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Lethal yellowing (LY) is a devastating disease, affecting more than 35 palm species. One of them,
Pritchardia pacifica, was found to be very susceptible in Florida and it is affected by a LY-type
syndrome in Yucatan, Mexico. In this study, plants of P. pacifica were exposed naturally to feral insects
in an area affected by LY in Mexico. All the plants exposed died showing symptoms of leaf decay with
death occurring within approximately four months after first symptom. Real-time (polymerase chain
reaction) PCR analysis of DNA extracts for phytoplasma detection and in silico sequence analysis of
nested-PCR amplicons showed an association with 16SrlV-D phytoplasmas in plants studied. Time-
course changes were studied for the detection of phytoplasmas, stomatal conductance and leaf
temperature by thermography. One month before appearance of the first symptom, changes in all the
parameters were observed: positive detection of phytoplasma DNA, a reduction in stomatal
conductance that is complete and irreversible, and the appearance of a peak in leaf temperature. These
results provide insights into a better understanding of this disease in P. pacifica. Moreover, from a
practical point of view, the changes described could be useful for developing methods for early
detection of the disease.

Key words: Lethal yellowing-type disease, phytoplasmas, Pritchardia pacifica, stomatal conductance,
thermography.

INTRODUCTION

Lethal yellowing (LY) is a devastating disease
associated with phytoplasmas, identified as the causal
agent when they were found in phloem cells of coconut
plants (Cocos nucifera) with symptoms of LY, through
observations using transmission electron microscopy
(Beakbane et al.,, 1972; Heinze et al., 1972; Plavsic-

Banjac et al., 1972) and observation of differential
remission of symptoms in symptomatic plants treated
with oxytetracycline antibiotics and penicillin (McCoy,
1972; Hunt et al., 1974). Actually, LY affects more than
35 species of palms (Harrison and Oropeza, 2008).
According to McCoy et al. (1983), the most susceptible

*Corresponding author. E-mail: cos@cicy.mx.
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are coconut, Phoenix dactylifera and Pritchardia species,
including Pritchardia pacifica. In studies carried out in
Florida (USA) using insect-proof cages, the transmission
of LY was achieved with the insect Haplaxius crudus
(previously known as Myndus crudus) to young palms of
different species selected for their susceptibility, including
coconut and P. pacifica (McCoy et al., 1983; Howard,
1984; Harrison and Oropeza, 2008). When these studies
were carried out, the molecular techniques to identify
taxonomically, the phytoplasmas causing the disease in
different palms were not available. At present, the
phytoplasmas of 16SrlV group are accepted as the
causal agent of LY and similar diseases, based on the
detection and identification of their DNA with PCR and
amplicon sequencing (Ntushelo et al., 2013). In Mexico,
the presence of three sub-groups of 16SrlV were
reported: 16SrlV-A in coconut, Thrinax radiata,
Coccothrinax readii (Narvaez et al., 2006), Roystonea
regia and Acrocomia mexicana (Narvaez et al.,, 2015);
16SrV-B in coconut (Harrison and Oropeza, 1997); and
16SrV-D in Carludovica palmata (Cordova et al., 2000),
Pseudophoenix sargentii and Sabal mexicana (Vazquez
etal., 2011).

Since coconut is the most economically important palm
species affected by LY, it is also the palm species in
which LY studies have been more extensive. The LY
symptoms observed in coconut are: first all nuts drop
within days, followed by necrosis of inflorescences, then
yellowing of leaves starts with the oldest leaves
progressing to younger leaves, and finally loss of all
leaves leaving the bare trunk (McCoy et al., 1983).
During the development of these visual symptoms,
related physiological and biochemical changes occur,
such as the reduction of stomatal conductance before the
appearance of the first symptom which becomes
complete and irreversible (Le6n et al., 1996; Maust et al.,
2003). These authors proposed that LY-induced stomatal
closure is central to the development of LY symptoms in
coconut palms and leaf yellowing is part of a leaf
senescence process, only that instead of one leaf
senescing approximately each month in non-infected
palms, this rate is about ten times faster in LY affected
palms (Leon et al., 1996). Also, with the closure of the
stomata, transpiration and its refreshing effect is reduced,
thus, an increase in the temperature of the leaf would be
expected, which could be detected by thermography as
reported in other species (Jones and Schofield, 2008;
Oerke and Steiner, 2010).

Other species have also been important for the study of
LY, as it is the case of P. pacifica young palms that were
used as a model palm for research on LY transmission
given its high susceptibility (Howard et al., 1984). Casual
observations at the gardens of the Centro de
Investigacion Cientifica de Yucatan (CICY) in Merida,
Yucatan, Mexico, showed that P. pacifica plants could
develop an LY-type syndrome and die (CICY,
unpublished results). Also, a preliminary analysis of DNA

from one of these plants by BLAST suggested that a
16SrlIV-D phytoplasma could be associated with this
occurrence (Cordova et al., 2014).

The present study was carried out with the objective of
extending the understanding of this association, including
the evaluation of changes in physiological parameters
during the development of LY-type syndrome in P.
pacifica plants, and show if these could be useful for
early detection of infection by 16SrlV phytoplasmas in
palms.

MATERIALS AND METHODS
Biological material

Two batches of P. pacifica plants were used. The first batch
consisted of nine plants in pots (soil/lcompost 60/40 w:w) of
approximately one year of age, located in the nursery “Palma Real’
(Temozon Norte Merida, Yucatan, Mexico, 21°3'48.5"N,
89°36°39.7"W), all of which showed symptoms similar to those of
LY. These plants remained in the nursery and were used only for
taking leaf samples to determine the presence of phytoplasma DNA
by real-time PCR and identification of phytoplasmas found. The
second batch consisting of 22 asymptomatic plants in pots
(soil/compost 60/40 w:w) of approximately one year of age was
obtained from another nursery “Xochimilco” (Santa Gertrudis Copo,
Merida, Yucatan, Mexico, 21°1'46.8”"N, 89°34'28.8"W) and
analyzed by real-time PCR to determine if they were infected or not.
Once confirmed that they were negative, free of phytoplasma
infection, a set of 17 plants were transferred to a single site on the
lawns of the gardens of CICY in Yucatan, Mexico, where LY is
present. They were kept under natural conditions without a cover
and irrigated with tap water twice a week. This way, plants were
exposed naturally to feral insects to facilitate phytoplasma infection.
These plants were then evaluated every month during the period of
September 2013 to February 2014, for symptom development,
analysis by real-time PCR, stomatal conductance and
thermography. The other five plants of this second batch were
placed within an insect-proof cage 1 to avoid contact with insects
and kept free of phytoplasma infection. Another set of five plants,
those from the first batch that were infected with phytoplasmas and
symptomatic were placed within an insect-proof cage 2, with the
purpose of keeping them under the same conditions of those plants
within cage 1. The cages were kept under natural conditions and
plants were irrigated with tap water twice a week. These two sets of
caged plants were used for comparative diurnal evaluation of
stomatal conductance.

Symptom development

In order to describe the development of symptoms in affected
palms in the second batch, visual observations were carried out
continuously during the period of the study to define the changes
observed and the chronology of appearance.

Extraction of DNA and detection of phytoplasma by real-time
PCR

Leaf tissue samples were taken from symptomatic and
asymptomatic plants. DNA was extracted from 1 g of each leaf
tissue sample using the CTAB protocol (Doyle and Doyle, 1990).
Detection of DNA phytoplasma was done using the real-time



PCR/Tagman LY16S assay reported by Cordova et al. (2014) with
modifications. The reaction mix was 20 pl of final volume containing
1 pl of DNA sample (50 ng/ul), 1 pl of TagMan Probe 503Sr (250
nM) and 2 pl of the Universal PCR Master Mix with AmpErase
Uracil N-glycosylase (UNG) (Applied Biosystems USA), 1 ul of
primer mix containing 900 nM of each primer. The equipment used
for the detection was a Rotor-Gene Q - QIAGEN thermal cycler.
Program conditions were 50°C for 2 min (1 cycle), 95°C for 10 min
(1 cycle), 95°C for 15 s and 61°C for 1 min (40 cycles). All DNA
samples including controls were assessed in duplicate. The
threshold cycle (Ct) value of each PCR reaction was set manually
intersecting the exponential phase of the amplification curves and
the baseline was automatically set by Rotor-Gene Q manager
software (QIAGEN). The Ct cut-off value was determined by
preparing a standard curve by sequential 10-fold dilutions of control
DNA sample (extracts positive to Real-time detection), each dilution
was tested in triplicate and the curve was carried out six times.
Negative controls included were DNA samples (extracts negative to
real-time detection) and water.

Identification of phytoplasma strain

DNA was taken from 7 plants (2 from first batch and 5 from the
second batch) that were positive to the detection of phytoplasmas
by real-time PCR and used to determine the type of phytoplasma
present. Corresponding amplicons were obtained by nested-PCR.
In the first reaction, the primers P1 (Deng and Hiruki, 1991) and P7
(Smart et al., 1996) were used and 2 uL of the DNA extract (50 ng)
product, was used as template in the second reaction and the
primers used were LY16Sf/LY1623Sr (Harrison et al., 2002), finally
obtaining a product of approximately 1.7 Kb. Amplification
conditions for the first and second reactions for nested-PCR were
as previously described by Harrison et al. (2001, 2002). The
amplified products were cloned in the PGEM-T Easy Vector
(Promega) and E. coli top 10 (Invitrogen), and sent for sequencing
to the University of California (The College of Biological Sciences
UCDNA Sequencing Facility). The sequences obtained were
compared in the database of the NCBI-BLAST. F2n/R2 partial
sequences (Gundersen and Lee, 1996) from the 1.7 Kb sequences
of two P. pacifica plants (Acc. KY508691, KY508693) were
subjected to virtual RFLP analysis, using iPhyclassifier software
and in silico digestion with 17 restriction enzymes (Alul, BamHI,
Bfal, BstUl, Dral, EcoRI, Haelll, Hhal, Hinfl, Hpal, Hpall, Kpnl,
Sau3Al, Msel, Rsal, Sspl and Tagl). The F2N/R2 sequences
obtained in the present study and other equivalent sequences of
phytoplasmas associated with LY type diseases in palms were
used to construct a phylogenetic tree by the method of neighbor-
joining and a bootstrap value of 2000, using MEGA5.05 (Tamura et
al., 2011) software. Acholeplasma palmae was used as external
group.

Stomatal conductance and thermography

Stomatal conductance (mmol m? s™) was calculated as the inverse
of diffusive stomatal resistance, measured in situ with a LI-COR LI-
1600 porometer on the surface of the leaves or parts of leaves that
were not affected. Two assays were carried out. For the first assay,
measurements were taken throughout the day (at 6:00, 9:00,13:00,
18:00 and 20:00 h) in five asymptomatic plants (real-time PCR
negative) and five plants with symptoms (real-time PCR positive).
These two sets of palms were kept separated, each within insect-
proof cages 1 and 2, respectively. For the second assay, the
measurements were taken in the morning between 10:00 and 12:00
am, and in monthly determinations throughout the development of
the disease in 17 plants. At the beginning of the assay, all the
plants were asymptomatic (real-time PCR negative). In this second
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assay, the temperature of the surface of the canopy foliage was
also recorded in the 17 plants with a thermographic camera (ICI
Prodigy 640, thermal resolution of 640 x 480) and the
environmental temperature was measured independently. For the
analysis, the difference between both temperatures was taken into
consideration (AT = temperature by thermography — environmental
temperature). Each AT value of the thermography reported for a
plant was the average of five points, each one taken from a
different leaf. For analysis of the different parameters, the statistical
method used to calculate the differences between means of each
point in the graph was Holm-Sidak with a test of ANOVA statistical
package of SigmaPlot. The set of five in cage 1 (asymptomatic and
real-time PCR negative) used for the first assay were kept as
control plants (not exposed to feral insects) for the second assay.

Comparative analysis of results of plants in the second batch

Plants were analyzed for different parameters (real-time PCR
detection, stomata conductance and thermography) monthly, and
once the symptom appeared, follow up continued further for three
months. Due to the fact that symptoms started at a different time for
each plant, for the purpose of comparative analysis of the
parameters studied between all plants, the monthly data obtained
for each plant was equated based on alignment of the timeline at
the moment of appearance of first symptom. Therefore, the results
are presented in the following chronology three months before
appearance of first symptom and three months later.

RESULTS
Symptoms observed in the plants

The P. pacifica plants exposed naturally to feral insects in
the gardens of CICY showed no immediate LY-type
symptoms (Figure 1A). The appearance of the first
symptom after exposure, took between one and three
months depending on the plant, and this was followed by
a progressive development of symptoms of leaf decay
syndrome. The time lapse between the appearance of
the first symptom and death of the plants was from 3 to 4
months. Development of symptoms was in the following
manner: the first visual symptom was damage on the
spear leaf, hindering subsequent aperture of this leaf in
some cases, depending on the degree of damage (Figure
1B), this was followed by yellowing of mature leaves
(Figure 1C) and emission of new leaves stopped in the
palm, resulting in reduction of foliage (Figure 1 D). In
most cases, yellowing occurs first in only one part of the
leaf, the area becomes brown and this pattern extends to
the rest of the leaf, which subsequently dries up and dies.
Eventually, all the leaves are affected and the plant dies
(Figure 1E). In some cases, Yyellowing occurs
simultaneously in several leaves, affecting the whole leaf;
the leaves then turn brown and die. In the case of plants
in cage 1 (asymptomatic and real-time PCR negative)
that were unexposed to feral insects throughout the
whole study, no symptom was developed.

Detection by PCR of phytoplasma DNA

For the detection of phytoplasma DNA by real-time PCR,
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Figure 1. Development of symptoms of a lethal yellowing-type syndrome as observed in P. pacifica plants. (A) Asymptomatic plant.
(B) appearance of the first symptom, damage in the spear leaf. (C) Yellowing of the older leaves. (D) Loss of the older leaves. (E)
Yellowing of younger leaves. (F) Loss of young leaves and death of the palm.

a Ct cut-off value of 32 =+ 0.13 was determined and
values above were negative. In the first batch of nine
plants at Palma Real Nursery, when monitoring started,
four were already symptomatic and five were
asymptomatic; the latter began to show symptoms within
a month, and within four months, all of them died. The
symptoms observed were also leaf decay syndrome as
described earlier, and all the plants were positive to the
detection of phytoplasma DNA by real-time PCR. In the
case of the second batch of plants, all were real-time
PCR negative and symptomless at the beginning of the
study, and were exposed naturally to feral insects in the
gardens of CICY. Each of them developed symptoms of
leaf decay syndrome. The data presented here is
reported within the following time frame: zero time
denotes the moment of appearance of the first symptom
(to chronologically equating development of symptoms
and corresponding measurements); -3, -2 and -1 are

months before the appearance of the first symptom and
+1, +2 and +3 are months after the appearance of the
first symptom. Regarding real-time PCR in month -1,
there was a positive detection of LY 16SrlV
phytoplasmas with an average Ct value of 29.6 (Figure
2A). This initial detection took place because presumably,
the titre of phytoplasmas increases with time to become
detectable, and continues increasing as shown by a
decrease of Ct value to 25.3 at time zero (time of
appearance of first symptom). CT value remained with
very little change afterwards (Figure 2A). The difference
between average negative Ct values and average
positive Ct values was significant.

Identification of the phytoplasma affecting P. pacifica

Seven sequences were obtained from the products of the
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Figure 2. Analysis of three parameters in Pritchardia pacifica
plants exposed to Haplaxius crudus in a site with LY incidence
during the different developmental stages of the disease. (A) LY
detection by real-time PCR. Broken line denotes detection
threshold, above CT 32 is negative, and below is positive. (B)
Leaf stomatal conductance. (C) Thermography. Time zero
denotes when the first visual symptom was observed. Similar
letters have no significant differences, different letters have
significant differences (P = 0.001).

amplification of seven DNA extracts from diseased plants 99.94%) with the sequences of the phytoplasmas in S.
(Accessions  KY508690, KY508691, KY508692, palmeto (Accession HQ613895.1) and P. dactylifera
KY508693, KY508694, KY508695 and KY508696). (Accession AF434989.1) classified within the subgroup
These sequences were compared in the NCBI-BLAST 16Sr-1V-D. Virtual RFLP analysis was carried out and the
database and high similarity was obtained (99.56 to pattern (Accession KY508691, Figure 3B) was very
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AF237615

KY508691

Figure 3. Virtual RFLP patterns derived from in silico digestions, using iPhyclassifier software. (A) Reference pattern of 16Sr group
1V, subgroup D, accession: AF237615. (B) Pattern of P. pacifica, accession: KY508691.

similar (similarity coefficients of 1.0) to reference pattern
of Carludovica palmata 16Sr group 1V, subgroup D (Acc.
AF237615 (Figure 3A). Phylogenetic analysis carried out
on the sequences obtained from P. pacifica, showed that
these are grouped in the clade corresponding to the
subgroup 16SrIV-D (Figure 4).

Stomatal conductance

First stomatal conductance was evaluated comparatively
between healthy palms (asymptomatic, negative real-time
PCR) and diseased palms (symptomatic, positive real-
time PCR, one month after the appearance of the first
symptom). In healthy palms, conductance showed a
typical diurnal fluctuation throughout the day, at 6 am, it
was 0.0146 mmol m? s, at 13 pm, it increased to a
maximum of 0.038 mmol m™? s™ and at 18 pm, it reduced
to 0.00057 mmol m? s* (Figure 5). Conductance in
diseased palms showed very small diurnal fluctuation
with values ranging between 0.01 at (9 am) and 0.0028
mmol m? s™ (18 pm) (Figure 5).

Also, stomatal conductance was evaluated during the
development of the disease, (Figure 2B) and there was a
reduction of about 80% from month -2 to month -1
(values dropped from 0.051 to 0.01 mmol m™? s™). From
then on, conductance values remained low (between
0.01 and 0.001 mmol m?s™) (Figure 2B). The differences
between month -3 and -2 were not significant (P = <
0.001); however, between these and the following
months (-1 to +3), they were significant (P = < 0.001).

Thermography

The measurements of AT throughout the development of

the disease showed a peak (AT 11.78°C) at month -1,
before the appearance of the first symptom, AT values
after and before month -1 (0.28 to 6.33°C) showed no
significant differences between them; in contrast, there
was a significant difference with the value for month -1
(P=<0.001) (Figure 2C).

DISCUSSION

In casual observations, it was found that P. pacifica
plants at CICY’s gardens developed a LY-type syndrome
and analysis of DNA of one of these plants by BLAST
suggested that a 16SrlV-D phytoplasma could be
associated with it (Cordova et al., 2014). Further studies
to extend the understanding of this association were
carried out and are reported in this study.

The first part of the study was on a batch of nine of P.
pacifica plants in pots of approximately one year of age at
Palma Real Nursery that was found to be already
showing symptoms of leaf decay. DNA samples from the
leaves were analyzed by real-time PCR specific for
16SrlV phytoplasmas and found positive. Then, another
batch, in this case 17 P. pacifica plants from another site,
(Xochimilco nursery) that were asymptomatic and
negative for the detection of phytoplasma DNA by real-
time PCR, were exposed naturally to feral insects in the
gardens of CICY. They developed leaf decay symptoms
similar to those of the first batch. Analysis by real-time
PCR of DNA from these plants also showed positive
detection of 16SrlV phytoplasmas. Amplicons obtained
sequenced and after the sequences, were subjected to
BLAST; high analogy was found for 16SrlV-D strains and
this was further supported by virtual RFLP and
phylogenetic analyses. All the sequenced amplicons from
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Figure 4. Phylogenetic tree constructed using the method of neighbour-joining (bootstrap: 2000) with 34 sequences of I6Sr RNA gene
representative of the phytoplasmas associated with LY in coconut plants and other palm species, including the sequences of
phytoplasmas isolated from Pritchardia pacifica plants in this study (A) and from the root of Acholeplasma palmae.

DNA samples of plants from both sites (Palma Real
Nursery and CICY) were all of the subgroup 16SrIV-D
only. This is interesting since the sites are far away (8
km) from each other, and in CICY’s gardens, 16SrlV
phytoplasmas of subgroups 16SrlV-A and 16SrlV-D were
found in different palm species (Vazquez et al., 2011).
Thus, suggesting a possible selective interaction between
P. pacifica plants and 16SrlV-D phytoplasmas, as found
for LY-type syndromes in palm species studied in
Yucatan, T. radiata was found to be associated
specifically with 16SrlV-A and S. mexicana associated
with 16SrlV-D phytoplasmas. However, this occurrence
needs to be further studied, for instance, on samples
from symptomatic P. pacifica plants from more sites and

farther.

Follow-up of the development of symptoms of plants in
the second batch exposed naturally to feral insects
showed that they started appearing after three months of
exposure. Chronologically, these symptoms included
initial damage of the spear leaf, yellowing of mature
leaves, yellowing of younger leaves, yellow leaves
turning brown with reduction of foliage and finally, the
palm death. As in the case of the first batch, all palms of
this second batch also died, suggesting that they are very
susceptible, as observed previously in Florida (McCoy et
al., 1983; Howard, 1984; Harrison and Oropeza, 2008).
According to the literature, the symptoms of palms
affected by LY can vary according to the palm species
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Figure 5. Daytime stomatal conductance in healthy P. pacifica plants
(asymptomatic, negative real-time PCR) and diseased plants affected by
LY (symptomatic, positive real-time PCR, at one month after the

appearance of the first symptom).

and strain of phytoplasma affecting it (Harrison and
Oropeza, 2008). The leaf decay symptoms observed in
the P. pacifica plants in the present case, were similar to
those reported for P. dactylifera associated with 16SrlV-D
phytoplasmas (Harrison et al, 1995; Harrison and
Oropeza, 2008) and Washingtonia robusta associated
with 16SrlV-F phytoplasmas (Harrison et al., 2008), in
which collapse of the spear leaf preceded yellowing of
the leaves. In the case of the leaf decay syndrome of P.
pacifica in this study, the time lapse between the
appearance of the first symptom and death of the plant
was from 3 to 4 months, a slightly shorter period of time
than that reported for mature coconut palms, 3 to 6
months (Arellano and Oropeza, 1995). Unfortunately,
these observations cannot be compared with those of
either leaf decay syndrome in adult P. pacifica palms, or
LY syndrome on young coconut palms, because there
are no reports available for such types of cases.
Phytoplasma diseases can affect the physiology of
stomata and according to Matteoni et al. (1983), plants
with phytoplasma diseases that are lethal show complete
closure of stomata even at the time when stomata of
healthy plants are open, and in plants with phytoplasma
diseases that are not lethal, stomata closure was only
partial. In coconut plants affected by LY, there is a
reduction of stomatal conductance that starts before the
appearance of the first symptom and is complete and
irreversible (Ledn et al., 1996; Maust et al., 2003). In the
present study, P. pacifica plants affected by the leaf
decay disease were evaluated to know whether there are

changes in stomatal conductance, and leaf temperature.
Stomatal conductance in healthy plants was monitored
throughout the day and a normal diurnal variation was
observed, increasing during the day and decreasing in
the afternoon and night, indicating that the stomata are
functional. This stomatal behavior is similar to that
reported for healthy coconut palms (Le6n et al., 1996). In
contrast, in diseased P. pacifica plants, no variation were
observed in stomatal conductance; remained low
throughout the whole day, which indicates a disease-
related stomatal closure. Moreover, when stomatal
conductance was monitored during the development of
the disease symptoms, it decreased in affected plants in
a complete and irreversible manner one month before the
appearance of the first symptom. These changes are
similar to those observed in coconut palms during the
development of the LY syndrome, and (together with
other biochemical and physiological changes) are
believed to be the result of a hormonal imbalance caused
by the phytoplasma infection (Ledn et al., 1996; Martinez
et al., 2000; Aguilar et al., 2009).

Since the closure of the stomata could reduce plant
transpiration and its refreshing effect, leading to an
increase in leaf temperature (Jones and Schofield, 2008;
Oerke and Steiner, 2010), changes in leaf temperatures
(AT) in P. pacifica plants were evaluated throughout the
development of the disease. There was an increase (of
about 5°C) one month before the appearance of the first
symptom, but it peaked, and decreased again to the
previous level by the time of appearance of the first



symptom. Similar changes have been observed in
Nicotiana tabacum plants infected by the tobacco mosaic
virus (Chaerle et al., 1999). The authors reported that the
initial increase in temperature was as a result of reduced
stomatal conductance and transpiration, but they
associated the following decrease in temperature to
water loss caused by cell death occurring as part of plant
defense. In the case of P. pacifica plants infected by
16SrIV-D phytoplasmas, very fast leaf decay took place
with noticeable damage in the leaf tissues and its
integrity, and probably allowing evaporation to take place.
These changes in stomatal conductance and leaf
temperature of P. pacifica plants occurred before the
appearance of the first visual symptom, and at the
moment when there was already positive real-time PCR
detection of phytoplasmas. Based on these results, it is
suggested that changes in stomatal conductance and the
resulting changes in leaf temperature in plants of P.
pacifica with leaf decay syndrome, are result of the
presence of pathogen in infected plants, as previously
proposed for LY phytoplasmas in coconut (Leén et al.,
1996) and tobacco mosaic virus in tobacco (Chaerle et
al., 2007).

In conclusion, the results reported herein supported
that the P. pacifica diseased plants showing leaf decay
syndrome are associated with 16SrlV-D phytoplasmas,
contributing in particular, to the understanding of this
syndrome affecting P. pacifica plants in Mexico, and in
general, the mode of action of 16SrlV phytoplasmas in
palms. In addition, from a practical point of view, the fact
that the changes in the parameters studied occur before
the appearance of the first visual symptom, this could be
useful for the development of methods for early detection
of the disease in P. pacifica or 16SrlV phytoplasma
diseases in other palm species. In particular,
thermography can be helpful in registering increase in
temperature in asymptomatic infected plants during
surveillance of commercial plantations, for instance, by
means of remote sensing equipment mounted on drones
(Chen et al.,, 2015; Mahlein, 2012), and followed by
immediate testing of the presence of phytoplasmas by
real-time PCR and corresponding actions to stop spread
of the disease. Finally, it is very important to extend the
studies reported here to a larger population of plants and
other palm species to determine how universal they can
be.
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The drug under study is a herbomineral drug containing tortoise shell ash and ground seeds of Piper
nigrum used in the treatment of cancer. Salaha-A was found to contain essential minerals that could
have medicinal importance to human. Calcium was found to be the major element in the tortoise shell
ash and piperine is the pioneer alkaloid found in Piper nigrum. This work evaluates the effects of
Salaha-A at different doses on blood parameters and spleen tissues of rats which result in significant
increase in erythrocytes, lymphocytes and granulocytes. P-glycoprotein (P-gp) over expression is
found in many types and many stages of cancer cells which impaired the delivery of anticancer drug to
target site of action thereby leading to ineffective treatment. Hence, an inhibition of P-gp function is an
attractive strategy toward multidrug resistance. It was further postulated that the conjugation of
piperine and calcium can inhibit the function of P-gp, thus, molecular docking studies were carried out
to predict 3D structure of P-gp and piperine-Ca conjugate. The in silico analysis shows higher binding
affinity of piperine-Ca conjugate to P-gp model (-9.54 kcal/mol) in comparison with piperine alone (-8.77
kcal/mol). Piperine-Ca conjugate has shown good pharmacokinetic properties and therefore may be co-
administered with anticancer drugs as efflux modulator after undergoing further in-vitro and in-vivo
studies.

Key words: P-glycoprotein, herbomineral, calcium, Piper nigrum, piperine, pharmacokinetic.

INTRODUCTION

The medicinal use of tortoise/turtles shells has a very
long tradition in the Asian countries. There are many
reports related to the use of herbomineral therapeutics
and were found to be one of the most promising areas of
treating diseases like cancer (Sheikh et al., 2012). The

drug under study, Salaha-A, is a combination of tortoise
shell ash and powdered white pepper (Piper nigrum
Linn.) at a ratio of 90:10, respectively. The powdered
drug is administered orally with honey as vehicle, at a
dose of 500 mg four times a day. It is locally prescribed to
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patients suffering from cancer and some degenerative
diseases and described to possess anti-inflammatory and
immunomodulatory  effect. Herbal and mineral
formulations possessing such a combination of
preventive and therapeutic effects are described as
Rasayana in ayurveda and have been widely used by
ayurvedic physicians. The uses of herbs and minerals as
integral parts of traditional systems of medicine are
unique to the ayurvedic and Siddha systems of Indian
Traditional Medicine (Kumar et al., 2006). These systems
of medicine preparation obtained minerals from natural
products following a series of purification and
incineration.

Cancer has become one of the biggest challenges to
the scientific community all over the world despite
development of drugs and other modalities for it
treatment. Cancer cells often become simultaneously
resistant to multiple drugs. The molecular basis of multi
drug resistance is the over expression of gene encoding
P-glycoprotein  (P-gp) which effectively extrudes
hydrophobic drugs out of cancer cells, effectively
precluding their activity (Ondieki et al., 2017). P-gp plays
an important role in drug disposition and distribution.
Several studies to enhance oral bioavailability have
demonstrated the possible use of P-gp inhibitors that
reverse P-gp-mediated efflux in an attempt to improve the
efficiency of drug transport across the epithelia. P-gp
inhibitor influences metabolism, absorption, distribution,
and elimination of P-gp substrates in the process of
modulating pharmacokinetics. Recently, Salaha-A is
being prescribed by traditional medicine practitioners in
Kano State, Nigeria and claimed to be effective in the
treatment of cancer. Tortoise shell ash contains certain
minerals with calcium being the most abundant. Several
studies have shown that P. nigrum has antimicrobial
(Dorman and Deans, 2000), antimutagenic (El-Hamss et
al., 2003), antioxidant and radical scavenging property
(Gulcin, 2005). Piperine being the main constituents of P.
nigrum is known to exhibit a variety of biological activities
and is anti-metastatic (Pradeep and Kuttan, 2002). Also,
piperine has high immunomodulatory and antitumor
activity (Sunila and Kuttan, 2004). Piperine also
increases the bioavailability of certain drugs in the
organism (Karan et al., 1999).

This study was therefore undertaken to ascertain the
effect of Salaha-A at different doses on hematological
parameters of rats. An examination of the histology of the
spleen tissues of the rats given Salaha-A at different
doses was also observed. Postulation of the conjugation
of piperine with calcium can inhibit active functional site
of P-gp using in silico analysis.

MATERIALS AND METHODS

Samples collection and handling

Pieces of tortoise shell were purchased from the local traditional
medical center (Sangarib) packed in an airtight bottle, packed

powdered white pepper (P. nigrum fruit) and bottle sealed pure
natural honey were purchased from Jifatu store in Kano and were
all stored in a dry place at room temperature. Twenty Wistar rats of
both sexes weighing between 100 and 120 g (aged 6 to 7 weeks)
were used in this study. They were procured from the animal house
of Department of Biological Sciences, Bayero University, Kano. The
rats were maintained in the animal room of the department. They
were allowed to acclimatize for one week and fed on standard
laboratory food pellets and water throughout the experiment.

Quantitative analysis of tortoise shell

Quantitative analysis of minerals like calcium, magnesium, iron,
sodium, potassium and zinc of the tortoise shell ash was performed
using Atomic Absorption Spectrometer (AAS). Six grams of the
samples were weighed approximately in a 250 ml beaker; 50 cm®
HCI solution (50% v/v) was added and kept for 1 h, then filtered to
remove insoluble material. The samples were then transferred to a
volumetric flask, volume adjusted to 50 ml and mixed. All
precautions were taken to avoid contamination. The samples were
then aspirated in atomic absorption spectrometer (AAS) against
standard solution and the absorbance was measured.

Atomic  Absorption  spectrometer  (AAS, mg/kg):
concentration x Volume made up / Weight of sample

Sample

Dosage schedule and drug administration

The dose for experimental animals was calculated by extrapolating
the human dose (2000 mg/day) to animals based on the standard
table of Paget and Barnes (1964). The therapeutic dose was
calculated to be 180 mg/kg weight of rat. Honey was diluted with
distilled water at a ratio of 2:3 in accordance with the guidelines for
toxicity/safety profile evaluation of Bhasma/Raskalpas.

Conversion formula: Total clinical dose (a) x Conversion factor
0.018 (b) = (c) / 200 g weight of rat

2000 mg x 0.018= 36 mg/200 g weight of rat
36 x 1000/200 = 180 mg/kg

For the administration of the test drug at different doses, 20 rats
were randomly assigned into four groups of five rats each. The first
group served as control and were orally given 1 ml of honey
solution. The remaining three experimental groups were orally
given Salaha-A at 180, 280 and 380 mg/kg in 1 ml honey solution
each for 15 consecutive days.

Determination of blood parameters

After the mentioned duration, the animals were weighed, sacrificed
on 16th day and blood samples were withdrawn by cardiac
collection into labeled EDTA bottles. For the complete blood count,
the procedure followed was based on the instruction manual of
Haematology Analyzer (Sysmex XP-300). Total red blood cell
(RBC) count, hemoglobin content (HGB), haematocrit (HCT),
granulocytes count (GR) total white blood cells (WBC), lymphocyte
count (LYM), and platelet (PLT) were assessed. Mean corpuscular
volume (MCV), mean corpuscular haemoglobin (MCH), mean
corpuscular haemoglobin concentration (MCHC), red blood cell
distribution width (RDW), platelet distribution width (PDW), mean
platelet volume (MPV), and platelet larger cell ratio (P-LCR) were
also calculated.
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Figure 1. Histology of spleen tissues of rats given Salaha-A at different doses. A,
Central artery; RP, Red pulp; MZ, Marginal zone; F, follicles; P; periarteriolar lymphoid
sheath (PALS).

Determination of blood calcium level

Blood samples were centrifuged and by the method of Barnett et al.
(1973), the resulting plasma was analyzed for total calcium using a
colorimetric method (Randox, RX Monza CA kit no 590).

Reaction principle

Complex with O-Cresolphthalein complexone in an alkaline
medium.

Sample material
Serum heparinized plasma diluted in 1+1 in 0.9% NacCl x 2

Concentration x 2.50 (mmol/l) = Sample / Standard

Histological examination of spleen tissues

The anterior abdominal wall muscle was incised to expose the gut
in the abdomen. The spleen was carefully dissected out using a
sharp sterilized scapel knife. The tissues were removed and were
fixed in 10% formal saline in specimen bottles. Following fixation,
the tissues were further processed by dehydration through
ascending grades of alcohol. The first grade of alcohol used was
70% alcohol for a day followed by 90% alcohol overnight and finally
two changes of absolute alcohol the following day. After

dehydration, the tissues were treated with xylene (70% xylene/30%
absolute alcohol) for a day followed by infiltration in three changes
of paraffin at 60°C for two days, using an oven. Lastly, the tissues
were transferred into an embedding medium (fresh paraffin wax)
followed by blocking. Sections of about 5 microns thick were cut
using a rotary microtome.

Haematoxylin and Eosin staining

Method of Drury and Wallington (1967) were adopted for
Haematoxylin and Eosin staining. Sections were dewaxed for 2 min
in each of the two changes of xylene and were transferred into
absolute alcohol for removal of xylene for a minute and were
stained with iron haematoxylin for 20 min. They were washed in
running tap water for 2 to 3 min. Sections were differentiated in 1%
acid alcohol for a few second, blued in running tap water for 5 min
and counter-stained with 1% eosin for 3 min, then rinsed in water.
They were dehydrated through ascending grades of alcohol (70, 90
and 100%) for 1 min each, cleared in xylene for a minute and
mounted in distrene, plasticizer and xylene (DPX).

Photomicrography

Records of the histological results were obtained by
photomicrography using a microscope with a camera at the
Department of Anatomy, Bayero University Kano as shown in
Figure 1.
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Table 1. Minerals present in the tortoise shell ash.

Mineral Weight (mg/kg)
Calcium 314.87
Iron 35.28
Magnesium 32.19
Sodium 3.09
Potassium 35.33

Zinc 20.34

Statistical analysis

Results are presented as mean * standard error of mean (SEM)
and total variation present in a set of data was analyzed through
one way analysis of variance (ANOVA). Comparison between
groups was done using least significant difference (LSD).
Differences were considered statistically significant at p<0.05.

Homology modeling of P-glycoprotein (P-GP)

The sequence of P-glycoprotein (NP_001335874.1) was retrieved
from National Center for Biotechnology Information (NCBI) and
subjected to protein-protein Basic Local Alignment Search Tool
(BLASTp) search against the Protein Database for the identification
of a suitable template. Structures with higher identity, lowest E-
value query coverage and good resolution (PDB ID 4Q9H, 4F4C)
were selected as best templates. Multiple alignments of the target
sequence and templates were generated by running the Advanced
Modeling script in MODELLER 9v17 (Sali et al., 1995) based on a
dynamic programming algorithm; it takes into account structural
information from the templates when constructing an alignment.
Five 3D structures were developed and the one with the low molpdf
score was chosen as the best model. The developed model of P-gp
was further evaluated by Ramachandran plot using Rampage
server to assess the quality of the predicted model.

Binding site prediction

Binding site of the P-gp model was predicted by submitting the
sequence to the COACH (Yang and Zhang, 2013) server. Residues
from the group with the highest confidence score (C-score) and
cluster size was selected as our functional active site for setting of
X, ¥, and z grid size.

Piperine-calcium conjugate and retrieval of piperine

The structure of the piperine-Ca conjugate was drawn in the ACD-
chemsketch software and then saved in sdf format. The sdf format
of the piperine-Ca was converted to PDB and SMILES format using
the Open BaBel Software (O'Boyle et al., 2011). The 3-Dimensional
structure of piperine (PubChem CID: 638024) in sdf format was
downloaded from PubChem database and also converted to PDB
format in Open BaBel Software. The SMILES of the piperine-Ca
conjugate and that of piperine obtained from PubChem Database
were submitted to SwissADME server (Daina et al., 2017) for
evaluation of their molecular properties and pharmacokinetic
properties.

Molecular docking simulations

Docking simulations of piperine and piperine-Ca conjugate into the

binding site of P-gp predicted model was performed using Autodock
4.2 (Norgan et al., 2011), the hydrogen polar atoms were added to
the receptor molecules and Lamarckian algorithm was applied.
Autogrid with a size of 60x60x60 points in X (-27.030), Y (28.281),
and Z (-11.219) directions was built with a grid spacing of 0.375 A.

RESULTS AND DISCUSSION
Quantitative analysis of tortoise shell ash

The quantitative analysis of the tortoise shell ash reveals
that it contains minerals that are essential for
maintenance of good health. Calcium, nutritionally
important alkaline mineral was found to be the main
active mineral found in the tortoise ash (Table 1).

Hematological parameters

The examination of blood gives the opportunity to
investigate the presence of several metabolites and other
constituents in the body of animals and it plays a vital role
in the physiological nutrition and pathological status of an
organism (Aderemi, 2004; Doyle, 2006). The significant
increase of white blood cells (Table 2) in the rats
indicates their capability of generating antibodies in the
process of phagocytocis and have high degree of
resistance to diseases (Soetan et al., 2013) and enhance
adaptability to local environmental and disease prevalent
conditions (Kabir et al., 2011; Iwuji and Herbert, 2012;
Isaac et al., 2013). Lymphocytes are the main effectors
cells of the immune system. They are formed and
released from lymphoid tissue such as lymph nodes,
spleen, etc. They are unable to eat or engulf organisms,
but fulfill their function of defending the body against
invading microorganisms, foreign macromolecules, and
cancer cells (Junqueira and Carneiro, 2003).

Junqueira and Carneiro (2003) stated that in some
cancers, e.g. melanoma and colorectal cancer,
lymphocytes can migrate into and attack the tumor; this
can sometimes lead to regression of the primary tumor.

The significant increase in red blood cells, haemoglobin
and hematocrit, in all treated groups (Table 3) indicates
the capacity of Salaha-A in the increase of delivering
oxygen to the body tissues via blood flow through the
circulatory system (Maton et al., 1997). The non-
significant change in the Mean Platelets volume (MPV),
Platelets distribution width (PDW) in therapeutic and high
dose given groups indicates the reduction in production
of platelets in the blood. The increase in proportion of
whole blood occupied by platelets (PCT) in group that
received the test drug at therapeutic dose was not highly
significant. These results has showed the ability of
Salaha-A in blood clotting was not achieved (Table 4).

In the adult human body, 99% of calcium is found in
mineralized tissues (bones and teeth), in which it is
present as calcium phosphate or calcium carbonate (Bedi
et al., 2006). The remaining 1% is found in the blood,
extracellular fluid, and various tissues. The maintenance
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Table 2. Leukocytes indices of rats given at different doses of Salaha-A.

Parameter WBC (><109/L) LYM (%) MID (%) GR (%)

Control 3.38+0.1 53.08+0.5 25.16+0.9 10.8+0.68

180 mg/kg 3.52+0.4 58.4+0.7 28.05+0.5 13.3+0.3

280 mg/kg 5.8+0.5 70.9+0.64 23.2+0.64 6.11+0.2

380 mg/kg 3.94+0.35 86.2+0.8 11.51+0.44 2.99+0.28

LSD 0.93 1.75 1.62 1.05

Data represented as mean+SEM. LSD, Least significant difference.
Table 3. Erythrocytes indices of rats given Salaha-A at different doses.
Parameter MCV (fL) MCH (Pg) MCHC (g/dl) RBC (><1012/L) HGB (g/dL) HCT (%) RDW (%) P-LCR (%)
Control 60.5+0.7 20.2+0.4 31.8+0.7 3.5£0.5 6.16+1.1 19.9+0.3 25.4+0.6 52.7+0.7
180 mg/kg 60.3£0.5 19.9+0.7 31.8+0.7 4.7x0.3 8.5+0.27 27.4£0.44 25.1+0.5 47.5£0.7
280 mg/kg 62.0+£0.5 21.5+0.6 32.0+0.7 5.97+0.3 11.62+0.2 33.68+1.0 24.0+0.4 33.9+1.0
380 mg/kg 62.3+1.3 21.5+0.8 32.0+0.8 4.89+0.5 10.87+0.4 28.66+0.3 24.3+0.6 48.0+0.6
LSD NS NS NS 1.15 1.8 1.07 NS 1.98

Data represented as mean+SEM, LSD, Least significance difference.

Table 4. Platelets indices of rats given at different doses of
Salaha-A.

Histological results of spleen tissues

The spleen is responsible for initiating immune reactions

Parameter MPV (FL) PDW (%) PCT (%) to blood-borne antigens and for filtering the blood of
Control 13.1+0.3 7.5210.3 0.29+0.02 foreign material and old or damaged red blood cells
180 mg/kg 13.2+0.4 8.29+0.5 0.62+0.02 (Cesta, 2006). It comprised 2 functionally and
280 mg/kg 10.5+0.3 10.9+0.4 0.51+0.07 morphologically distinct compartments, the red pulp and
380 mg/kg 13.01+0.5 8.44+0.4 0.34+0.01 the white pulp (periarteriolar lymphoid sheath, follicles,
LSD 1.0 1.13 0.1 and marginal zone). The white pulp which surrounds the

Data represented as mean+SEM. LSD, Least significant difference.

Table 5. Blood Ca? level at different doses.

central arterioles contains lymphocytes and initiates
immune responses to blood-borne antigens. The white
pulp is abundantly seen in groups 2 (180 mg/kg) and 3
(280 mg/kg) and red pulp in group 4 that received the test
drug at high dose of 380 mg/kg. The red pulp is
anatomically well suited for its blood-filtering function and

Group ca’ level (mmolll) also contains macrophages that have special properties
Control 2.18+0.03 for fighting bacteria and facilitating iron metabolism
180 mg/kg 2.20+0.78 (Mebius and Kraal, 2005).

280 mg/kg 2.23+0.12

380 mg/kg 2.25+0.62

Data represented as mean+SEM.

of normal blood calcium level in rats given higher doses
of Salaha-A (Table 5) may be achieved by well intestinal
calcium absorption. The concentration of calcium in the
blood, in which it is present as ionized calcium is
maintained dynamically within a tightly regulated range
through intestinal calcium absorption (Bedi et al., 2006). It
was therefore concluded that the plant constituent of
Salaha-A (Piperine) plays a significant role in enhancing
the absorption of mineral contents of the test drug.

In silico studies results

The multiple templates homology modeling of the P-gp
resulted in five models and the best model among them
was selected and evaluated using Ramachandran plot
(Figure 2) with 96.3% in most favoured regions (1298
residues), 3.0% in allowed regions (40 residues) and only
0.7% in the outlier region (10 residues). The piperine-Ca
conjugate was drawn in ACD-chemsketch (Figure 3) with
molecular weight of 309.39 kcal/mol and the elemental
analysis confirmed the composition of the piperine-Ca
conjugate as Cj3H;;Ca,NO;. The molecular docking
simulation results (Figure 4) reveal Piperine-Ca to have
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Figure 2. (a) Ramachandran plot showing distribution of residues in phi (®) and psi () torsion angles. (b) Predicted 3D structure of P-gp.

Table 6. Binding energy and pharmacokinetic properties of Piperine and Piperine-Ca.

Parameter Piperine-Ca Piperine
Binding energy -9.54 kcal/mol -8.77 kcal/mol
Molecular weight 309.39 g/mol 285.34 g/mol
WlogP 1.68 251
TPSA 38.77 Az 38.77 A2
LogsS Al -2.98 (soluble) -3.96 (soluble)
Log Kp (skin permeation) -6.40 cm/s -5.58 cm/s
Gl Absorption High High
BBB Permeant Yes Yes
P-gp Substrate No No
Lipinkin’s Rule of 5 Yes 0 violation Yes 0 violation
Leadlikeness Yes Yes

WlogP, Water partition coefficient; TPSA, topological polar surface area; LogS, aqueous
solubility; GI, gastrointestinal; BBB, blood brain barrier.

high binding affinity than piperine (Table 6). The piperine-
Ca has better pharmacokinetic properties than piperine

(Table 6).

Conclusion

From the outcome of the study, it could be concluded that

Salaha-A contains compounds which have

intrinsic

importance to human health and could result in the

increase of blood oxygen

level. Conjugate of the

bioactive compounds (piperine + calcium) could inhibit
the function of P-glycoprotein and therefore can be efflux
modulator that can be co-administered for the treatment
of multidrug-resistant cancers.
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Figure 3. Piperine-Ca conjugates drawn
using ACDchemsketch Software.

Figure 4. Piperine-calcium conjugate docked inside the binding
site of P-gp.
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