 A+mK2))
+ - '
A As(A+mK?)

[ﬁ(m mK?) ag(A+mK2[A+ m|<§)][/1(A+ i) ag(A+mKZ) A+mK?)

A As(A+mKZ)  eAemk?d) o
) 7aZ(A+ij)2
e e
o[ SlarmK) gc(armkE) A+ mK2))
= - D
A Ag(A+mK?)

A As(A+mK?) s(A+mK?
o?(A+mK2f

u(A+ mK,ﬁ)—W
.

[ﬁ(A+ mK2) ag(A+mk? A+ mKE)J[A(M ) ag(A+mK2) A+ ng)J
@0

Aa+mk?) az(a+mk2 A+ mK?))
. n(A+mK?) g(A+mkzf A .

As(A+mKZ)
A As(A+mK?) warmk?) a(a+mK?f
A As(A+mKZ)

(A17)

Equations’ set (A17) represents a set of two homogeneous
equations in two unknowns @° and ¥°. This pair of
equations can be schematically written as follows: a;x +
by = 0 and bx + a,y = 0. Therefore, the unknowns x and y
can be chosen in two different ways: (1) x=-bandy =
a;; (2) x = a, and y = — b. Taking into account this fact it
is natural to write down below two different sets (i1) and
(ii1) of the eigenvector components for the case of
equations (A3).

(i1) The first eigenvectors for case (A3)

The first eigenvectors can be composed with the first
equation in set (A17) and definitions (Al), (Al4), and
(A16). For eigenvalues (52), m = 0 and therefore, the
corresponding eigenvector components are relatively
simple. So, these eigenvector components are

9] 0(1) U 0(3) U 0(5) 9] 0(7)
0(1) 0(3) 0(5) 0(7)
®» 4 » ®»
0 | — 03) | — 05 | — 0(7)
pO | =y =y =y
¢0(1) @0(3) ¢0(5) ¢0(7)
p o w o) o) p o

UO=§O ¢
0__ @ o0 6 g0 S yo
¢ = gl/lg 5¢> gz:
04 04
oot e g ey
e
Al8
A o e
@O 19 64 & 5 &
& e
H c 2
g
2 IB_a j
g,o__7+§ +( 52
& (04
-
&

However, for eigen value (53) there is a more complicated
eigenvector. For this case, the parameter A defined by
expression (A2) does not depend on the propagation
velocity. Therefore, the utilization of the corresponding
parameter A (A2), the first equation in set (Al7), and
definitions (Al), (Al4), (A16) leads to the following
complicated eigenvector components:

U= (e(pO +hy’+go° + f'FO) CK frge
(oo:_aKAl//o_éKz QDO—ﬁTO
K K K
K _aéKAKz K _agKAKS
o_ LK o T e e
v == 2., 2 - 2., 2
a’K, a’K,
Ky - Ky -
UO(Q) gKE E
0(9) ° = 9K _ SeKsK,
¢ K2 eK.K2
l//o(g) _ emgc E " “emgc
PO Ay agK,K, [AK _aé:KAKSj
L
5[,0(9) _ Kezmgc ‘C/‘KEKezmgc ‘C"KE
a?K,?
K. — A
H- K.
2
(ﬂKB _ acgK K, J
2 2
?’0:— ]/KG 4 éIZKZZ + Kemgc gKEKemgc
Kezmgc SKEKezmgc IUKM _ aZKAZ
Kezmgc ‘51<EKezmgc
(A19)
where
2 2
KE = Kemgc - Ke (A20)
2 2
KM = Kemgc - Km (A21)
2 2
Kg = K2, —K? (A22)



Zakharenko 4027
Kp = K:mgc ~K? (A23) U° = (ep® +hy® +g@° + f°)/CK 2,
K K K
_ 2 2 0 _ _h 0 _72(150 _7s¥/o
KA - Kemgc - Ka (A24) K v K &K
K K
K, = Kezmgc - Ké (A25) BK, _ oK, Ky K, _adK, Ky
2 2 (//0 =— K P° — &Ke PO
Kg = Kenge = K5 (A26) K _a’K,’ K _a’K,’
K, =K2,, —K? Ueo TKe toKe
z — MNemge — "N¢ (A27) 2
, 5 P°® AK  adK, K
KS = Kemgc - K‘f (A28) 09 = 0 T]K fZK 2 Kezmgc ‘EKEKengc
v o' =-"F 4 S —+
KL = Kezmgc — K; (A29) @ Kezmgc gKEKezmgc MKy _ azKAZ
y/U(g) Kezmgc ‘31<E Kezmgc
(iil) The second eigenvectors for case (A3) o — Iy EKK,
Kezmgc SKEKezmgc
To obtain the second eigenvectors, it is necessary to use
' a K a K
the same equations that were used for the composition of [f}fs —g}fKé‘zz][/lKL —5(:(’*5}
the first eigenvectors, but the first equation in set (Al17). _ N emee E “emge _ E
Here, the second equation in set (A17) is used instead of 1K _OZZKA
the first equation. Therefore, two eigenvectors MoK

corresponding to eigenvalues (52) and (53) can be
respectively inscribed as follows:
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ABSTRACT

A pot experiment was conducted to assess the threshold values of arsenic (As), cadmium (Cd) and lead (Pb) in soil for
rice (Oryza sativa L.) and kalmi (Ipomoea aquatica). Rice and kalmi were grown on a silt loam soil treated separately
with different levels of As (0, 0.5, 1, 2 and 5 mg As/L of irrigation water), Cd (0, 5, 10, 15 and 20 mg Cd/kg soil) and Pb
(0, 25, 50, 100 and 200 mg Pb/kg soil). The contents of As, Cd and Pb in soil for 10% reduction in dry matter yield of
rice and kalmi were taken as the threshold values which were 14.10 mg, 4.34 mg and 46.17 mg per kg soil for As, Cd
and Pb, respectively, while the same for kalmi were 4 mg, 6.57 mg and 34.84 mg per kg soil, respectively, for the three

elements.

Keywords: Dry matter yield, threshold value, arsenic.

INTRODUCTION

Among the chemical contaminants, trace elements are
considered to have specific ecological, biological, and
health significance (Kabata-Pendias, 2011). All elements,
even those that are metabolically essential (e.g., Cu, Mn,
etc.) are toxic when present in excess (Achard-Joris et al.,
2007). Although metal contamination in the soils of
Bangladesh has not reached a level of concern yet, the
industrial wastes have been found to increase the metal
loads in the surrounding agricultural soils (Joardar et al.,
2005). The uptake of metals from contaminated soils by
plants comprises a prominent path for such metals to enter
the food chain where they may cause health hazards
(Imamul Hugq et al., 2000).

Arsenic (As), cadmium (Cd) and lead (Pb) are typical
toxic trace elements in soils. Excess of these elements
produces a harmful effect on biological systems.
Irrigation with As contaminated groundwater leaves a risk
of accumulation of this toxic trace element in soil and the
eventual exposure of the food chain through plant uptake
and animal consumption (Imamul Hug and Naidu, 2005).
In plants, As interferes with the metabolic processes
(Martin et al.,, 1992), and inhibits plant growth and
biomass accumulation (Stepanok, 1998; Stoeva et al.,
2003). Cd inhibits seed germination (Koeppe, 1977; Yu,
1991) and interferes with several physiological processes

*Corresponding author e-mail: imamhug@hotmail.com

resulting in low productivity (Obata and Umebayashi,
1997). High doses of Pb exposure can restrict plant
biomass (Gopal and Rizvi, 2008; Gichner et al., 2008;
Islam et al., 2008; Piotrowska et al., 2009; Singh et al.,
2010). Pb strongly inhibits seed germination, seedling
development, root elongation, plant growth, transpiration,
chlorophyll production, and water and protein content of
plant (Pourrut et al., 2011), thereby, poses a serious
problem for agriculture (Johnson and Eaton, 1980).

From plant growth, animal, and human health standpoint,
soils are not considered polluted unless a threshold
concentration exists that affects its biological processes
(Kabata-Pendias, 2011). The threshold dose-response
model is considered as the most dominant model in
toxicology (Calabrese and Baldwin, 2003). Threshold
values are not fixed physiological facts or physical
constants but are statistical points representing the best
estimate values from a group of responses (Mohapatra,
2006). Plant growth is commonly used as a general
parameter to study the influence of excess trace elements,
with growth rate inhibition often being the most obvious
plant reaction (Fodor, 2002; Hagemeyer, 2004). Plant
populations become stressed when a biotic or abiotic
factor affects plant growth and development (Jackson,
1986). Once plant stress is detected, identified and
quantified, thresholds for plants can be developed to
indicate when control measures are needed (Nutter,
1990).
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For agricultural soils, the maximum acceptable
concentrations of metals have been established by
different countries (McLaughlin et al., 2000). The
maximum acceptable concentration of As for agricultural
soil recommended by the European Union is 20 mg/kg
(Rahaman et al., 2013). The maximum acceptable
concentrations of Pb and Cd in soils fall in the vast ranges
of 50-300 and 1-20 mg/kg, respectively (Council
Directive 86/278/EEC, 1986; McLaughlin et al., 2000).
Although much debate is there on the contamination of
our food crops by non-essential trace elements like As, Cd
and Pb, there is, however, no information about the limit
of these elements to cause yield reduction of crops. With
these views in mind, the present work aimed to establish
the threshold values of arsenic, cadmium and lead in soil
for 10% yield reduction of two most commonly grown
crops: rice and kalmi.

MATERIALS AND METHODS

Soil collection and preparation

The soil samples were collected from the experimental
field of Bangladesh Jute Research Institute, Atigram
Union, Manikganj Sadar upazilla, Manikganj district,
Bangladesh, the geo-location being 23°52°60"" N and
90°02°12"" E. The sampling site was a medium high land
and used as a vegetable land. The soil samples were
collected from the surface to 15 cm of depth using a
spade. After being transported into the laboratory, the
whole sample was mixed thoroughly to make it a
homogeneous sample.Then the collected soil samples
were processed for pot experiment as well as for
analysing the background properties following the
procedures described in Imamul Hug and Alam (2005).

Plant culture

The seeds of rice (Oryza sativa L. var. BRRI dhan 41)
and kalmi (Ipomoea aquatica var. BARI Gimakalmi-1)
were collected from the local market. A total of 78 plastic
pots of 2 L size each with sealed bottom were used in
order to prevent draining of irrigation water. One kg
processed soil was taken in each pot labelled with
treatment symbols. Recommended fertilizers (BARC,
2012) were mixed with the soil to ensure optimum growth
of the plants. Rice and kalmi were grown in semi-
controlled net-house condition for 50 days and 42 days,
respectively, and treated separately with different levels
of As (0, 0.5, 1, 2 and 5 mg As/L of irrigation water), Cd
(0, 5, 10, 15 and 20 mg Cd/kg soil) and Pb (0, 25, 50, 100
and 200 mg Pb/kg soil). The sources of As were 80%
arsenite as sodium meta arsenite (NaAsO,) and 20%
arsenate as sodium arsenate (Na,HAsO,. H,0) in
solutions. The As treatments were applied to the selected
pots with irrigation water and records were maintained
about total amount supplied in each pot to keep track of
the total As contents in soil for different treatments. A
week before sowing the seeds, the soils of the selected

pots were spiked with different Cd and Pb treatments
separately as the solution of CdCl,.H,O and Pb(NOs,),,
respectively. All treatments were applied in triplicates.
The pots were arranged in the net-house in a completely
randomized design. The positions of the pots were
changed every alternative day to allow equal exposure to
sunlight.

For kalmi, 10 seeds were sown in each pot. For rice, soils
were puddled and 10 seedlings at 7 days after germination
were transplanted in each pot. The selected plants were
supplied with arsenic mixed irrigation water every day as
arsenic treatment. For other pots, irrigation was applied
with tap water every day. Each pot received 50 ml of
irrigation water every day, except rainy days. The records
were kept for total water supplied in each pot as
irrigation. The pH of the tap water used for irrigation was
in the range of 6.3 to 6.7. The records of soil pH change
were kept, but there was no significant change. The tap
water was also analysed for trace element contents, but
the concentrations of As, Cd and Pb were found to be
below detection limit (2 pg/kg).The weeds were mainly
grasses which were removed manually by uprooting just
after germination not to allow adequate time for them to
take up any metal or nutrients. The visual symptoms and
growth parameters were noted during the plant growth.

Plant sample collection and preparation

The sampling of the plants was done by uprooting them
carefully from the pots. The plants were put into the
plastic bag with proper labelling and brought into the
laboratory. After washing, the fresh weights of the
collected plants were taken with an electric balance. Then
the samples were first air-dried and then oven-dried at 70°
+ 5°C for 48 hours. The oven dry weights of the plants
were also taken. The oven-dried plant samples were then
ground. The ground plant samples were mixed
thoroughly to make it composite sample and kept in
plastic containers with proper labelling and stored in dry
place for chemical analyses.

Laboratory analyses

The soil sample was analysed in the laboratory for
chemical and physicochemical properties before plant
growth following the procedures described in Imamul
Hug and Alam (2005). The concentrations of As, Cd and
Pb  were determined using atomic absorption
spectrophotometer  on aqua-regia digest of the soil
samples and on nitric acid digest of the plant samples.
The quality control/quality assurance (QC/QA) of the
analyses was as described by Imamul Hugq et al. (2008).

Estimation of threshold values

The threshold values of As, Cd and Pb were estimated
through linear regressive dose-response curves in which
the percent relative dry matter yields of plants were
plotted against the total trace element contents present in
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soil. The percent relative dry matter yield of plant was
calculated as the percentage of dry matter production of a
given treatment to that at control (zero treatment). The
content of trace element (mg/kg) present in soil for 10%
reduction in dry matter yield of the plants under study was
taken as the threshold.

Data analyses

The experimental data of the experiment were statistically
evaluated using Microsoft Excel and Minitab (version
17).

RESULTS AND DISCUSSION

Soil properties

The USDA textural class of the homogeneous
experimental soil sample was silt loam(13.9% sand,
74.1% silt and 12% clay fractions) with slightly acidic pH
(6.52), low organic matter (1.77%) content, total As and
Pb contents of 1.37 and 1.13 mg/kg soil, respectively, and
a total Cd content below detection limit (2 pg/kg).

% Relative yield as affected by arsenic

The effects of soil As on relative yields of rice (Fig. 1a)
show that the % relative dry matter yield of rice initially
increased at the lowest application rate of As and then
significantly decreased with increasing As treatments
ranging from 2% (at 6.37 mg As/kg soil) to 25% (at 26.37
mg As/kg soil). Increase in yield for small additions of As
has also been observed for corn, potatoes, rye and wheat
(Gulz et al., 2005). Similar observation that at low
concentration of an antagonistic or otherwise non-
essential element favours growth, were made by Imamul
Hug and Larher (1983) with Na for a different crop. It
could be due to the fact that at low concentration of As,
the P availability or Fe availability was favoured which
caused this yield increase. At low levels, however, As
increases P uptake by plants, possibly resulting from As-
induced physiological plant P deficiency (Carbonell et al.,
1998; Burlo™ et al., 1999). On the other hand, Fe is the
only micronutrient element which has been found to be
synergistic with As in several plant culture experiments
(Barrachina et al., 1994). The As concentration at which
rice yield shows a decrease of 10% is judged to be the
maximum allowable limit or critical content of arsenic in
soil (Yan-Chu, 1994). For the present experiment, 10 %
decline in rice yield was observed at 14.10 mg As/kg soil
(Fig. 1a) which may be considered as the critical content
or threshold value of As in soil for rice plants under the
present study. Xiong et al. (1987) reported 10% rice yield
decrease in sierozen soil at 25 ppm of As. Yan-Chu
(1994) reported 10% yield loss of rice in purple soil for
10 ppm total As, in yellow-brown soil for 51 ppm total
As.

The dry matter yield of kalmi plants also significantly
decreased with increasing As treatments (Fig. 1b).

Decline in relative yield of kalmi ranged from 4% (at 2.87
mg As/kg soil) to 44% (at 16.37 mg As/kg soil). In the
present experiment, 10% yield reduction of kalmi plants
was observed at 4 mg As/kg soil which may be
considered as the critical level or threshold value of As in
soil for kalmi plants.

% Relative yield as affected by cadmium

The relative dry matter yields of rice under elevated soil
Cd treatments significantly decreased from 8% to 51% at
5 and 20 mg Cd/kg soil, respectively (Fig. 2a). In the
present experiment, the threshold value for 10% decrease
in rice yield was observed at 4.34 mg Cd/kg soil and
moreover, 50% decline at 16.82 mg Cd/kg soil.

The relative dry matter yields of kalmi significantly
declined from 5% (at 10 mg Cd/kg soil) to 54% (at 20 mg
Cd/kg soil) as compared to the control (Fig. 2b). In the
present experiment, the threshold value of Cd for 10%
decline in the relative yield of kalmi was observed at 6.57
mg Cd/kg soil, and 50% vyield decline at 20.12 mg Cd/kg
soil.

% Relative yield as affected by lead

The relative dry matter yield decline of rice under
elevated soil Pb concentrations (Fig. 3a) ranged from 5%
(at 25 mg Pb/kg soil) to 34% (at 200 mg Pb/kg soil). In
the present experiment, the threshold value of Pb for 10%
yield reduction of Rice was observed at 46.17 mg Pb/kg
soil.

The yield of kalmi significantly declined ranging from
10% (at 25 mg Pb/kg soil) to 52% (at 200 mg Pb/kg soil)
as compared to the control (Fig. 3b). In the present
experiment, the threshold value of Pb for 10% yield
reduction of kalmi was observed at 34.84 mg Pb/kg soil,
and for 50% vyield reduction was observed at 194.26 mg
Pb/kg soil.

Relationship between trace elements in soils and in
plants

The As concentrations in rice plants ranged between 3.62
to 37.57 mg As/kg dry weight of plants (Fig. 4a) and that
in kalmi plants ranged between 3.02 to 26.92 mg/kg dry
weight of plants (Fig. 4b). The maximum concentrations
of As in both rice and kalmi were observed at the highest
application rate of As (5 mg As/L of irrigation water).
The correlation analysis between the total As in soils and
the corresponding As concentrations in plants for both
rice and kalmi plants showed significant positive
relationship (r = 0.870864, p<0.1 for rice; and r =
0.963095, p<0.01 for kalmi).

According to Kashem and Singh (1999), the normal and
toxic Cd levels in plants vary from 0.2-2 mg/kg and 15-20
mg/kg, respectively. In the present experiment, the Cd
contents in rice exceeded the toxic range at the treatments
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of 10, 15 and 20 mg Pb/kg soil (Fig. 4c). For kalmi, the
Cd contents exceeded the toxic range at 15 and 20 mg
Cd/kg soil (Fig. 4d). The correlation analysis between the
total Cd in soils and the corresponding Cd concentrations
in plants for both rice and kalmi showed significant
positive relationship (r = 0.948534, p<0.02 for rice; and r
= 0.984829, p<0.01 for kalmi). Lund et al. (1981) also

found significant positive correlations between Cd in the
soil and Cd concentrations in the leaves of several crop
species.

The normal and toxic Pb levels in plants vary from 0.1-2
mg/kg and 10-20 mg/kg, respectively (Kashem and Singh,
1999). In the present experiment, the Pb contents in rice
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plants were observed to exceed the toxic range, except at
control (Fig. 4e). Similarly, Pb contents in kalmi plants
exceeded the toxic level at 100 and 200 mg Pb/kg soil
(Fig. 4f). The correlation analysis between the total Pb in
soils and the corresponding Pb concentrations in plants
for both rice and kalmi showed significant positive
relationship (r = 0.972214, p<0.01 for rice; and r =
0.979699, p<0.01 for kalmi). Korcak and Fanning (1985)
also found a positive relationship between the
concentration of Pb in the soil and that in the plant.

Accumulation of trace elements in plants

The accumulation of As, Cd and Pb in rice and kalmi
plants was calculated by multiplying the concentration of
trace elements in dry matter of plants (ug/g dry weight)
with the corresponding total dry matter production (g/100
plants) and expressed as mg/100 plants. In most cases in
this experiment, it was observed that the accumulation of
trace elements in plants gradually increased and finally
decreased at the highest application rate (Table 1). This
might be due to the reduction of water movement from
root to the shoots, lower germination of the seeds as well
as reduction in fresh and dry weights of the plants under
study. Another probable reason could be that some older
leaves died at higher levels of treatments which were not
taken to measure trace elements.

The total accumulation of As, Cd and Pb in both rice and
kalmi was significantly affected by elevated treatments
(Table 1). The highest As accumulation in rice (0.135
mg/100 plants) was observed at the rate of 2 mg As/L of

irrigation water, and in kalmi (0.117 mg/100 plants) at the
rate of 5 mg As/L of irrigation water. The maximum
accumulation of Cd in rice (0.076 mg/100 plants) and in
kalmi (0.091 mg/100 plants) was observed at the
treatment of 15 mg Cd/kg soil. Pb accumulation in rice
was observed to be the maximum (0.289 mg/100 plants)
at the rate of 50 mg Pb/kg soil. The maximum Pb
accumulation in kalmi (0.169 mg/100 plants) was
observed at 100 mg Pb/kg soil.

Transfer of trace elements from soil to plants

To estimate the potential transfer of As, Cd and Pb to the
food chain, the soil/plant transfer factor (Table 2) was
calculated as the ratio of the total trace element in plant
(mg/kg dry weight) to the corresponding total trace
element in soil (mg/kg). In case of soil contamination
with As, the maximum transfer to rice (3.06) was
observed at 11.37 mg As/kg soil and that to kalmi (2.91)
at 2.87 mg As/kg soil. In case of soil contamination with
Cd, the maximum transfer to rice (2.23) was observed at
15 mg Cd/kg soil and that to kalmi (1.63) at 5 mg Cd/kg
soil. In case of soil contamination with Pb, the maximum
transfer to rice (3.22) was observed at 1.13 mg Pb/kg soil
and that to kalmi (0.29) at 101.13 mg Pb/kg soil. Transfer
factor values more than 0.1 indicate the affinity of the
element towards the plant species (Farago and Mehra,
1992). It appears from the present observations that all the
three elements showed their affinity at different
concentrations in soil. Moreover, this affinity also
differed with the growing conditions of the plant species
as well as their genetic make-up.
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CONCLUSION
It is apparent from the present study that the threshold

values for trace toxic elements vary with the nature of soil
and the plant species. The threshold value for As in soil is

higher than the average As contents in Bangladesh soil
except some cases where As accumulation in soil has
been reported due to irrigation with As contaminated
ground water (Imamul Hug, 2008). Likewise, the
threshold values for Cd and Pb are also above the average
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Table 1. Accumulation of As, Cd and Pb in rice and kalmi plants at different levels of soil contamination

Mean accumulation of As (mg/100 plants)
Treatments of As (mg/L of irrigation Rice Kalmi
water)
0 0.015% 0.023°
0.5 0.033° 0.062°
1 0.071° 0.079°
2 0.135° 0.109%
5 0.120% 0.117°
Mean accumulation of Cd (mg/100 plants)
Treatments of Cd (mg/kg soil) Rice Kalmi
0 - -
5 0.038" 0.063°
10 0.045° 0.089%
15 0.076% 0.091°
20 0.051° 0.078°
Mean accumulation of Pb (mg/100 plants)
Treatments of Pb (mg/kg soil) Rice Kalmi
0 0.015° -
25 0.141° 0.035°
50 0.289% 0.077¢
100 0.276% 0.169°
200 0.265% 0.156

Any two means having a common letter(s) in a column are not significantly different at 5% level of significance.

Table 2. Transfer factors of soil As, Cd and Pb for rice and kalmi plants at different levels of soil contamination

W 1 2 3 4 5
Crops
As
Rice 2.64 1.86 2.66 3.06 1.42
Kalmi 2.20 2.91 2.71 2.50 1.65
Cd
Rice - 1.96 1.41 2.23 1.54
Kalmi - 1.63 1.20 1.31 1.04
Pb
Rice 3.22 1.34 1.53 0.83 0.82
Kalmi - 0.19 0.23 0.29 0.21

*As: 1= zero, 2= 0.5 mgL™, 3= 1 mgL™, 4= 2 mgL™, 5= 5 mgL™*

*Cd: 1= zero, 2= 5 mgkg™, 3= 10 mgkg™, 4= 15 mgkg™, 5= 20 mgkg™
*Pb: 1= zero, 2= 25 mgkg?, 3= 50 mgkg*, 4= 100 mgkg™, 5= 200 mgkg™

levels of these elements in Bangladesh soils. The present
piece of information could be used to make risk analysis
for soil contamination. However, further research with
more plant species and different soils are emphasized.
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ABSTRACT

Determination of phytotoxicity is useful as a sequential test by which the microbiological removal of hydrocarbons
present in soils is investigated. However, oil can stimulate the growth of some plants and the selection of appropriate
seeds may require time. This study investigated the germination index of 11 edible plants seeds exposed to different
concentrations of recalcitrant oils. All plants showed symptoms of toxicity and the indices in 9 of them were reduced
proportionally to the contaminants concentration. Eudicots were more sensitive than monocots. Subsequently, a sandy
soil was contaminated with lubricating oil and different bioremediation strategies were evaluated. Among the 9 selected
seeds, 3 were randomly tested before and after 30 days of treatment. There was an increase in germination indices,
especially when more than 30% of the contaminant was removed. The evaluated plants were considered good choices for

ecotoxicity tests on soils contaminated by hydrocarbons, particularly C. anguria.

Keywords: Phytotoxicity, oil hydrocarbons, bioremediation, germination index.

INTRODUCTION

Oil is a generic term often used to denote a complex toxic
mixture of aliphatic hydrocarbon, aromatic heterocyclic,
salts and a small fraction of metals and organometallic
compounds, formed naturally from the anaerobic
conversion of organic material deposited in low
permeability sediments under specified conditions of
pressure and temperature. Petroleum hydrocarbons are a
mixture of heterogeneous saturated compounds, aromatics
and resins, inevitably introduced into the environment
from various sources during all stages of the processing of
crude oil and its derivatives, that is, from extraction to
storage in retail outlets. Thus, petro derivatives represent
one of the most important classes of xenobiotics
responsible for negative impacts on the environment, in
particular to animal and plant life, to bodies of water and
the soil (Drozdova et al., 2013; Sivaraman et al., 2011).

Phytotoxicity is understood to mean intoxication in plants
by substances in the environment, which can be absorbed
and that accumulate in plant tissues (Araujo and Miller,
2005). The determination of phytotoxicity comprises one
of the criteria used to evaluate the bioavailability of toxic
compounds, such as petroleum hydrocarbons, needing

*Corresponding author e-mail: u.vasconcelos@chiotec.ufpb.br

simple, fast and reliable methods for this (Wang et al.,
2002).

In the literature, most studies related to phytotoxicity
discuss the toxic effects of pesticides and certain metals,
but the number of publications addressing the effect of oil
derivative compounds has been growing (Meudec et al.,
2007; Hamdi et al., 2007; Sverdrup et al., 2003). The
phytotoxicity of polycyclic aromatic hydrocarbons (PAH)
has been described as a significant negative effect on the
metabolism of plants in concentrations that, in the
majority of studies, can vary between 10 and 1000 mg /
kg (Debiane et al., 2008; Baek et al., 2004). However,
concentrations greater than 1000 mg / kg oil have been
reported as stimulants of plant growth (Reynoso-Cuervas
et al., 2008).

Handbooks suggest that phytotoxicity assays be
performed with at least three species, but this number can
be reduced to one eudicot and one monocot. These studies
seek to identify the most sensitive parameters, these being
seed germination and elongation of the radical, being one
of the most studied (OECD, 1984).

Most in vitro studies are usually carried out over 5 days in
the absence of light. This guarantees a specific result for
the phytotoxicity of the contaminant rather than the
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product of the photo-oxidative reactions that may have
occurred during the experiment (Wieczorek and
Wieczorek, 2007). The main advantages of the method
relate to the fact that plants grow regardless of seasonality
and ease of handling. Furthermore, this can reveal
potential candidates for phytoremediation (Reynoso-
Cuervas et al., 2008).

The objective of the present study was to identify plants
potentially important in studies on the bioremediation of
soils contaminated by oil, by determining the germination
index, i.e. the ratio between the numbers of germinated
seeds to the size of the emerging rootlets exposed to
contaminated soil extract and distilled water.

MATERIALS AND METHODS

Soil

A sandy soil without a history of contamination by
hydrocarbons was used, having a pH value of 7.9+0.1%,
moisture content of 16.1+0.1% and water retention
capacity established at 49.9+0.1%. These properties were
identified employing the methodology described by
EMBRAPA (1979) and Watwood et al. (1991).

Contaminants

The study used two types of oil: 1. a mixture of used
lubricating oil, obtained from different gas stations in the
city of Jodo Pessoa, Paraiba, Brazil; and 2. marine fuel oil
MF-380, kindly provided by Dr. Norma Gusméo from the
Department of Antibiotics of the Universidade Federal de
Pernambuco. The contaminants were characterized by
USEPA methods and showed high levels of Total
Petroleum Hydrocarbons (TPH), naphthalene,
phenanthrene and pyrene (lubricating oil), as well as n-
alkanes ranging from C12 to C34, besides fluorene,

Table 1. Plant characteristics for the ecotoxicity test.

phenanthrene, pyrene and benzo[a]pyrene, with the
polycyclic aromatic hydrocarbons being predominant
(MF-380).

Selection of Plants for Ecotoxicity Testing

Eleven types of edible vegetable seeds were tested (Toca
do Verde, Canoas, Brazil): 4 monocots and 7 eudicots,
chosen randomly, whose characteristics are shown in
Table 1.

All seeds were washed three times with distilled water to
eliminate excess dye and preservatives. During the
process, irregularly shaped seeds were removed. The
seeds were dried on filter paper at room temperature for
three hours.

The ecotoxicity tests were performed in triplicate
according Tiquia et al. (1996) with samples from a system
containing soil contaminated with lubricating oil mixture
or MF-380 oil, in contaminant-ground ratios of 1:50, 1:10
and 1:5, and incubated for 5 days at room temperature.
After the incubation period, soil extracts were prepared
with 10 g of soil in 100 mL of distilled water. After
vigorous agitation, the extract was filtered and
approximately 5-10 ml was transferred to Petri dishes,
carefully soaked in No. 1 filter paper (Whatman, 90 mm
diameter) containing between seven to ten seeds,
distributed over the surface of the paper. Control was
carried out with distilled water replacing the soil extract.
Incubation occurred at 22+1 °C in the absence of light for
5 days (New Ethics, 411D). After this period, the
germinated seeds were counted and the size of the roots
measured using a caliper. The Germination Index (Gl) of
the seeds was determined employing the equation (1):

l6= [(SiXRy) / (S2xR2)] X 100

Seeds Size (mm) Photoblastism
Monocots

Allium cepa 2.0£0.1 | Neutral
Allium porrum 2.9+0.2 | Positive
Allium fistolosum 2.8+0.2 | Negative
Zea mays 5.9+0.7 | Neutral
Eudicots

Artemisea dracunculus 1.1+£0.2 | Positive
Brassica nigra 1.0+.0.1 | Positive
Brassica oleracea 1.0£0.1 | Negative
Brassica rapa 3.0£0.1 | Neutral
Cucumis anguria 5.6+0.8 | Negative
Cucumis melo 12.2+1.0 | Negative
Cuminum cyminum 4.6+0.5 | Negative
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Where: S;- number of germinated seeds in soil extracts,
Ri:- average root length on soil extract, S,- number of
germinated seeds in control and R, mean root length in
the control. The level of toxicity was rated as high when
Gl < 50%, moderate (Gl = 50-80%) or null when GI >
80% (Anastasi et al., 2009).

For the test to be conducted in the absence of light, it was
necessary to know the photoblastism of the seeds. Two
Petri dishes for each plant were prepared as described
above, soaking the filter paper with distilled water and
incubating at 22°C for 5 days in the dark and under
artificial light, as described by Cordazzo and Aracama
(1998). After this period, the germinated seeds were
counted, applying the equation 2:

PB= (Sd/ S|)

Where: PB — photoblstism; Sy — the number of germinated
seeds in the dark and S, the number of germinated seeds
in the light. The photoblastism was classified as positive
if greater than 1, negative if less than 1 and neutral when
the value was 1.

Application of Selected Seeds in Ecotoxicity Tests

The test was performed with three selected seeds in soil
extracts before and after different bioremediation
treatments. Bioremediation was conducted in laboratory-
scale at room temperature for 30 days, using transparent
polyethylene reactors filled with 200g of sandy soil
contaminated with a mixture of lubricating oil at a ratio to
soil of 1:40, thus establishing a condition of the total
petroleum hydrocarbons contamination of approximately
16,000 mg/kg. Three test conditions were tried: 1-
bioaugmentation with a strain of Pseudomonas
aeruginosa TGCO01, to which was added a corresponding
suspension of approximately 10" CFU/mL; 2-
biostimulation, by supplementation with 250 mg.kg of
Gossypium  sp. cake; and 3- association of
bioaugmentation with biostimulation treatments. The
abiotic loss was obtained in a sterile reactor with a
solution of 10% (w/v) silver nitrate. Tests were conducted
in duplicate.

RESULTS AND DISCUSSION

In the first part of this study, 17 different species of seeds
were tested, of which 6 were excluded since their
germination periods exceeded three days, that is, there
was insufficient time necessary for their incubation as
well as seed photoblastism may be implicated. According
to Flores et al. (2011), some plants demand light energy
for seed germination, particularly dark seeds. Otherwise
light seeds usually germinate in absence of brightness. To
know such a feature was interesting, given the conditions
of absence of light in this test.

A total of six seeds, including grasses and Solanaceae did
not germinate. This was attributed to the longer time
required for these seeds, limiting their use under the
conditions of this study, i.e. 5 days. Later it was found
that germination would occur in around 10 to 15 days
both in the presence and absence of light. In the eleven
remaining species (Table 1), there was negative
photoblastism in five seeds (Brassica oleracea, Cucumis
anguria, Cucumis melo, Cuminum cyminum and Allium
fistolosum), while in three others there was neutral
photoblastism (Brassica rapa, Allium Cepa and Zea

mays). Three species had positive photoblastism
(Artemisia dracunculus, Brassica nigra and Allium
porrum).

Seed germination is a complex mechanism that begins
with a swelling of the seed and ends with the emergence
of the primary root and cotyledon. This process can be
influenced by several factors, such as moisture, pH and
salinity of the medium. Additionally, the integument of
the seed, besides serving as a light filter, participates in
the early stages of germination by establishing a
permeability barrier and interfering with the water
diffusion processes and gas exchanges which exert a
constricting effect or mechanical expansion in the embryo
(Hamdi et al., 2007).

In the studies on soils contaminated with petro derivates,
ecotoxicity tests, such as those which use plants, are
fundamental for two reasons: they disclose the need for
intervention in these environments; and they indicate the
effectiveness of a treatment after the reduction or removal
of the contaminant. The results of the eleven tested seed
germination rates are shown in Figure 1 and their
numerical values in Table 2.

Phytotoxicity categories are assigned based on the
germination index: high when the values are set between
0 and 50%, moderate between 50 and 80%. Any value
above this is considered null. This may indicate that there
are smaller concentrations of contaminants or that the
metabolites produced during biodegradation are not toxic
(Anastasi et al., 2009). As the test relates the number of
germinated seeds to the root elongation events in the
presence and absence of exposure to hydrocarbons, there
is the possibility of obtaining indices greater than 100%,
as observed in C. cyminum with a MF 380 marine sea oil
ratio to soil of 1:50.

For the two types of contaminants tested, there were
predominantly lower germination rates of 50%, followed
by values classified as moderate phytotoxicity. The
eudicots were more sensitive than the monocots. Some
seeds, particularly those exposed to MF-380 marine oil,
showed symptoms of toxicity relative to the concentration
of the contaminant.
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Table 2. Germination index of seeds exposed to different oil concentrations.

Lubricant oil | MF-380 marine oil
Plants contaminant:soil ratio
1:50 1:10 1.5 1:50 1:10 1.5
C. cyminum 0.0+0.0 13.3x0.5 0.0+0.0 300.0+0.5 50.0+£0.5 0,0+0.0
B.oleracea 30.2+0.1 48.3+0.1 49.540.1 53.840.1 28.6+0.1 40.6+0.1
A. dracunculus 56.8+0.2 44.7+0.2 27.3+%0.2 82.940.2 52.2+0.2 58.4+0.2
C. anguria 42.2+0.8 0.0+0.0 80.2+0.8 12.9+0.8 0.0+0.0 42.6+0.8
C. melo 76.1+0.1 43.5+0.1 52.240.1 45.840.1 80.2+0.1 57.5+0.1
B. nigra 64.3+0.1 0.0+0.0 0.0+£0.0 35.540.1 0.0+0.0 0.0+0.0
B. rapa 39.740.1 58.840.1 54.740.1 42.540.1 51.840.1 66.2+0.1
A. porrum 12.0+£0.1 66.3+0.1 92.0+0.1 67.4+0.1 58.9+0.1 98.9+0.1
A. cepa 63.5+0.1 59.440.1 76.1+£0.1 76.7+£0.1 6.3+0.1 12.7+£0.1
A. fistolatum 55.3+0.5 65.4+0.5 7.2+0.5 67.6+£0.5 63.5+£0.5 6.8+0.5
Z. mays 0.0+0.0 0.0+0.0 0.0+0.0 32.740.1 0.0+0.0 49.0+0.1
Phytotoxicity
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Fig. 1. Germination index of eleven seeds exposed to three different concentrations of MF-380 marine oil (A) and

H1:50 M1:10 W15

lubricant oil (B). Horizontal lines highlight grades of phytoxicity.
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Besides the number of cotyledons, the size and color of
the seeds are important characteristics that may influence
the test response. Seeds with two small, dark cotyledons,
e.g. B. oleracea and B. nigra are more sensitive than
larger lighter seeds with one cotyledon (Tiquia et al.,
1996). However, in this study, Z. mays and C. anguria
were also quite sensitive.

Among the eudicots that measured between 1.0 and 4.6
mm, B. nigra, B. oleracea and especially in A.
dracunculus and C. cyminum, phytotoxicity was
proportional to the amount of contaminant oil in the soil.
C. cyminum provided the best evidence of negative
photoblastism, subject to MF-380 marine oil. However, it
is noteworthy that although A. dracunculus and B. nigra
exhibited positive photoblastism, and measured about 45
times less than C. cyminum, there was a significant
decrease in germination and root elongation in the plates
containing the contaminated soil extract, suggesting that
the plant can serve as a preferred choice among the
eudicot plants with small seeds, especially B. nigra which
reached GI=0% in the two largest concentrations of both
contaminants evaluated. This finding may be due to seed
size and color, since small, dark seeds are more sensitive
to this test (Cordazzo and Aracama, 1998). A different
pattern of intoxication symptoms, observed previously,
occurred with B. rapa. While the mixture of used
lubricating oil was highly phytotoxic, surprisingly higher
concentrations of MF-380 marine oil reduced the
phytotoxicity from high to moderate.

Despite the fact that hydrocarbon oil has been reported to
be toxic and an important cause of adverse effects on the
metabolism of plants in concentrations in the majority of
studies varying from 10 to 1000 mg / kg (Debiane et al.,
2008; Baek et al., 2004), concentrations greater than 1000
mg/Kg oil, have been reported as stimulants to plant
growth (Reynoso-Cuervas et al., 2008).

Among the larger seeds, measuring between 5.6 and 12.2
mm, germination rates were observed which were not
proportionate to the concentration of the oil tested, as
were the smaller seeds. This was probably due to the size
of these seeds. In these cases, germination seems to be
related more on the energy reserves than on
environmental factors. Although large, light and
containing many starch reserves, the seeds have low
moisture content, depending much more on ground water
for their development.

It should also be emphasized that the presence of oil may
have formed a kind of film around the seeds, preventing
water from the soil extract to penetrate their integument
(Adam and Duncan, 2002; Storck et al., 2013). Moreover,
the presence of volatile compounds, more toxic in the root
growth phase, may have contributed to the results. In
comparison, the severity of the intoxication in C. anguria

was more pronounced than in C. melo. This feature has
already been recognized in a previous study (Vasconcelos
et al., 2010). C. anguria is a plant whose seeds have two
cotyledons and germinate at temperatures in a range
between 16.0 and 35.5°C. As the test was conducted at
22.0°C, this confirms the role of seed size in the results.

Among the monocots, except for Z. mays, the germination
rates ranked phytotoxicity predominantly as moderate.
Because it is a light and large seed, it was expected that
the Z. mays germination rates would be high, but the
tested oil concentrations proved very toxic, especially
lubricating oil. Corn, when exposed to high
concentrations of hydrocarbons, shows symptoms of
water stress as well as a modification in calcium content.
This is an important indication of environmental pressures
having a direct effect on plant growth and development
(Dupuy et al., 2015).

Toxicity symptoms were stronger in the two seeds
exposed to MF-380 marine oil compared to the mixture of
lubricant oil: A. fistolatum and particularly A. cepa. In this
plant, the toxic effect was proportional to the oil
concentration, and the germination rate was up to 12
times lower than that obtained with the lowest
concentration of oil.

The oil promoted a stimulating effect on A. porrum,
resulting in an increase of the germination index as the oil
concentration increased. This indicates that a low
hydrocarbon concentration can cause metabolic stress due
to the presence of volatile compounds. On the other hand,
higher concentrations may promote conditions for the
plant to grow at the expense of morphoanatomic and
biochemical adaptations. Thus, plants whose growth is
stimulated in the presence of high hydrocarbon
concentrations are also good candidates for ecotoxicity
tests.

Based on these results, the eleven plants can be used in
ecotoxicity tests. It is important to clarify that this
selection did not consider the presence of possible toxic
metabolites arising from the bioprocess. The sensitivity of
these plants to non-metabolized hydrocarbons provides
means of choosing the proper species, as well as reduces
search time for appropriate seeds.

In order to verify the use of the seeds as biomarkers of
contamination by oil and its metabolites, three of the
eleven evaluated seeds were randomly selected and
exposed to soil extract contaminated by a mixture of
lubricating oil before and after microbiological treatment
for a period of 30 days (Table 3). Excluding the abiotic
losses established at approximately 10% as reported in the
literature (Vasconcelos et al., 2011), removal of the TPH,
respectively, to the conditions bioaugmentation,
biostimulation and the combination of the two techniques
was 29.6 + 3.0%, 31.1+3.1% and 32.5+3.3%.



4044

Canadian Journal of Pure and Applied Sciences

Table 3. Germination index of seeds before and after bioremediation.

Microcosms conditions and time (days)
Plants BA + BS BS BA
0 30 0 30 0 30
Artemisia dracunculus 68.2 164.3 68.2 1725 68.2 65.7
Brassica nigra 58.3 74.7 58.3 184.2 58.3 73.8
Cucumis anguria 21.6 37.6 21.6 51.4 21.6 34.8

BA+BS — association between bioaugmentation with P. aeruginosa and biostimulation with cottonseed cake; BS — bioestimulation;
BA - biaugmentation. Standard deviation: A. dracunculus (£0.2%), B. nigra (+0.1%) e C. anguria (£0.8%)

In reactors whose contaminant removal was greater than
30%, the germination rates increased in all seeds exposed
to the contaminant. C. anguria showed more symptoms of
toxicity than B. nigra and A. dracunculus, respectively. In
both after 30 days of treatment, the phytotoxicity was
classified from moderate to null. This highlights the fact
that the conditions that biostimulation was tested with
cottonseed cake, as well as in association with
bioaugmentation, may serve as an alternative for the
removal of hydrocarbons. Additionally, in cases where
these indices were higher than 80%, the residual oil
concentration ~ or  metabolites  formed  during
biodegradation were not considered toxic, suggesting that
the longer continuity of the process leads to the
mineralization of the contaminant. On the other hand,
when only biocaugmentation was employed, oil removal
was less than 8.9% under the best conditions, reflecting a
moderate toxicity in B. nigra and A. dracunculus and high
toxicity for C. anguria. Another study, Bouchez et al.
(2000) suggests that under bioaugmentation conditions,
the introduction of a highly concentrated microbial
suspension requires adaptive time to compete first of all
with the soil indigenous microbiota. In addition, until
equilibrium in microbial density is reached, there may be
a delay in the bioprocess of up to 15 days (Mille-
Lindblom et al., 2006), coinciding with what was
observed in this study, that is, the establishment of the
lowest percentage of TPH and removal of its fractions in
30 days.

C. anguria showed the greatest sensitivity among the
tested seeds and this result was in agreement with
previous research (Santos and Cardoso, 2001;
Vasconcelos et al., 2010). It is noteworthy that 30 days is
a very short time to promote effective removal in the
context of bioremediation of soil contaminated by oil.
However, plants have provided indications that they may
be used, given biological reduction of approximately 30%
of the contaminant, suitable to raise the germination rates
to accepted values considering the short period of process.

CONCLUSION

Determination of the phytotoxicity of oil hydrocarbons
present in soils complements the test sequence, which

investigated the characterization of a contaminant, its
microbiological removal, as well as certification with
respect to the degree of toxicity of the metabolism
products. When a particular soil is affected by a complex
mixture of hydrocarbons, the symptoms of physiological
and biochemical stress on some plants, related to
contaminant concentrations present, can provide
important information about the health status of the area,
from a biological point of view, and contribute to
demonstrate the natural ability of soil recovery. This may
signal the need for intervention or liberation, in terms of
the processes surrounding bioremediation. Except for B.
rapa and A. porrum, the germination rate in nine seeds
was reduced. This provides information on the use of
these plants as options for ecotoxicity testing, optimizing
the time of selecting appropriate seeds for bioremediation
of soils contaminated by hydrocarbons.
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ABSTRACT

The present study covers a part of the history of the nuclear binding energy. It is based on the formula of Albert Einstein
mass-energy equivalence (E = mc?). We present in this paper a brief history of Aston's whole number, mass-defect and
nuclear binding energy, its exact definition, and especially its sign that raises fierce controversy between physicists and

students.

Keywords: Aston’s whole number rule, mass-defect, nuclear binding energy.

INTRODUCTION

Where does the sigh minus (=) which exists in front of
binding energy of nuclei come from? And what is its
signification? Why certain authors consider it as being
negative, and others, positive? Students ask worrying
questions. When reading the various discussions of
nuclear binding energy by different authors, it is easy to
get confused. Binding energy is always negative. When
they talk about its magnitude, they mean its absolute
value, so they just state the positive number. Thus, the
physicists have been very sloppy in definitions (Rideout,
2011). To clarify this basic concept, we must find answers
to the following question: How does Aston's packing
fraction become the binding energy?

Aston (1919) introduced three new concepts to determine
masses of individual atoms and their isotopes: 1) Whole
Number Rule, 2) Mass-defect, and 3) Packing fraction.

Firstly, the Aston’s Whole Number Rule stated that the
nuclei masses are integer multiples of a certain
elementary particle of mass into the nucleus. This rule
was a preliminary model for the atomic nucleus but its
limitation was that the only particles known at this epoch
were the proton and the electron. It was therefore
proposed that the nucleus of an isotope of mass M and
charge Z, both being integers, consisted of M protons and

M-Z electrons. Thus, for example, the nucleus of ;Li

consisted of 7 protons and 4 electrons, while that of Li

consisted of 6 protons and 3 electrons (Squires, 1998).
Although this model gave the correct mass and electric
charge of the nucleus, and appeared to satisfy the whole

*Corresponding author e-mail: b.saad@ica.ma

number rule, it does not function fully well because it
presents some defects. The conservation of electric and
magnetic properties of the whole atom was not verified.
For example, atom should be an electrically neutral
particle i.e., sum of charges equal to zero; also the spins
of some of the nuclei were anomalous.

The discovery of the neutron by Chadwick (Chadwick,
1932) in 1932 removed these problems. The actual model
is that a nucleus of atomic number Z and mass number A
contains Z protons and N neutrons. Someway, the mass
number of an atom is the Aston’s whole number rule
(Aston, 1920). Moreover, isotopes are thus nuclei with the
same number of protons and a different number of
neutrons.

Secondly, the mass-defect is the deviation of the atomic
mass M, from its whole number A. Its mathematical
expression was:

AM =My - A (1)

Where atomic mass M, and whole number A are molar
masses, i.e., in kg/mol. The mass of an individual atom is
equals to the atomic mass (M,) divided by Avogadro’s
constant (N,). Mass defect may be defined as the amount
of mass which would be converted into energy if a
particular atom has to be assembled from its constituents
(Fig. 1). The energy equivalent of mass defect is a
measure of binding energy of the nucleus.

Thirdly, Packing fraction. Inside nuclei, the nucleons are
very tightly packed together (Fig. 1). It can be shown that
in the original process of the formation of these, energy
must be released in very large amount before a stable
packing state is reached. The loss of energy which is
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related to the binding forces between the nucleons means
a corresponding loss of mass (mass-defect). The
expression of Aston’s packing fraction is

A @)

Since M4 and A are expressed in molar atomic mass unit
(kg/mol) i.e., the packing fraction is dimensionless.
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Fig. 1. Formation of the °L.i atom.

Thus, the actual molar mass of one of more stable
isotopes of chlorine ¥/ Li is My=36,965 902 574 g/mol.
According to equation (2) the packing fraction therefore is

_36,965902574 - 37
- 37

f

=-0,000921 (3)

Since packing fraction number are very small, It is
generally multiplied by 1x10* to be significant; i.e., f= —
9,21 (Sharma et al., 2001). In 1927, Aston reported a first
curve of the packing fraction, as shown in Figure 2.
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Fig. 2. The 1927 Aston’s packing fraction curve (Audi,
2006; Raj, 2008).

RESULTS AND DISCUSSION

In 1919, F. W. Aston had invented the packing fraction to
determine the atomic masses (Squires, 1998; Aston,

1942). Rapidly, packing fraction proved to be a very
important physical quantity because it was not only used
in the determination of the mass of atoms but it was
considered as being a strong indicator of the stability of
nuclei. Even in the relation (2), Aston’s packing fraction
is dimensionless and appears as if it means nothing.
Aston’s intuition with several other contemporary pioneer
Chemists and Physicists was good: the packing fraction
has been understood as being the nuclear binding energy
or stability of the nuclei or the like. In order to show how
Aston's packing fraction becomes a binding energy of
nuclei, we need to use for the value of A into the
numerator of (2) the sum of the masses of separate atom’s
constituents (protons, neutrons and electrons), rather than
the mass number itself (Elsasser, 1933). Then, the amount
A in the numerator of Aston’s packing fraction will be
quite different from the amount A in its denominator.
Therefore, we shall use symbol m(A,Z) instead of symbol
A into the numerator. Nevertheless, symbol A in the
denominator is going to keep its original signification; it
must represent the Aston’s whole number rule. Then, we
would expect that m(A,Z) would be given by the atomic
number Z multiplied by the mass of the electron m, plus
the mass of the proton m, (and this is the mass of
hydrogen atom) plus the number of neutrons (N=A-Z2)
multiplied by the mass of the neutron m,. Mathematically,

mM(A,Z)=Z(me+mp)+(A-Z)m, 4

For example, for the helium atom, jHe, with two

electrons, two protons and two neutrons, we would then
anticipate an atomic mass of m(A,Z)=2mg+2m,+2m,
according to relation (4). Generally, the masses of the
atom’s constituents are m,=1,007 275 47 u, for the
proton, m,=1,008 664 92 u, for the neutron, and
m.=0,000 548 58 u, for the electron. Then,
m(4,2)=2(0,000 548 58 +1,007 275 47 + 1,008 664
92)=4,034 077 06 u.

On the other hand, the mass of an atom is m(* He )=4,002

603 25 u according to the experimental measurements.
The difference between the calculated and measured
values which in the case of the helium equals — 0,031 473
81 u, is the current mass-defect, which is effectively a
negative value. Therefore, the mass of an atom of helium
is less than the mass of the six particles put together. In
fact, the helium atom is lighter by about 0,031 473 81 u.
Some of the mass has gone missing. Where should we
find it?

Henceforth, the missing mass has been converted in
energy. Therefore, the energy and mass are equivalent.
The mass is just a “solid” form of energy. One can try to
convert one to the other and back without breaking the
law of conservation of matter. Taking into account
adjustments introduced before into the relation (1), the
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physical quantity that mass-defect AM represented is not
mass-excess (Ma—A) but in reality, it represents molar

mass-defect. Because Am=AM/N, and m(AX):MA/NA,

the mass defect associated to an individual nucleus will be
Am=m(%X)-m(A2) (5)

and substituting m(A,Z) by its mathematical expression
(4) within relation (5), we obtain the following relation :

Am=m(% X )-Z(me+my)—(A-Z)m, (6)

Now, replacing mass-defect Am by the relation (6) into
Aston’s packing fraction (2), we found a new relation
which is :

m(é’x)—Z(me+mp)—(A—Z)mn

Am
N A ™)

f=

where m( ZAX ) is the mass of an atom. The new form of

packing fraction is in u unit. Indeed, the relation (7)
represents the average mass-defect per nucleon and
probably this is exactly the relationship (in mass unit) that
Aston wanted to use to achieve the 1927 Aston’s curve
(Fig. 2) instead of the (2) relationship.

With definition (6), all stable nuclei are found to have
negative Am values, this is where the sign minus (-)
comes from, justifying the use of the term “mass defect”.
Figure 3 shows the mass Aston’s curve for all stable
elements on the periodic table. As we can see, mass
packing fraction is negative for all existing nuclei except
the hydrogen atom for which it is positive.
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Fig. 3. Mass Aston’s curve.

As a result, some mass gets transformed into energy in the
formation of nucleus. Thus nuclei having negative value
of mass packing fraction are more stable. The greater the
negative value of the packing fraction, the greater the loss
of mass of its nucleus and hence the greater will be the

binding energy (Choppin et al., 2001). Except the
hydrogen element, positive packing fractions cannot exist
because the nucleons into nuclei are bonded (Rideout,
2011). Indeed, when a nucleus receives certain definite
quantity of energy (quantified amount of energy) it will
be in an excited state and will become unstable (Hecht,
2007); in this case, the packing fraction will increase
depending on the size of the amount of energy received,
but always keeping the negative sign as long as the
nucleus exists. Generally, the lower the packing fraction
of an element, the greater the stability of its nucleus.

At this level of development, we need to introduce
Einstein’s famous law which is E=4mc?. This law allows
us to find the relation which exists between average
binding energy by nucleon which we denote it &g, mass-
defect Am from relation (6) and the mass Aston’s packing

fraction f from relation (7) for a given nucleus which is

Amc2 2

fg=" =1 ®)

where c is the speed of the light in the vacuum (c=2,997
924 58 x10® m/s). Because 1 c¢® = 9315 MeV/u, to

obtained Jp in MeV (Megaelectron-volts), simply

multiply f or Am/A wich is in u by 931,5 value.
As shown on the graph in Figure 4, the average binding

energy by nucleon, < of nuclei in periodic table are

negatives except the hydrogen atom, hence those elements
are relatively stables. We note that the value of ¢ varies
in the rather narrow range [-9, 0 ] MeV.
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Fig. 4. Binding energy Aston’s curve.

Then, to calculate the total energy liberated by the nucleus
of an atom, we just need to mu Itiply &; in relation (8) by
its mass number A and we obtain

E; =AS, )
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Substituting relation (8) by its expression into relation (9)
and Am by its expression (6), and we obtain

Eg=4mc’= [m(% X )-Z(me+m;)—(A-Z)m, ]1c* (10)

A useful practical relation to calculate the binding energy
can be deducted from what precedes would be,

Eg=931,5x4m (11)

Where the input Am into this function is in u and the
output Eg will be in MeV. This relationship between
energy and mass would indicate that in the formation of
deuterium by combination of a proton, a neutron and an
electron together, the amount of material lost or the mass-
defect — 0,002 371 47 u would be observed as the
liberation of an equivalent amount of energy during the
formation of this nucleus which is

Eg=-0,002 371 47 x931,5 = —2,209 MeV (12)

This is quite a small amount of energy in the everyday
world, but for a given big quantity of matter such in stars
or nuclear reactors and atomic bombs, it will be colossal.
But better indication on the stability of a nucleus is
obtained when the binding energy is divided by the total
number of nucleons into a nucleus to give the average
binding energy by nucleon. We can write

E

f=—2 (13)
A

It allows comparing the stability of an element with that

of another one. For the deuterium, 21H , the value of Eg/A

for the bond between any two nucleons (Schaeffer, 2012)

is equal to — 2,209/2 = - 1,11 MeV, whereas for 3He

it is 7,07 MeV. Because - 7,07 < — 1,11; the jHe

nucleus is more stable than the le nucleus. The lowest

values of the average binding energy by nucleon (Fig. 4
or 5) are observed for transition metals (Fe, Co, Ni,...)
which indicate maximum stability of their nuclei.
Henceforth, on moving to the left or to the right, the
values again raise showing increasing instability of nuclei.
This is demonstrated by the phenomenon of radioactivity
exhibited by high atomic weight elements. The nuclei in

such case disintegrate emitting a,, #~, " particles and/or

y radiations giving a lighter and more stable nucleus.
From this curve, it is immediately apparent that fusion of
light elements like 1H and §He into heavy ones is highly
exothermic, as fission of the heavy elements into lighter
atoms, especially present in systems like the sun and stars.
Indeed, a few minutes after the Big Bang, the universe

contained no other elements than hydrogen and helium
(Hinke et al., 2012; Haxel et al., 1949).

On the plot, we see that certain numbers of nucleons form
especially stable nuclei. That effect is observed as small
pseudo-periodic valleys which appear spaced out on the
x-axis logarithmic scale (Fig. 5). The existence of nuclei
with magic numbers (Steppenbeck et al., 2013) suggests
closed shell configurations, as the orbits of atoms.
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Fig. 5. Some magic elements on the binding energy log-
curve.

Now, it is time to introduce a very interesting method to
calculate the binding energy step by step, in only four
steps as follows.

1% step : writing the nuclear reaction of the nucleus.
Z(Se+lp)+ (A-2) ;n - 52X
2" step: calculating mass-defect.
Am = m(5X) - Z(me+my)— (A-Z)m,
3" step : calculating binding energy.
Eg = Amc? = Afc?
4™ step: calculating the average binding energy by
nucleon.
EB

é:B:T

The obtained value of Eg/A should fulfill Aston’s
condition which is — 9 MeV < &; <0 MeV.



Saad

4051

As example of application, the atomic mass of cobalt-60,
9Co , is Ma=59,933 817 17 g/mol.

What is the average binding energy by nucleon? The
conversion factor of mass to energy is 1 u=931,494 028
23 MeV/c?. By definition, 1 u = 1g/mol.

First step:
27(Se+1p)+ 33 :n - ¥Co

Second step : Am=m(*X)-m(A,2)
Am =m(5X) = Z(me+my)— (A-Z)m,,
Am =m($Co ) —27(Me+my)—33m,

Am = 59,933 817 17 — 27(0,000 548 58+1,007 275 47)—
33x1,008 664 92

Then,
Am = -0,563 348 61 u

Third step: Eg=4mc®.
Eg = —0,593 347 61 x 931,494 028 2
Es = — 524,754 935 MeV

Fourth step:
B Eg 5247549935
A 60

‘B =— 8,75MeV

Finally, we find that
-9 MeV <-8,75 MeV <0 MeV

CONCLUSION

The calculation of the nuclear binding energy has been
exhaustively revised based on the original idea of Aston’s
whole number. A brief history is presented. The
calculation of the nuclear binding energy is done through
the famous formula of Albert Einstein on the mass-energy
equivalence (E = mc?). The concepts of Aston's whole
number, mass defect and nuclear binding energy are very
well defined and a new method for fast and easy
calculation of the average nuclear binding energy (energy
per nucleon) is proposed. Finally, this work has removed
the ambiguity in the sign of the nuclear binding energy
which should be therefore negative.
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