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The aim of this study was to compare the efficiency of broccoli anther and microspore culture methods
for doubled haploid (DH) lines production. We evaluated the main influencing factors and optimized the
culture methods to improve embryo induction and plant regeneration for efficient doubled haploid
production in broccoli breeding. Six broccoli hybrids were used in this study. Our results show that
generally, the efficiency of androgenic embryogenesis and regeneration in microspore culture is higher
than that in the anther culture. Moreover, the microspore culture eliminated the possibility of plantlets
coming from diploid tissue. In this study, the four-day cold pre-treatment yielded the highest number of
embryos in both anther and microspore culture methods; the embryo yield at 32.5°C for 24 h was the
highest in anther and microspore culture. Optimal plating densities were 30 anthers per dish in anther
culture and 4x10° microspores per ml in microspore culture. In androgenic embryo production, the
PG-96 medium proved to be more effective than NLN medium. Sucrose concentration at 10% for anther
culture and 13% (w/v) for microspore culture was recommended. A total of 70 regenerants were obtained
from three genotypes including doubled haploids, haploids and aneuploids.

Key words: Anther, broccoli, doubled haploid, microspore, plant regeneration.

INTRODUCTION

Broccoli (Brassica oleracea L. var. italica P.) is an important
crop. Cultivars in use today are almost exclusively F;
hybrids (Wang et al., 1999). Conventional inbreeding is
laborious and time consuming, hence double haploid (DH)
production and cross-pollinated DH-progeny as an
alternative can be the greatest source in variation for plant
breeding or selection. The two major advantages of using

DH in plant breeding are the increase of selection
efficiency and shortening the time to release new cultivars
(Castillo et al., 2000). Furthermore, DH lines are very
valuable for quantitative genetics studies and for genome
mapping and quantitative trait locus (QTL) analysis
(Monforte et al., 2004; Behn et al., 2005). Anther cultures
and isolated microspore cultures are two different
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methods widely used for DH production in broccoli. DH
plants of broccoli were obtained from anther culture
(Keller and Armstrong, 1983; Cogan et al., 2001) and
isolated microspore culture (Takahata and Keller, 1991;
Duijs et al.,, 1992). DH parental lines were already
obtained using anther culture and introduced into
breeding schemes (Farnham et al., 1998). Despite these
improvements, anther and isolated microspore culture
methods have some limitations in broccoli. One big
problem is that the yield of embryo in some broccoli
genotypes is still very low, and certain genotypes do not
appear amenable to the process at all (Dias, 2001; Yuan
et al., 2011). Meanwhile, a general problem encountered
in the use of anther culture with B. oleracea is that
resulting populations contain a mixture of variable ploidy
individuals (Chauvin et al., 1993).

Isolated microspore culture is initiated by extracting
microspores from anthers, and in turn the microspores are
cultured free of anther tissue, which offer the opportunity
of producing large amounts of plants with less effort and
reduced cost (Duijs et al., 1992). Further advantage of
microspore embryogenesis would be the capability of
plant regeneration from a single cell, as the isolated
microspore culture eliminates the possibility of plants from
diploid tissue (such as septum, anther wall and tapetum),
thus resulting in an efficient androgenic embryogenesis.
Androgenesis and subsequent DH production are
influenced by genetic, physiological, physical and
chemical factors, which affect the pollen grain while
entering into a new developmental pathway. In androgenic
embryogenesis, the donor genotype is one of the most
important influences. In broccoli, genotype is considered
to be the key factor for obtaining microspore-derived
embryos (Keller and Armstrong, 1983). In androgenic cell
cultures, the density of anthers or isolated microspores
can influence the embryogenesis and plant regeneration.
Cultured anthers release endogenous hormones and
certain chemicals which could regulate and affect embryo-
genesis (George, 1993).

Microspores have a remarkable capacity to develop into
haploid plants via embryogenesis in vitro; stress treatment
triggers the induction of this sporophytic pathway. These
include nitrogen starvation, short days and Ilow
temperature treatment of donor plants, which have a
strong enhancing effect on microspore embryo formation
in anther cultures, as well as cold or heat shock and
chemical treatment of excised inflorescences, flower buds
or anthers (Touraev et al., 1997). Today, heat shock is the
method of choice for androgenic cell culture (Arnison et al.,
1990; Duijs et al., 1992). Cold pretreatment has been
used in a variety of plant species for induction of
androgenesis. Such treatments given to donor materials
(spike, inflorescence, flower bud etc.) before inoculation
promote embryo induction, produce more embryos and
enhance the green plant yield in anther and microspore
cultures (Sato et al., 2002; Osolnik et al., 1993).
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According to Nitsch (1974), cold treatment increases the
frequency of embryoid formation by increasing the number
of pollen with similar nuclei and maintaining pollen in
viable condition.

In plant tissue culture, the culture medium is always an
important factor, providing both nutrient and osmotic
environments. Many factors have been made in order to
optimize medium for plant anther and microspore culture.
The induction medium has not only the task to nourish the
microspores but also to redirect their developmental
pathway to the formation of embryos (Jdhne and Lorz,
1995). All tissue culture media require the presence of a
sugar(s) as a source of carbon and energy. Sugars also
act as osmotic regulators in the medium. Sucrose has
been the most widely used carbohydrate source in the
culture medium, also commonly employed in androgenic
cell culture (Pescitelli et al., 1990). The main objective of
this study was to compare the efficiency of anther and
isolated microspore culture for the production of DH lines
from F, hybrids of broccoli. The study evaluated the main
influencing factors and optimized the culture methods to
improve embryo induction and plant regeneration for
efficient practical breeding use. To our knowledge, the
present comparative study of androgenic culture methods
is the first one in broccaoli.

MATERIALS AND METHODS

Six F1 hybrids that came from Xiaotangshan company were
investigated: namely “Mantuolu”, “Bishan”, “Luling”, “Beilu”, “Zhulu”
and “Meilull8”. Seeds were germinated in a greenhouse under
controlled conditions (25/20°C, day/night temperature, 16 h
photoperiod at 70 umol m™ s™ light intensity) in July. Seedlings
were vernalised in a cold room (6°C, 12 h photoperiod at 30 pmol
m~2 s light intensity) for 5 to 6 weeks, after which the plants were
transferred to a greenhouse under the same conditions as before.
Anther and microspore cultures were performed after harvest of
flower buds. For the experiments (1 to 4), only genotype “Bishan”
was used as test materials.

Experimental procedure

Microspore developmental stage was checked by acetocarmine
staining. Buds were surface-sterilized with 1.6% (final concentration)
sodium hypochlorite solution and 0.5% Tween 20 for 15 min, then
rinsed five times in sterile water before excised. For anther culture,
anthers from the same plant were cultured in a 90-mm Petri dish
containing 25 ml the PG-96 solid medium (Guo et al., 1999). For
microspore isolation, anthers were put into the NLN liquid induction
medium (Takahata and Keller, 1991) and microspores were released
using a glass rod homogenizer and a microspore suspension was
obtained by filtration through 45 pum nylon mesh screen. This
suspension was centrifuged three times at 100 g for 3 min and
resuspended in the same medium. Microspores were resuspended
in the required amount of liquid induction medium, final density of
microspore was determined with a haemocytometer and adjusted to
required densities. The microspore suspension was incubated in a
60 mm Petri dish. Each test has five replicates.

After five to seven weeks of culture at 25°C, well-developed
embryos from anther and microspore culture were transferred to MS
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Table 1. Requirements of cold treatment on androgenic embryo induction of broccoli

on PG-96 media (variety “Bishan” was used).

Duration of cold

Yield of embryo (embryos per 100 anthers) = S. D?

treatment (day)

Anther culture

Microspore culture

0 20.3+3.2°
2 41.1+9.9°°
4 57.0 + 13.4°
6 39.7 +6.3°°
8 32.9+5.6°

30.3+4.1°
73.2 £ 12.6°
89.1 + 15.0°
67.3 £ 11.5°
19.4+2.7%

% Means followed by the same letters within columns are not significantly different
according to the LSD test at the 5% level of significance. Means + standard deviation are

from five replicates.

regeneration medium (Murashige and Skoog, 1962) supplemented
with 1 uM indole-3-butyric acid (IBA) and 4.4 uM 6-benzylaminopurine
(BA) for four weeks and then transferred to a half-strength mineral
salts MS medium for rooting. Cultures were incubated in a growth
chamber with 70 ymol m™ s, and 16 h light at 25°C. Prior to
transferring plantlets to soil, the roots of the plantlets were immersed
in a 0.2% colchicine solution for 2 h followed by several water
washes to double the chromosome. Root tip chromosomes of
regenerants were counted using the Feulgen staining method
(Sinkovic and Bohanec, 1988) after chromosome doubling. Every
treatment was replicated five times in this study. The number of
embryos and the vyield of regenerants were scored and the data
were analyzed with SAS 6.0 software. Statistical analyses were
performed using ANOVA. Mean values were compared according to
LSD test at P = 0.05.

Experiment 1. Effect of cold pre-treatment of donor materials
on anther and microspore culture

Flower buds with length 3.0 to 4.0 mm were used as sources for
anther and microspore culture were harvested when microspore
were mostly at late uninucleate development stage, with 10 to 30%
binucleate microspore and stored at 4°C in darkness with stalks in
water to test the cold pre-treatment effects of different durations (0, 2,
4, 6 and 8 days). The plating densities were 30 anthers per Petri
dish for anther culture and 4 x 10° microspores per ml for isolated
microspore culture.

Experiment 2: Optimization of incubation temperature regime

In the incubation temperature regime experiment, microspores were
incubated in the dark conditions at 27.5, 30 and 32.5°C for 48 h and
then maintained at 25°C in the dark. The plating densities were 30
anthers per Petri dish for anther culture and 4 x 10° microspores per
ml for isolated microspore culture. Anthers were subcultured every
four weeks. For the microspore cultures, the cultures were
transferred to a shaker at 60 rpm in the dark at 25°C after four
weeks incubation.

Experiment 3: Optimization of plating density of anther and
microspore culture

In our tests, plating density ranged from 10 to 50 anthers per dish
(90 mm) for anther culture. Three microspore densities were tested
for isolated microspores in liquid induction medium, including 2x10°,
4x10° and 8x10° microspores per ml.

Experiment 4: Effects of basal medium and

concentrations

sugar

The PG-96 and the NLN were employed as induction media. Liquid
media which were used in microspore culture were sterilized by
filtration; solid media which were used in anther culture were
sterilized by autoclaving at 120°C for 25 min. Additionally,
a-naphthalene acetic acid (NAA) at 0.54 UM,
2,4-dichlorophenoxyacetic acid (2,4-D) at 0.45 pM and AgNO; at
11.8 pM were filter-sterilized and added after autoclaving. For anther
culture, sucrose concentration (w/v) at 6, 10 and 13% were tested
on embryo induction across PG-96 and NLN media and six
genotypes. For microspore culture, sucrose concentration (w/v) at
10, 13 and 17% were tested for embryo induction across both media
and six genotypes. The levels of sucrose were set according to
former similar study (Guo and Pulli, 1996; Guo et al, 1999).
Activated charcoal was added to the culture media at 150 mg L™ in
anther and microspore cultures.

Experiment 5: Effect of genotypes on embryo induction

Six hybrids were tested for androgenic embryo induction under the
following conditions; the stalks of donor plants were treated in sterile
distilled water held at a cold temperature of 4°C in the dark for four
days, incubated initially at 32.5°C for 24 h, and then transferred to
25°C in the darkness. For anther culture, plating density was 30
anthers per dish; for isolated microspore culture, plating density was
4x10° microspores per ml. The PG-96 with sucrose at 10% for
anther culture and 13% for microspore culture was used as culture
medium. The embryos bigger than 1.5 mm were counted under
microscope and then transferred to MS regeneration medium.

RESULTS

Influence of cold per-treatment on anther and
microspore culture

Our results reveal that androgenic embryogenesis was
generally enhanced by the cold pre-treatment in broccoli.
Table 1 shows the yield of embryo in genotype “Bishan”
significantly improved by 2 to 8 days cold pre-treatment to
anther culture and 2 to 6 days to isolated microspore
culture.

Effect of cold pre-treatment on embryo induction in
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Table 2. Effects of heat shock on embryo induction of anther and microspore culture

of broccoli on PG-96 media (variety “Bishan”

was used).

Heat shock Number of embryos per 100 anthers +S. D.%
treatment Anther culture Microspore culture
25°C (control) 15.4 +7.2° 20.2+7.0%
27.5°C (48 h) 20.4+11.2% 249 +12.3°
30°C (48 h) 31.6 + 13.5%° 67.2+ 145"
32.5°C (24 h) 54.9 + 19.9° 83.5+20.4°
32.5°C (48 h) 45.1+12.9° 59.7 + 12.4°

®Means followed by the same letters within columns are not significantly different according

to the LSD test at the 5% level of significance.
replicates.

Means + standard deviation are from five

Table 3. Effects of plating density on embryo yield on PG-96 media in anther and

microspore culture of broccoli (Variety “Bishan”

was used).

Yield of embryo (embryos per 100 anthers) = S. D?

Plating density

Anther culture

Microspore culture

10 anther/dish 12.1+6.2%°

20 anther/dish 26.4+8.2°

30 anther/dish 49.9 +14.2°

40 anther/dish 29.6 +11.5"°

50 anther/dish 6.8+2.8°

2x10° microspores/ml 57.5+13.7°
4x10° microspores/ml 77.8+20.8°
8x10° microspores/ml 23.1+9.8°

®Means followed by the same letters within columns are not significantly different
according to the LSD test at the 5% level of significance. Means * standard deviation

are from five replicates.

microspore cultures was greater than that in anther
cultures. In our test, a 4-day cold treatment gave the best
results for both anther and microspore cultures; the
embryo vyields of anther and microspore cultures were
57.0 per 100 anthers and 89.1 per 100 anthers for
genotype “Bishan”, respectively (Table 1).

The effect of heat shock regime on anther and
microspore culture

In this study, a heat shock pre-culture at 32.5°C given at
the beginning of culture initiation, instead of normal dark
culture at 25°C, resulted in an increase of micro embryo
formation.

The best result was achieved from a heat shock at
32.5°C for 24 h; the number of embryo per 100 anthers
were 54.9 and 83.5 in anther and microspore culture,
respectively (Table 2). The influence of heat shock regime
on microspore culture was more important than that of
anther culture (Table 2).

Effects of the plating density on anther and

microspore culture

In our current test, culture density significantly influenced
embryo induction efficiency in anther and microspore
cultures. For anther culture, the density of 30 anthers per
dish gave the maximum vyield, while for microspore culture,
the density of 4x10° gave the best result (Table 3).

Influences of basal media, sugar concentration on
anther and microspore culture

In the current experiments, the PG-96 and the NLN used
as embryo and shoot induction media were employed for
both anther and microspore cultures. In the present tests,
the highest embryo yields of genotype “Bishan” on the
PG-96 media were 53.9 per 100 anthers and 87.6 per 100
anthers in the anther and microspore culture, and those in
the NLN medium were 46.1 per 100 anthers and 64.5 per
100 anthers, respectively (Table 4). Results of the present
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Table 4. Effects of sugar concentration and culture media on embryo induction of anther and
microspore culture in broccoli (variety “Bishan” was used).

Method Sucrose Number of embryo per 100 anthers + S. D?
(%) NLN PG-96
6 34.2 +10.6°" 46.7 + 18.6°
Anther culture 10 46.1+17.3° 53.9+16.9%
13 20.4 +8.1% 435 +14.8%
10 44.3 + 6.9 51.8+9.0°
Microspore culture 13 64.5 +24.9% 87.6+11.2°
17 49.3 + 13.9° 249 +6.1%

#Means followed by the same letters within columns are not significantly different according to the
LSD test at the 5% level of significance. Means + standard deviation are from five replicates.

Table 5. Effects of genotype on androgenic embryo production using PG-96
media in anther and microspore culture of broccoli.

Number of embryo per 100 anthers + S. D?

Genotype Anther culture Microspore culture
Bishan 50.1 + 18.4° 78.3 +20.1°
Mantuolu 29.9+7.6° 56.9 + 19.9%°
Luling 32.1+12.0° 41.5+14.3°°
Meilu 118 45.3 +16.1° 38.3+6.9°°
Beilu 12.6 + 6.0° 235+ 11°
Zhulu 3.9+0.9° 5.6 + 2.4°

*Means followed by the same letters within columns are not significantly different
according to the LSD test at the 5% level of significance. Means + standard deviation

are from five replicates.

study demonstrate the advantage of the PG-96 to the
NLN medium for embryo induction. In the present
experiments, anther cultures produced the highest
embryo yields in media with 10% of sucrose, which
produced the lowest ones in 6% sucrose concentration;
microspore cultures produced the highest embryo yields
in media with 13% of sucrose, which produced the lowest
ones in 10% sucrose concentration (Table 4).

Effects of genotype on anther and microspore culture

In the case of broccoli, anther and microspore culture
ability is genetically controlled and that culture efficiency is
thus genotype dependent (Takahata and Keller, 1991).
This study shows that genetic order, from the highest to
the lowest embryo producer in microspore culture, was
“Bishan” (78.3 embryos per 100 anthers), “Mantuolu”
(56.9 embryos per 100 anthers), “Luling” (41.5 embryos
per 100 anthers), “Meilu118” (38.3 embryos per 100
anthers), “Beilu” (23.5 embryos per 100 anthers) and
“Zhulu” (5.6 embryos per 100 anthers), respectively (Table
5).

Plant regeneration and ploidy levels of regenerant

Regeneration was relatively difficult in the present study.
Many androgenic micro embryos stopped growth or
developed into plantlet-like structures with vitrification.
Approximately 3 to 5% of androgenic embryos developed
into regenerated plants. A total of 70 regenerants had
been obtained so far including doubled haploids (2n = 18),
haploids (n = 9) and aneuploids (Table 6). Ploidy levels of
regenerant were estimated by chromosome counting.
Frequencies of chromosome doubling are shown in Table
6.

DISCUSSION

Some important factors, such as stress treatments,
optimal plating densities, the basal media, sugar concen-
trations as well as the genotypes of donor plants strongly
influence the induction of androgenic embryogenesis and
the regeneration of broccoli. Cold pre-treatment of anthers
is commonly employed to enhance the frequency of
androgenic embryogenesis. It has been used extensively
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Table 6. Ploidy levels of regenerant in anther and microspore culture of broccoli.

Anther culture

Isolated microspore culture

Genotype DH (%) Haploid (%) Others DH (%) Haploid (%) Others
2n =18 n=9 2n =18 n=9 (%)
Bishan 11 (68.8) 3(18.8) 2 (12.5) 15 (62.5) 4 (16.7) 5(20.8)
Mantuolu 4 (50.0) 3(37.5) 1(12.5) 7 (63.6) 2(18.2) 2(18.2)
Meilu118 3(37.5) 3(37.5) 2 (25.0) 1(33.3) 2 (66.7) 0 (0.0)

in many crops such as Brassica campestris (Guo and Pulli,
1996) and Triticum aestivum (Li et al., 1988). Instead of
asymmetry of normal first pollen mitosis, more symmetric
divisions have been reported following cold pretreatment
(Kiviharju and Pehu, 1998) likely due to blocking the
normal gametophytic development. Stress treatments
including low temperature treatment and heat shock act
as triggers for promoting the sporophytic pathway
(Touraev et al., 1996, 1997). Synthesis of proteins has
been reported as a result of stress treatments. Moreover,
the involvement of cytoskeletal elements or the delay of
pollen or anther wall senescence has been suggested
(Cordewener et al., 1995; Kiviharju and Pehu, 1998). For
isolated microspore culture, the swollen microspores have
specific cytological characters, comprising a large central
vacuole, thin tonoplast, parietal cytoplasm and peripheral
nucleus. Many microspores between very late uninucleate
and early binucleate stages will “swell” after the heat
shock, whereas younger and older microspores will not.
Only such “swollen” microspores have the potential to
continue to develop, divide and finally form microcalluses.
Microspores have a remarkable capacity to develop into
haploid plants via embryogenesis in vitro; stress treatment
can further trigger the induction of this sporophytic
pathway. Deviation from a gametophytic to a sporophytic
developmental pathway has been induced in microspores
by applying various pretreatments either in vivo or in vitro
(Touraev et al., 1997). Currently, the method of heat shock
is commonly used for androgenic cell culture in Brassica
oleracea (Takahata and Keller, 1991; Duijs et al., 1992;
Fabijanski et al., 1991). Furthermore, the combination of
cold pretreatment and heat shock significantly enhances
microspore embryogenesis efficiency and results in
higher diploid frequency of the regenerated population
compared to traditional microspore culture protocol which
typically uses heat shock in broccoli (Yuan et al., 2011).
Plating density is an important factor influencing
androgenesis since cultured anthers and microspores
release endogenous hormones and other metabolic
by-products which not only affect embryogenesis, but also
competitively exploit nutrients and oxygen supply as well.
Meanwhile, dead microspores are likely to release toxic
substances into the culture medium. Those toxic
substances tamper with the development of viable
microspores (George, 1993). Constituents of the basal
medium are important factors in eliciting successful

androgenesis. By now, the NLN medium is recognized as
a suitable medium for broccoli androgenesis (Takahata
and Keller, 1991; Duijs et al., 1992). The PG-96 medium
composed of relatively complex organic acids and vitamin
compounds. In previous studies, the modified PG-96
induction medium promoted androgenic embryogenesis
and regeneration in timothy (Guo and Pulli, 1999). Sugar
as the source of carbon and energy also functions as an
osmotic regulator in culture media. Carbon source in
induction medium has a profound effect on anther culture
response. In the case of Brassica, sucrose has proved
effective for increasing embryo induction or improving
embryo development and plant regeneration (Takahata
and Keller, 1991; Duijs et al., 1992; Na et al., 2011).

Auxin and cytokinin as a whole are essential in embryo
induction and shoot formation. Low level or free of growth
regulator has been proven suitable for Brassica
androgenesis (Arnison et al., 1990; Takahata and Keller,
1991; Duijs et al., 1992). In broccoli androgenic cell
cultures, spontaneous diploidization has occurred with
great variation. A general problem encountered in the use
of anther and microspore culture with B. oleracea results
in the mixture of regenerants with variable ploidy (Chauvin
et al., 1993). The anther and microspore culture methods
for the induction of androgenic embryogenesis and
requirements for successful regeneration of broccoli were
compared in this paper. All the important factors
mentioned above had been optimized to improve embryo
induction and green plant regeneration for efficient
practical breeding use. The efficiency of androgenic
embryogenesis and regeneration in isolated microspore
culture was higher than that in the anther culture. Both
anther culture and isolated microspore culture methods
could be used for DH breeding in broccaoli.
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Sodium silicate was dissolved in water in either a monomer form or polymer form; the effects of both
forms of sodium silicate aqueous solution on rose powdery mildew and root rot diseases of miniature
rose were examined. Both forms of sodium silicate aqueous solution were applied to the roots of the
miniature rose. Potassium silicate aqueous solution was used as a control and was compared to the
effect of sodium silicate aqueous solution. The polymer sodium silicate aqueous solution was the most
effective treatment against both powdery mildew and root rot diseases. Moreover, no inhibition effects
of silicate solutions were observed in vitro on Pythium helicoides, the causal pathogen of rose root rot
disease. The silicon contents in the roots of the miniature rose treated with polymer sodium silicate
were significantly greater than that in plants treated with monomer sodium silicate. In conclusion, the
suppressive effects of sodium silicate in the polymer form were confirmed against powdery mildew and

root rot diseases of the miniature rose.

Key words: Podosphaera pannosa, Pythium helicoides, miniature rose, polymer and monomer sodium silicate.

INTRODUCTION

Potted miniature roses (Rosa hybrida Hort.) have dime-
to quarter-size flowers in single, double and semi-double
forms. Miniature roses grow well indoors or out and are
useful colorful plantings in areas with limited space. The
roses are available in almost every color, except blue.
Flowers can be pressed or dried for use in arrangements
and potpourri. Several hundred cultivars are available,

ranging in size from 3 to 18 inches in height and spread.
The smallest varieties (“micro-minis”) grow to 6 inches or
less. Recently, environment-friendly agriculture attempts
to minimize the use of fungicides (Elsharkawy et al.,
2012a, 2012b, 2013; Hassan et al., 2014b, 2014c; Taguchi
et al., 2014; 2015). Disease control by materials with low
environmental effects is desired ((El-kazzaz et al., 2015).
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Silicon (Si), as a major soil constituent, is an element that
is the second most abundant (after oxygen) in the surface
layer of the earth (Exley, 1998). Silicic acid is often
abundant in rock samples. Large differences in Si
accumulation were observed in different parts of the
identical plant (Hodson et al.,, 2005). The beneficial
effects of silicon were discovered first in grasses and
extended to only a few number of plant species (Jones
and Handreck, 1967). Si is considered as a useful
element for specific-species of plants, but it is not an
essential element for the plant. Silicic acid application in
crops (such as rice) controls diseases and could reduce
the load of fungicides released into the environment,
even when applied in large quantities in agriculture (Kim
et al,, 2002; Ma et al., 2004). Several hypotheses have
been suggested concerning the role of Si in plant
developmentincluding the positive effects on reproduction,
alleviation of metal toxicity and nutrient imbalance,
provision of structural rigidity and increased resistance to
fungal diseases such as powdery mildews and root rots
(Epstein, 1994; Fawe et al., 1998). Si positively affects
rice plants, promotes photosynthesis and increases dry
matter production. Root treatment could improve the
resistance to insect damage and disease resistance. Rice
blast has been suppressed through Si treatment in rice
(Maekawa et al.,, 2001, 2002; Seebold et al., 2001,
Hayasaka et al., 2005).

Additionally, disease suppression of powdery mildew
using Si has been reported in strawberries, cucumbers,
grapes, Arabidopsis, wheat and cantaloupe (Bowen et
al., 1992; Cherif and Belanger, 1992; Menzies et al.,
1992; Belanger et., 2003; Ghanmi et al., 2004; Kanto et
al., 2004, 2006). Si can also be found in the form of
monosilicic acid, colloidal silicic acid, or organosilicon
compounds in plant tissues (Yoshida et al., 1962). The
absorption and movement of silicic acid to leaf blades
and the end of the transpiration stream, such as rice
husks, have been reported as major factors involved in
impeding mycelial invasion of blast fungus. Si treatment
has been reported to promote the production of
phytoalexins and antibacterial substances (Cherif et al.,
1994; Fawe et al., 1998). Si is usually present as silicate
(SiOy) in the soil. Some silicic acid molecules are
polymerized and high concentrations of this poly-
merization concentration is known as the polymer state
(Takahashi, 1987).

Therefore, the low molecular state is known as the
monomer state and the high molecular state is the
polymer state. Limited research considers plant disease
control with both forms. Therefore, we focus on using
both forms of Si in the present study. Sodium silicate was
used as the silicate materials. Sodium silicate, when
dissolved in water, is divided into silicate ions with a
negative charge and sodium ions with a positive charge.
When the pH is 7.0 or less, silicate ions become
molecular silicic acid, losing charge. The polymerization
concentration is high in these silicic acid molecules.

Because of the difference in concentration of sodium
silicate, low molecular states are characterized in two
forms: polymer and monomer. This is the first report
using the polymer state to control powdery mildew and
root rot diseases. Until now, calcium silicate and
potassium silicate were the most used as silicate
materials to control plant disease (Moyer et al., 2008).
This study investigates the effect of using monomer and
polymer sodium silicate on powdery mildew and root rot
diseases of miniature rose.

MATERIALS AND METHODS
Powdery mildew experiments
Preparation of test plants

Miniature roses (variety, silk red) were prepared by cuttings.
Seedlings were transplanted in plastic pots (9 cm in diameter) filled
with soil (star bed and peat moss, 1:1). Plants were grown in a
glass greenhouse for 14 days (Gifu Prefectural Agricultural
Research Institute, Gifu, Japan). A bottom water supply system was
used during cultivation.

Preparation of aqueous silicic acid solution and treatment
method

Monomer and polymer sodium silicate aqueous solutions were
prepared by dissolving the reagent of sodium silicate (Wako Pure
Chemical Industries, Ltd.) in distiled water (DW). The ratio of
sodium silicate solution to water (DW) was set to 1 g/1000 mL for
the monomer form and 10 g/1000 mL for the polymer form. The
sodium silicate was completely dissolved in water (DOWEX 50wx4
100-200 H-form, Muromachi Technos Co., Ltd.), and the ion
exchange resin of both forms was adjusted to pH 6.0 to 7.0. Both
forms of aqueous sodium silicate solutions were adjusted with DW
(pH 5.5), to concentrations of 0.5 and 1.0 mM. The aqueous
solution of potassium silicate was prepared using a potassium
silicate solution (Wako Pure Chemical Industries, Ltd.). An ion
exchange resin was adjusted to pH 6.0 to 7.0 using DW (pH 5.5),
and then the concentration was adjusted to 0.5 and 1.0 mM. Each
silicate aqueous solution (30 mL) was applied to the plants as a soil
drench at three time points within a week (every two days).

Disease severity assessment

Powdery mildew infected plants were used as an inoculum source.
In the first test, plants were treated with sodium silicate aqueous
solutions 2 weeks before setting the diseased plants as inoculum
source. Disease severity was measured in plants treated with both
forms of sodium silicate aqueous solution. Treatment continued up
to 4 weeks after installation. In the second test, sodium silicate
treatments were applied 4 weeks before setting the diseased plants
as the inoculum source and were continued in the identical manner
of processing up to 4 weeks after the installation. In both the first
and second tests, the number of small leaves infected with powdery
mildew disease was measured every 7 days after setting the
diseased plants as the inoculum source. Disease incidence was
measured by counting and removing the percentage of infected
leaflets among the complete leaflet. In the second test, in addition
to disease incidence, disease severity was measured. The disease
severity rate was evaluated in the small leaves as follows: (no
disease) 0% infected of the whole leaves, (1) leaves showing 0 to
25% leaf area



infected, (2) leaves showing 25 to 50% leaf area infected, and (3)
leaves showing 50 to 100% leaf area infected. The disease severity
was measured in both the first and second tests up to 28 days after
setting the diseased plants as the inoculum source.

Determination of silicon

Si contents in rose leaflets were analyzed calorimetrically using the
molybdenum blue method. Leaflets (samples) from each treatment
group were dried for 2 to 3 days in an oven at 65°C; the samples
were then ground and subjected to ashing and silica extraction as
described by Boone (2007). The Si concentration was the
absorbance value at a wavelength of 650 nm.

Root rot experiments
Plants and pathogens

Miniature rose plants (variety: Silk Red) were prepared as
described previously. Miniature rose root rot fungus (Pythium
helicoides B1-21 strain) was used in this experiment. A potassium
silicate aqueous solution and monomer and polymer sodium silicate
aqueous solutions (Wako Pure Chemical Industries, Ltd.) were
prepared by dissolving the salts in distilled water as described
previously. The plants were separated in eight groups: (a) water
treatment (Si-, P-), (b) silicic acid untreated plot (Si-, P+), (c) 0.5
mM monomer sodium silicate solution treatment (0.5 mM monomer,
p+) (d), 1.0 mM monomer sodium silicate solution treatment (1.0
mM monomer, p+), (e) 0.5 mM polymer sodium silicate solution
treatment (0.5 mM polymer, p+), (f) 1.0 mM polymer sodium silicate
solution treatment (1.0 mM polymer, p+), (g) 0.5 mM potassium
silicate aqueous solution treatments (0.5 mM potassium, p+), (h)
1.0 mM potassium silicate aqueous solution treatment (1.0 mM
potassium, p+). The experiment was repeated twice with 5 plants
per treatment.

Effect of silicate solution on the severity of miniature rose root
rot disease

The pathogen inoculum was prepared using autoclaved bentgrass
seeds (variety: Highland, Takiishubyo, 1 g in 4 mL DW). The seeds
were inoculated in a 300 mL Erlenmeyer flask with 10-15 mycelial
discs (5 mm) transferred from the actively growing margin of 3 to 5-
day-old potato dextrose agar (PDA; 2% agar) cultures of P.
helicoides. The seeds that were entirely covered with flora were
used as pathogen inoculum. The pathogen inoculum was
completely mixed with 9 g of potting medium by hand, and this
mixture was used as a contact inoculum source. The pathogen
inoculum was added to soil surface of the miniature rose at 10 days
from transplanting to plastic pots (30 cm x 20 cm x 10 cm). These
pots served as the disease stock. The experiment was conducted in
a glass greenhouse (Gifu University, Faculty of Applied Biological
Sciences). The miniature roses were planted in plastic pots (30 cm
x 20 cm x 10 cm) into the waterlogging state. The pathogen strain
and management treatments were cultivated and irrigated using a
bottom water supply. The plants were pre-treated with each silicate
aqueous solutions at 10 d after cultivation of the miniature rose.
The treatments were continued up to 4 weeks (every two days)
after installing the diseased plants as the inoculum source. The
disease stock was installed in each plastic pot as a post-treatment.
Both of the disease incidence and severity of aboveground parts of
plants were evaluated every four days after inoculation to observe
the progress of disease symptoms of the aboveground plants. The
disease incidence and severity of the browning on the roots were
examined at 32 days after pathogen inoculation.
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Determination of silicon

Si contents in the roots and the leaves of the treated miniature
plants were measured by the molybdenum-blue method using wet
ashing as mentioned above.

Effect of silicate solutions on the growth of P. helicoides

In total, 100 pl of each silicic acid aqueous solution (1 mM) were
dropped onto sterile thick paper discs (8 mm in diameter, produced
by Advantec® Japan). The strain P. helicoides B1-21 and the
treated paper discs were inoculated on PDA medium. Petri dishes
were cultured for 3 days (at 25°C in the dark), and the growth of
flora was observed.

Data analysis

The data were subjected to an analysis of variance (ANOVA) using
EKUSERU-TOUKEI 2010 (Social Survey Research Information Co.,
Ltd). The experiments were repeated at least three times, and
treatment averages were separated using a Fisher's least
significant difference (LSD) test. All analyses were conducted at a
significance value of P < 0.05.

RESULTS

Powdery mildew disease
Disease suppression experiment

First test: Twenty-eight days after setting the diseased
plants as the inoculum source, the disease incidence of
the silicate untreated plot was 51.1, whereas it was 41.3
and 43.2% in the 0.5 and 1.0 mM monomer sodium
silicate aqueous solution treatments, respectively.
Polymer sodium silicate aqueous solutions in
concentrations of 0.5 and 1.0 mM recorded 12.0 and
11.3%, respectively. The polymer sodium silicate
agueous solution treatment displayed a significantly
reduced disease incidence on leaflets. Among all
treatments throughout the study period, the polymer
sodium silicate aqueous solution treatment achieved the
lowest incidence of powdery mildew disease on rose
leaflets. Both the monomer sodium silicate aqueous
solution treatment and silicic acid untreated plot showed
approximately equal values of disease incidence without
significant difference between them. The experiments
were performed using different concentrations (1.0 and
0.5 mM) of both monomer and polymer sodium silicate
aqueous solution, but no significant differences were
found on disease incidence rate because of differences in
concentrations (Table 1). Protection values were
calculated using disease incidence. Polymer sodium
silicate aqueous solutions showed high protection values
compared with monomer sodium silicate aqueous
solutions (Figure 1).

Second experiment: Twenty-eight days after setting the
infected plants as the inoculum source, the disease
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Table 1. Disease incidence of powdery mildew on miniature rose leaves up to 6
weeks after setting the infected plants as inoculum source in experiment I.

Days after setting the diseased plant as inoculum source

Treatments
7 14 21 28

Si- 5.0+0.7° 10.8+2.2° 29.07.2° 51.1+8.7°

0.5 mM monomer  5.3+1.1° 11.9+1.0° 17.6+3.4% 41.3+4.2°

1.0 MM monomer  4.1+0.9° 7.8+1.0%° 26.7+1.1% 43.2+1.0°

0.5 mM polymer 1.0+0.3% 6.1+0.5° 7.5+0.8% 12.0£0.9%

1.0 mM polymer 2.1+0.5% 9.0+2.2% 8.8+0.7° 11.3+0.8°

90
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)
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E 50 -
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E 40 7 =0.5mM poly
"g 30 | =1.0mM poly
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Qh_ 20
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Days after setting the diseased plants as inoculum source source

Figure 1. Protection values were calculated based on disease incidence at 7, 14, 21
and 28 days after setting the diseased plants as inoculum source. Si- = non-silicon
treated plants; mono = monomer sodium silicate treated plants; poly = polymer sodium

silicate treated plants.

incidence was 25.1% in silicate untreated plants. The
monomer sodium silicate aqueous solution treatments in
concentrations of 0.5 and 1.0 mM recorded 21.6 and 23.6
disease incidences, respectively, whereas 0.5 and 1.0
mM polymer sodium silicate aqueous solution treatments
achieved 11.9 and 10.7%, respectively. The disease
incidence of 0.5 and 1.0 mM potassium silicate aqueous
solutions were 17.8 and 17.9%, respectively. The
polymer sodium silicate aqueous solution treatment
achieved the lowest incidence rate on the leaflet. The
polymer sodium silicate aqueous solution treatments
inhibited the onset of disease more than the potassium
silicate aqueous solution treatments. The monomer
sodium silicate aqueous solution treated plants recorded
almost equivalent disease incidence rate as the silicate
untreated plot (Table 2). The disease severity of the
silicate untreated plot was 13.8, whereas it was 5.6 and
4.7 for the 0.5 and 1.0 mM polymer sodium silicate
aqueous solution. The disease severity of polymer
sodium silicate aqueous solution treatments showed the

lowest value (Figure 2). In addition, no significant
differences were observed in disease severity between
the two provided concentrations of silicate aqueous
solutions in the treated plants (Figure 2). The protection
values were calculated from the disease severity and
disease incidence rates. The protection values of the
polymer sodium silicate aqueous solution calculated from
the disease incidence rate ranged from 52.6 to 57.5,
whereas the protection values calculated from the
disease severity ranged from 59.3 to 65.8. The polymer
sodium silicate aqueous solution showed inhibitory
effects in both the symptoms and disease development
(Figure 3).

Determination of silicon in the small leaves
First experiment: The leaflets were randomly sampled

(regardless to disease symptoms on the small leaves) to
guantify the silicon from each treatment group. No
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Table 2. Disease incidence of powdery mildew on miniature rose leaves until 6 weeks after setting
the infected plants as inoculum source in experiment II.

Days after setting the diseased plant as inoculum source

Treatments
7 14 21 28 35 42

Si- 1.1+0.3°  0.4#0.3* 11.4#1.0° 25.1+1.8° 30.4+1.3°  45.9+2.4°
0.5 mM monomer 0.7+ 0.4 0.8+0.5a 8.9+2.9%* 21.6+2.0°¢ 27.1+2.6™ 35.6+3.9™
1.0 MM monomer  0.2+0.1%° 0.7+0.5a 11.9+4.0° 23.6+2.8° 32.5+3.1°  44.5+4.1%
0.5 mM polymer ~ 0.1+0.1% 0.3+0.1a 3.9+0.6*° 11.9+0.7° 22.1+0.9® 21.5+0.7%
1.0 mM polymer  0.1+0.1* 0.3+0.1a 4.0+0.9° 10.7+2.1* 18.3+4.3*  25.545.1°
0.5 Mm K,SiO. 0.1+0.1* 0.2+0.1a 7.9+1.7%° 17.8+1.7° 26.8+2.1" 28.3x0.7%
1.0 Mm KSiO4 0.240.1* 0.2+0.1a 8.8+1.5%° 17.9+1.4™ 23.2+1.5 26.9+1.3%

400

30.0

20.0

10.0

Disease severity

28 35
Days after setting the diseased plant

mSi -
m0.5mM mono
m1.0mM mono
m0.5mM poly
m1i.0mM poly
m0.5mM K
mi.0mM K

42

Figure 2. Disease severity of powdery mildew at 28, 35 and 42 d after setting the diseased plants as inoculum
source. Disease severity was assessed as index of ratio of symptom area on small leaves using a scale of 0 to 4;
0 = no symptoms, 1 = 0-25%, 2 = 25 to 50%, 3 = 50 to 100%. Disease severity = 3 (P (0.3 X S (0-3)) X 100/ (3 %
total small leaves), where P (0.3 = plant number in score O, 1, 2, and 3, S (0.3 = score 0, 1, 2, and 3. (Si-) = non-
silicon treated plants, (mono) = monomer sodium silicate treated plants, (poly) = polymer sodium silicate treated
plants and (K) = potassium silicate treated plants. Bars labelled with the same letters are not significantly different
according to LSD test at 5 %. Vertical lines indicate the standard error.

significant differences were found in silicon contents
between all treatments and the control (Figure 4).

Second experiment: Samples were separated into
symptomatic leaflets and non-symptomatic leaflets in all
treatments, and the Si contents were quantified. The Si
contents were higher in sodium silicate treatments when
compared to potassium silicate treatments. No significant
differences were observed between 0.5 and 1.0 mM of
monomer sodium silicate agueous solution treated plants.
In other treatments, significant differences were observed
between different concentrations of each treatment in
non-symptomatic leaves (Figure 5). Although the disease
inhibition effects of Si application were found, no relation
was observed between Si content and disease incidence

in each experiment. This result suggests that the Si
content does not affect the incidence of powdery mildew.

Root rot disease

Effect of each silicate solution on the root rot of
miniature rose

The disease incidence of root rot on the aboveground
parts and roots of miniature rose was examined. For the
aboveground parts, the disease incidence of the
pathogen alone treatment (control) was 90%, whereas all
silicate solution treatments showed lower incidences than
the control. Among all treatments, the lowest incidence
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Figure 3. Protection values were calculated based on disease incidence (A) and
disease severity (B) at 28, 35 and 42 days after setting the diseased plants as
inoculum source. mono = monomer sodium silicate treated plants; poly = polymer
sodium silicate treated plants; K = potassium silicate treated plants.

was achieved by the polymer treatments group (60%).
The disease severity of the control treatment was 32.5,
whereas it was 17.5 and 20.0 for 0.5 and 1.0 mM polymer
sodium silicate treatments, respectively. The protection
values were 46.2 and 38.5 for 0.5 and 1.0 mM polymer
sodium silicate treatments, respectively (Table 3).
Although the disease severity was not high in the control
treatment, the polymer silicate treatments showed the
lowest disease severity values throughout the study

period (Table 3). The 1.0 mM polymer sodium silicate
treatment recorded the lowest incidence of root rot in the
roots of the miniature rose. The root browning degree of
the pathogen alone treated plants was 42.5, whereas it
was 17.5 for the 1.0 mM polymer sodium silicate
treatment, showing a 58.8% protection value (Table 4).
The above results showed that the polymer sodium
silicate treatment achieved the highest protection values
for the aerial and root portions.
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Figure 4. Silicon concentrations in small leaves at 28 d after setting the diseased
plant as inoculum source in experiment I. Silicon concentration was measured by
spectrophotometer with 650nm. Si- = non-silicon treated plants; mono; = monomer
sodium silicate treated plants; poly = polymer sodium silicate treated plant. Bars
labelled with the same letters are not significantly different according to LSD test
at 5%. Vertical lines indicate the standard error.

200 1 e
B No symptom leaf
g 150 M Symptom leaf
£ edy
S 100 [ by c
3 I
£
- ﬂ
0 1 1 = 1

Si - 0.5mM 1.0mM 0.5mM 1.0mM 05mM K 1.0mMK
monomer monomer polymer  polymer

Figure 5. Silicon concentration of small leaves tissue at 42 d after setting the diseased plant as inoculum
source. Silicon concentration was measured by spectrophotometer at 650nm. Si- = non-silicon treated
plants; mono = monomer sodium silicate treated plants; poly = polymer sodium silicate treated plants; K
= potassium silicate treated plants. Bars labelled with the same letters are not significantly different
according to LSD test at 5%. Small letters refer to comparison between each treatment in non-
symptomatic leaves and capital letter to comparison between each treatment in symptomatic leaves.
Mark (*) approve significantly difference between non-symptomatic and symptomatic leaves with t- test at
5 %. Vertical lines indicate the standard error.

Determination of silicon in the leaves and the roots
plants (Figure 6).

The Si contents were analyzed in the leaves and the

roots. Plants treated with 1.0 mM polymer sodium silicate

2923

leaves than in the untreated and pathogen alone treated

showed the highest Si contents in the roots compared to Effect of each silicate solution on growth of P.

the other treatments. However, 1.0 mM monomer sodium
silicate, 0.5 mM polymer sodium silicate, 1.0 mM polymer
sodium silicate, and 1.0 mM potassium silicate treatment
groups were significantly higher in Si contents in the

helicoides

The inhibition effects of monomer and polymer sodium
silicate solutions and potassium silicate solution on the
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Table 3. Disease incidence and disease severity on miniature rose plants at 32 d after setting the infected plants as
inoculum source.

Plant number in score

Treatments 0 1 2 3 Disease incidence ¥ Disease severity ? Protection value ¥
Control (Si-P-) 10 0 0.0

Pathogen (Si-P+) 1 6 2 1 90 32.5

0.5 mM mono 2 4 2 2 80 35.0 0

1.0 mM mono 4 4 2 60 20.0 38.5

0.5 mM poly 4 5 1 60 17.5 46.2

1.0 mM poly 4 4 2 60 20.0 38.5

0.5 MM K3SiO4 3 5 2 70 27.5 15.4

1.0 mM K5SiO4 3 7 70 17.5 46.2

Y Disease incidence is the percentage of yellowed plants out of the total number of plants in the treatment. I Disease severity
was assessed as index of ratio of yellowing on plant using a scale of 0 to 4; 0=no yellowing, 1=0~25% yellowing, 2= 25~50%,
3=50~75%, 4 = 75~100 and dead. Disease severity=) (Po4%So.4) x 100/ (4x total plants), where Po4= plant number in score 0,
1, 2, 3 and 4, Se4 = score 0, 1, 2, 3, and 4, protection value was calculated based on disease severity. % protection value =
(pathogen - each treatment) x100/pathogen. (Control) = non-silicon treated and not inoculated plants, (pathogen) = non-silicon
treated and inoculated plants, (mono) = sodium silicate treated plants, (poly) = polymer- sodium silicate treated plants and
(K2SiO,) = potassium silicate treated plants.

Table 4. Disease incidence and discoloration severity on root at 32 d after setting the infected plants as inoculum source.

Plant number in score )

Treatments 0 1 2 3 a4 Disease incidence ¥ Disease severity 2 Pprotection value ¥
Control (Si-P-) 10 0 0.0

Pathogen (Si-P+) 7 2 1 100 42.5

0.5 mM mono 1 5 3 1 90 35.0 17.6

1.0 mM mono 3 7 70 17.5 58.8

0.5 mM poly 3 3 4 70 27.5 35.3

1.0 mM poly 4 5 1 60 17.5 58.8

0.5 mM K3SiO4 4 5 1 60 17.5 58.8

1.0 mM K5SiO4 1 2 3 3 1 90 52.5 0

Y Disease incidence is the percentage of discolored plants out of the total number of plants in the treatment. 2 Disease severity
was assessed as index of ratio of discoloration area on root using a scale of 0 to 4; 0 = no discoloration, 1 = 0~25%
discoloration, 2 = 25~50%, 3 = 50~75%, 4 = 75~. Disease severity = ¥ (Po4*So4) x 100/ (4x total plants), where Po4 = plant
number in score 0, 1, 2, 3 and 4, So4= score 0, 1, 2, 3, and 4. * Protection value was calculated on discoloration severity.
Protection value = (pathogen-each treatment) x100/pathogen. (Control) = non-silicon treated and not inoculated plants,
(pathogen) = non-silicon treated and inoculated plants, (mono) = monomer - sodium silicate treated plants, (poly) = polymer -

sodium silicate treated plants and (K;SiO,) = potassium silicate treated plants.

growth of P. helicoides were tested. No affect was found
using the solution itself. Therefore, no direct inhibition
effect was observed to pathogen growth (Figure 7).

DISCUSSION

Rose powdery mildew, caused by the fungus
Podosphaera pannosa, infects a wide variety of roses.
The disease is destructive and occurs wherever roses
are grown outdoors and in greenhouses, notably for
those grown in dryer climates (Gubler et al., 2011). Under
favorable conditions for disease development (hot and
dry weather with cool and moist nights) powdery mildew

can cause complete defoliation. The disease appears as
a white powdery growth on young rose leaves, stems and
all other portions of the rose, even buds and flowers.
Pythium root rot continually threatens the productivity of
several types of crops including cucumbers, sweet
peppers, tomatoes, lettuce, spinach, roses, and
chrysanthemums (Sutton et al., 2006). The principal
causal agent of rose root rot disease is P. helicoides
(Kageyama et al., 2002; Watanabe et al., 2007). The root
rot disease has also been observed in rockwool cultures
of cutting rose and has spread in Japan. Integrated pest
management (IPM) is an effective and environmentally
sensitive approach to crop management to minimize
losses from disease and insect pests (Mousa et al.,
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Figure 6. Silicon concentration in roots and leaves tissues at 32 d after setting the diseased plant
as inoculum source. Silicon concentration was measured by spectrophotometer at 650 nm.
Control = non-silicon treated and not inoculated plants; Pathogen = non — silicon treated plants; K
= potassium silicate treated plants. Bars labelled with the same letters are not significantly
different according to LSD test at 5%. Vertical lines indicate the standard error.

Figure 7. Confirmation of direct inhibition effects of
monomer and polymer sodium silicate and
potassium silicate on the growth of Pythium
helicoides. Above: sterile distilled water (SDW),
center left: polymer sodium silicate (poly), center
right: monomer sodium silicate (mono) and under:
potassium silicate (K2SiO4).

2014). IPM programs use pest and environmental
information with the most economical pest control means
and with the least possible hazard to human health and
the environment (Elsharkawy and El-Sawy, 2015; Hassan
et al., 2014a). An integrated approach to disease control
aims to reduce the frequency and the amount of
pesticides used. This can be achieved in part by using
alternative products when appropriate. Si is known to
reduce the severity of a number of plant diseases. This
study was performed using both forms (polymer and
monomer) of an agueous sodium silicate solution. The
results of the two experiments showed that high inhibitory
effects were found against powdery mildew and root rot
diseases of miniature roses in polymer sodium silicate
treated plants when compared to plants treated with
monomer sodium silicate. These results may be because
polymers are large-sized molecules or macromolecules,
and in select cases, the polymeric phase is more stable
than the monomeric (Currie and Perry, 2007). Similarly,
cucumber root rot caused by Pythium spp. was
suppressed by the application of Si in cucumber plants.
The pathogenic fungus attacks the root and hypocotyl
(Belanger et al., 1995). Although, the roles of providing a
physical and/or biochemical defense system have been
proposed, the protective effect of Si has yet to be fully



2926 Afr. J. Biotechnol.

elucidated. The role of Si deposition as a physical barrier
to pathogen penetration has been examined (Yoshida et
al., 1962). The results show that polymer sodium silicate
treated plants recorded higher silicon contents in the
roots when compared to monomer sodium silicate treated
plants.

Additionally, no antimicrobial effect was found in
polymer sodium silicate against P. helicoides. Debate
remains as to whether this increased physical strength is
sufficient in explaining the observed protective effects
(Fauteux et al., 2005). Another explanation is the
emerging role of Si as a biologically active element
capable of enhancing the natural defense response of the
plant. Si-treated plants exhibited increased activity of
peroxidases, chitinases, polyphenol oxidases and
flavonoid phytoalexins, which play an important role in
plant resistance against fungal pathogens (Chérif et al.,
1994; Fawe et al.,, 1998). Additionally, increased
production of glycosylated phenolics, antimicrobial
products such as diterpenoid phytoalexins and a proline-
rich protein in Si-treated plants indicated the role of these
products in the protection effects of Si against plant
diseases (Belanger et al., 2003; Kauss et al., 2003;
Rodriques et al., 2003). The bioactivity of Si as a
regulator of plant defense mechanisms may be explained
through the biochemical properties. Si can bind to
hydroxyl groups of proteins strategically involved in signal
transduction. Si also may interfere with cationic co-factors
of enzymes influencing pathogenesis-related events.
Therefore, Si may interact with several key components
of plant stress signaling systems leading to induced
resistance. In this study, the ability of different
concentrations of both polymer and monomer sodium
silicate to reduce the severity of the powdery mildew
disease of miniature rose has been tested. No significant
differences were found in the severity of powdery mildew
and root rot diseases between the two concentrations of
silicate aqueous solution treated plants.

Cherif et al. (1992) found that the Si application was not
physically blocking the entry site of the Pythium spp. and
that the Si was not accumulating in the entry site. The
disease suppression by Si against root rot is not only
associated with lignin and the strengthening of physical
barrier against infection, but it is associated with the
accumulation of phenolic substances (Cherif et al., 1994).
The activity of disease resistance related enzymes,
peroxidases and polyphenols oxidases, quickly increased
after the infection with Pythium ultimum in silicon treated
cucumber plants compared with the non-treated
cucumber (Cherif et al., 1994). Rhamnetin, an O-
methylated flavonol, is a phytoalexin and was reported in
cucumber plants treated with Si, suggesting the possible
role of Si in physiological resistance reactions (Fawe et
al., 1998). The size and structure of the elicitors has been
reported in disease resistance. Silicic acid was involved
in the physiological resistance reaction in cucumbers and
could be involved against rose powdery mildew and the

root rot disease that has been reported in this study
through the silicic acid application. Physiological disease
resistance could be considered as a possible mechanism
other than the production of antibacterial substances
such as phytoalexin.

In conclusion, the inhibitory effects of polymer sodium
silicate were significantly higher than monomer sodium
silicate. Therefore, according to the results obtained in
the present study, polymer sodium silicate can play a role
in controlling powdery mildew and root rot infection in
rose plants.
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In the study reported herein, we aimed to isolate a trypsin inhibitor from Ricinus communis leaves
through chromatographic and spectrometric techniques and evaluate its toxic effects on the
development of Spodoptera frugiperda larvae. Plant extracts were submitted to fractionation in
adsorption column. The fraction 10, which showed the highest inhibitory activity, were incorporated
into an artificial diet at the concentrations of 0, 0.06, 0.12, 0.25 and 0.5%, and offered to S. frugiperda
larvae. Fresh weight of larvae, food consumed and weight of eliminated faeces were registered. Based
on these parameters the following nutritional index were calculated: Relative Consumption Rate (RCR),
Relative Metabolic Rate (RMR), Relative Growth Rate (RGR), Approximated Digestibility (AD), Efficiency
of Ingested Food Conversion (EIC), Efficiency of Digested Food Conversion (EDC) and the Metabolic
Cost (100 - EDC). The inhibitor at 0.5% concentration was deleterious to S. frugiperda, extending the
larval stage in 11 days, with higher RCR and ECD, and lower RGR, ECI and ECD. Therefore, the trypsin
inhibitor from leaves of R. communis affected the S. frugiperda larval development, being promising in
studies of alternative and sustainable control methods for lepidopteran pest species.

Key words: Castor beans, enzymatic inhibition, integrated pest management, plant defense against herbivory.

INTRODUCTION

The fall armyworm, Spodoptera frugiperda (Smith, 1797) different growth stages, when the larvae burrow into the
(Lepidoptera: Noctuidae), is one of the most important plant whorl causing severe defoliation and 37% loss in
insect pest of maize in Brazil, attacking the plant at production (Cruz, 2002). Due to the polyphagous feeding
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Abbreviations: RCR, Relative consumption rate; RMR, relative metabolic rate; RGR, relative growth rate; AD, approximated
digestibility; EIC, efficiency of ingested food conversion; EDC, efficiency of digested food conversion.
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behavior, fall armyworm may attack and damage many
other agricultural crops such as rice, sorghum, cotton,
soybean and many others (Alvarez et al., 2009). Current
control of S. frugiperda populations relies mainly on
spraying chemical insecticides, which have been overused
in recent years, resulting in insect resistance (Yu et al.,
2003), environmental contamination (Starner and Goh,
2012) and affecting the human health (Loewenherz et al.,
1997). Due to those factors, organic cultivation has been
increased, replacing the use of chemical insecticides by
alternative methods of pest control (Uchino et al., 2015).
A promising alternative to control fall armyworm is the
use of plants secondary metabolites (Tavares et al.,
2009; Alves et al., 2014). These chemicals compounds
produced by plants can induce deleterious effects on
insects such as weight loss, fecundity and fertility reduction,
increasing duration of immature stages, feeding
deterrence, ultra structural modification on tissues,
changes in some nutritional parameters, and inhibition of
digestive enzymes, which is lethal to some insects
(Malau and James, 2008; Nathan et al., 2008; Correia et
al., 2009). The use of proteinase inhibitors (PIs), a class
of substances involved in plant defense is an example of
these new alternative. Levels of Pls in plant leaves are
usually low and can be increased to high levels if the
plants are attacked by insects, suffer mechanical damage
or exposed to plant hormones (Rakwal et al., 2001).

Plant proteinase inhibitors forms stable and complex
structures in which proteolysis is limited and extremely
slow (Tiffin and Gaut, 2001). Proteinase inhibitors also
causes an amino acid deficiency in insects influencing
growth, development and eventually causing its death by
inhibiting gut proteinases or due to a massive over-
production of the digestive enzymes, reducing the
availability of essential amino acids for the production of
other proteins (Jongsma and Bolter, 1997; Pompermayer
et al., 2001). Based on these facts, Ricinus communis L.
(Euphorbiaceae) was highlighted as a promising plant to
be used on integrated pest management. Santiago et al.
(2008) observed bioactivity of aqueous extract from
green fruits of R. communis when added to an atrtificial
diet, reducing the period of immature stages and the
larvae weight of S. frugiperda. Bigi et al. (2004) identified
toxic compounds from R. communis to the leaf cutting ant
Atta sexdens rubropilosa (Forel, 1908) (Hymenoptera:
Formicidae) and concluded that the metabolites
responsible for this activity were mainly the fat acids and
the ricinin. Consequently, the aim of this study was to
isolate a trypsin inhibitor from leaves of R. communis and
evaluate its effect on the development of S. frugiperda
larvae.

MATERIALS AND METHODS

Insect rearing

The experiment was conducted in a climatized room at 25 + 2°C
with 12 h photofase and 70 + 10% relative humidity. The insects
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were reared on the artificial diet developed by Karster-Junior et al.
(1978).

Collection of the plant and preparation of extracts

Leaves of R. communis were collected in a field located in Lavras
County (21°13'29.73” S; 49°58'43.93” W) state of Minas Gerais,
Brazil, and the voucher specimen was deposited in the herbarium of
the Federal University of Lavras (UFLA). All of the plant extracts
were prepared in the Biochemistry laboratory at UFLA. Leaves,
without petiole, central and secondary nervures, were cut in 1 cm?
pieces, and placed on an Erlenmeyer with ethanol (pa > 99.8%)
respecting the proportion of 1:7 (weight of leaves/volume of
extractor). The remained moisture was stored away from the light
for 20 days, and filtered after this period in a Buchner funnel with
filter paper and a rotary evaporator connected to a vacuum pump.
After filtration, the extract was oven-dried at 45°C to eliminate all of
the solvent.

Chromatographic conditions and enzyme inhibition assays

Chromatographic analysis was performed using a 50 cm long
column, and 2.5 cm inner diameter packed with silica Kieselgel 60
(0.040 to 0.063 mm; 230 to 400 mesh) Merck®. The eluents were
hexane, chloroform, ethyl acetate, ethanol, methanol and acetic
acid. All the fractions collected showed different volume (around
100 mL) and the solvent exchange occurred based on the
observations of spots in the column. Seventeen fractions were
obtained from this column, which were concentrated in rotary
evaporator until complete eluent evaporation. All fractions were
resuspended separately in 5 mL of ethanol and subjected to trypsin
inhibition in vitro testing. Inhibitor activity was determined as
described by Kakade et al. (1974) by the comparison between a
kinetic assay of trypsin activity in the inhibitor presence and
absence, over four time intervals (Erlanger et al., 1961). Results,
obtained in three replicates, were expressed in milliunits of inhibited
trypsin (mUIT). This unit represents the amount of light absorbed by
1 nMole p-nitroanilide produced from the trypsin activity on N —
alpha - benzoyl - DL - arginine -
p - nitroanilide (BapNA) substrate after one minute of reaction with
1 g leaves of R. communis. Fifth instar larvaes of S. frugiperda were
immobilized on ice and dissected. Midgut was removed and
macerated in a Potter homogenizer in the proportion of 1 midgut to
4 mL of water at 4°C. The homogenized solution was filtered
through 100 pm nylon mesh and centrifuged for 10 min at 14,000 x
g (4°C). Supernatant was used in the inhibitor activity assays. The
fraction that exhibited higher trypsin inhibition in in vitro tests was
submitted to chromatographic separations, which were achieved
using a High Performance Liquid Chromatographer Shimadzu LC
20A, equipped with an automatic injector (injection volume 20 pL)
and a UV-VIS detector. A Agilent — Zorbax Eclipse AAA-C18
column (150 mm x 4.6 mm containing 5 pm spherical particles) and
an Agilent — Zorbax Eclipse AAA pre-column (12.5 x 4.6 mm, 5 ym)
were used. Oven temperature was 45°C. Analyses were realized
through elution gradient, in which Eluent A (Metanol HPLC grade)
was added in the eluent B (Water MiliQ) by a linear gradient (20 to
100% in 45 min), returning to initial concentration in the last 5 min.
Fractions with 1 mL of volume were collected at every minute in
glass tubes for 50 min. Fifty fractions were obtained and used in
trypsin inhibition assays following Kakade et al. (1974). Control
assays were performed to avoid variation caused by different eluent
concentrations. These assays were driven through the injection of
ethanol (solvent used to solubilize the inhibitor) in the HPLC in the
same conditions of the samples. Fractions that showed enzyme
inhibition were injected in a mass spectrometer. Mass spectrometry
was performed using Photo-Fenton UV/H,O, process. The spectra
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Figure 1. Trypsin Inhibited activity (mUTI) per g of R. communis leaves
extract. Fractions (obtained by silica absorption column): 1 - hexane, 2 -
hexane / chloroform, 3 to 6 - chloroform; 7 - chloroform / ethyl acetate, 8 -
acetate ethyl, 9-ethyl acetate / ethanol, 10 and 11 - ethanol, 12 - ethanol /
methanol, 13 to 15 - methanol, 16 - methanol / acetic acid; 17:18 - acetic

acid.

were obtained in the negative mode in a mass spectrometer model
LC/MS Trap Agilent 1100 under the following conditions: air flow 5
uL/min; capillary voltage of -3500 V; dry temperature of 325°C; and
nebulizer pressure 10 psi. The analysis was carried in triplicates.

Assay with larvae of caterpillars of S. frugiperda

Fraction obtained were also utilized in vivo bioassays with larvae of
S. frugiperda. The semi-purified inhibitor (preparative HPLC) was
added in the artificial diet (Kasten-Junior et al.,, 1978), at the
concentrations of 0, 0.06, 0.12, 0.25 and 0.5% (mass/volume).
Diets were weighted (5 g) and offered to five-days-old larvae in a
closed individual acrylic recipient. Bioassay was conducted in a
complete randomized design (CRD) with six replicates per
treatment. Each replicate contained six individually reared larvae
totalizing 36 larvae per treatment. The biological characteristics
evaluated were: larvae weight each three days, which were used to
develop a growth curve; larvae survival and length of larval and
pupae stages. The amount of food consumed was calculated with a
correction factor for the water losses ([1-a/2][W-(L+bL)]), where: e =
initial diet weight; b = aliquot average loss; W = introduced diet
weight; L = non-eaten food weight (Cohen, 2004). Growth curve
values were analyzed by the DRC statistical package of R®
software (R Development Core Team, 2009), using the logistic
model and lack-of-fit test. Amount of food consumed, larvae weight,
pupae weight, and length of larval and pupae stages were
submitted to Shapiro-Wilk’s test, using the Mvnormteste package of
R® software ® (R Development Core Team, 2009. Data were
submitted to Analysis of Variance (ANOVA) and Scott-Knott test,
using the Laercio package of R® software ® (R Development Core
Team, 2009).. The mortality data were evaluated counting the
number of dead individuals during the assay period and corrected

by the Abbott’s formula (M = me - mp/1 - my] where: M = Mortality,
me = Treatment mortality, mp = Control mortality).

RESULTS
Chromatographic and spectrometric analyses

Chromatographic fractions soluble in hexane, chloroform
and ethyl acetate (fractions from 1 to 9) showed no
activity in the trypsin inhibition tests. The fraction 7,
corresponding to the eluent chloroform/ethyl acetate, had
one activity peak and the fractions soluble in ethanol,
methanol and acetic acid (fractions 10 to 18) showed
trypsin inhibition. The higher inhibition activity was
registered at the 10™ ethanol fraction (ethanol — 10),
which was selected for HPLC analysis and in vivo
bioassays (Figure 1). Fractions originated from HPLC
retention time of 26 to 29 min (Figures 2 and 3) inhibited
trypsin from the S. frugiperda digestive system. Aiming to
decrease the influence of eluents in the trypsin inhibition
analysis, a control test containing only ethanol was
injected in the HPLC. All mass spectra (Figure 4) were
obtained from the HPLC fractions (26 to 29 min) that
inhibited tryspin from the lepidopteran digestive system.
Mass spectrometry did not allow quantifying the inhibitor
mass. However, repeated peaks related with trypsin
inhibition were identified in all mass spectra.
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communis.

Biological assay

Castor oil trypsin inhibitor showed toxic characteristic to
S. frugiperda larvae only at the concentration of 0.5%.
Insects fed with 0 and 0.06% of inhibitor developed
normally. In the treatments with inhibitor concentrations
at 0.12 and 0.25% the larvae reached its maximum
weight at the 23rd day, whereas in the treatment with
inhibitor concentration at 0.5% the larvae development
was problematic, extending the larval stage and
decreasing weight average (Figure 5). In the treatment
with inhibitor concentration at 0.5%, larval stage was ten
days higher than the control treatment. Rates of larvae
and pupae survival were not affected by the treatments,
ranging from 63.3 to 87.7 and 12.0 to 14.4 days,
respectively (Figure 6). Among the nutritional indexes
evaluated (Figure 7), 0.5% of inhibitor concentration
resulted in higher relative consumption rate (RCR), lower
relative growth rate (RGR), efficiency of ingested food
conversion (EIC) and efficiency of digested food
conversion (EDC). Approximated digestibility (AD) and
relative metabolic rate (RMR) showed no significant
differences among treatments (Figure 7). The Abbott
formula (Abbott 1925) of efficacy for the concentrations of

0.5, 0.25 and 0.12% provided values of 25, 12 and
4.17%, respectively. The concentration of 0.06% showed
no efficiency.

DISCUSSION

Trypsininhibitors are extensively studied in several aspects
aiming biochemistry characterization, three dimensional
structures, interactions with multiple protease classes
and effects on pests and pathogens (Abd El-Latif, 2014;
Kuwar et al., 2015; Pontual et al., 2014; Zhu-Salzman
and Rensen, 2015). Previous works performed with
castor oil leaves suggested that trypsin inhibitor is a non-
proteic organic molecule (Rossi et al.,, 2012) differing
from other trypsin inhibitors described in literature.
Precipitations with acetone and saturated ammonium
solution, high temperature exposition and inhibition
assays in the presence of de B-mercapto-ethanol were
performed demonstrating the molecule non-proteic
characteristic and suggesting different ways to extract
and purify this trypsin inhibitor. Aiming to isolate the
inhibitor, two chromatographic methods were utilized in
the present study. Previously, adsorption chromatography
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Figure 6. Mass Spectrum of fractions obtained from HPLC (A, 27; B, 28; C, 29; D, 30 min).

with silica was carried out to separate the organic
compounds present in the extract, based on the molecule
polarity. Subsequently all fractions obtained were subjected
to in vitro analysis. Trypsin from the S. frugiperda
digestive system was inhibited by the ethanol and methanol
fractions. Several inhibition peaks were observed (Figure

1), suggesting the presence of more than one trypsin
inhibitor in castor oil leaves. A trypsin activator molecule
was also detected in the fraction chloroform/ethyl acetate.
Due to the higher trypsin inhibition activity (Figure 1) only
the ethanol fraction — 10 was analyzed in the HPLC.
Inhibition assays showed presence of inhibitor molecules
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frugiperda larvae feed on artificial diet containing extract from the leaves of R. communis.

at four retention times (26 to 29 min) (Figure 2 and 3).
These fractions were submitted to mass spectrometry
(Figure 5). More studies are needed to identify the
compound responsible for the inhibition. However, based
on the repeated peaks observed in the mass
spectrometry, this molecule likely has a common main
structure, differing only in some ramifications. Inhibitor
activity can be evidenced by adding these molecules to
artificial diets offered to the target insect. Although in
vitro assays are initial tests to indicate insecticide activity,
many works confirmed their results through in vivo
assays on larvae of pest insects (Alves et al., 2014;
Tavares et al., 2009). Several works on literature
reported in vivo effect of Kunitz and Bowman-Birk
proteinase inhibitors on larval development (Shade et
at.,1986), pupae weight (Duan et al., 1996), total viability
of insects cycle (Shade et al., 1986) and insect
adaptation mechanisms (Brioschi et al., 2007; Paulillo et

al., 2000). However, to the best of our knowledge there is
no study exploring these responses for a non-proteic
trypsin inhibitor.

In this study, the castor oil trypsin inhibitor (COTI)
activity was analyzed during the larval development of S.
frugiperda, an important pest of the Brazilian agriculture.
For this, COTI was added in artificial diet in crescent
concentrations. Among all the biological parameter
analyzed only the length of larval stage and pupae weight
showed significant results when compared to the control
(Figure 6). An increase of ten days was registered in S.
frugiperda larval stage length for the treatment with
inhibitor concentration at 0.5%, proving the deleterious
effect of this inhibitor. Probably, an essential amino acid
deficiency may have affected the insect development,
delaying the stage conclusion (Ryan, 1990). Decreased
pupae weight was registered in the treatments with
inhibitor concentration of 0.25% and 0.5%. This parameter



suggested reduced food ingestion, probably caused by
the inhibitor presence. Parameters as length of the pupae
stage, food ingestion, feces weight, larvae and pupae
survival rates showed no variations with the inhibitor
inclusion on the diet (Figure 6). Differences between in
vitro and in vivo assays are frequently reported in the
literature (Bolter and Jongsma, 1995). In this study, COTI
reached 66% of trypsin inhibition in vitro, whereas in vivo
assays showed deleterious effect in few biological
parameters. This result is completely understandable due
to the pest capacity to adapt to the inhibitor presence on
diets or genetically modified plants (Bolter and Jongsma,
1995; Ishimoto et al., 1996; Jongsma and Boulter, 1997).
Pest adaptation capacity can be explained by two
hypotheses: 1) Higher quantity of digestive enzyme
expressed in presence of inhibitor; 2) different proteinase
classes expressed to overcome the inhibitor effect.
According to Broadway et al., (1986), insect larvae can
overproduce protease in the presence of proteinase
inhibitor in the digestive system. In the inhibitor concen-
tration of 0.5%, the growth curve presented to the larval
stage 12 days was higher compared to the control
treatment, showing an evident deficit in larvae develop-
ment. Pupae formation was also affected, delaying in
three days compared with control treatment. Remaining
treatments were not affected comparing with control,
demonstrating a regular development. However, at the
concentration of 0.12 and 0.25% presented larval stage
three days higher compared with control treatment
(Figure 5).

According to Martinez and Endem (2001) increasing
the larval stage and growth inhibition can be triggered by
reduced food ingestion and lower food conversion,
caused by the presence of one or more inhibitor in the
diet. Larvae of S. frugiperda fed with concentration of
0.5% also showed alterations in the nutritional indexes
(Figure 7) as higher relative consumption rate (RCR),
lower relative growth rate (RGR), lower efficiency of
ingested food conversion (EIC) and lower efficiency of
digested food conversion (EDC) with more metabolic
cost. These results attest the potential of COTI, since
similar studies on larvae of H. virescens fed on tobacco
plants expressing potato proteinase inhibitors (PIN-2),
showed no variation in nutritional parameters evaluated
(Brito et al., 2001). Approximated digestibility (AD) and
relative metabolic rate (RMR) showed no significant
differences among treatments (Figure 7). The efficacy at
the concentrations of 0.5, 0.25 and 0.12% were 25, 12
and 4.17%, respectively. The concentration of 0.06%
showed no efficiency. In this study, the non-proteic castor
oil trypsin inhibitor at the concentration of 0.5% impaired
S. frugiperda larvae development changing their
nutritional parameters. These results can be used to
develop an alternative and more sustainable method to
control lepidopteran pest species through trypsin
inhibition. Future works should investigate the inhibitor
molecule characteristics, activities on enzyme catalysis
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and evaluate its kinetic properties.
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The effect of including palm oil sludge in cattle diet (silage) was conducted in vitro in order to ascertain
the suppressing effect on ruminal methanogenesis. The silage used for the study was Panicum
maximum, Centrocema pubscens, Bracharia decumbens and Andropogon gayanus. The silage were cut
into an average size of 3to 5 cm and ensiled for 21 days. Four treatment diets were formulated with the
silage by including palm oil sludge at 0, 10, 20 and 30%, respectively. Treatments were subjected to
anaerobic digestion in 10 L bio-digesters. Total gas production, percentage methane production,
volatile fatty acids and microbial population of the substrate were measured. Total gas production was
significantly suppressed in the treatment having 30% palm oil sludge for about 25 days while a lag
phase of 16 days was observed before a significant amount of methane was detected. Acetic acid
production increased only in T1 on the first week while T2, T3 and T4 decreased after which their
production remained irregular until the end of the experiment. Propionic acid production also increased
in T1 and T4 on the first week while T2 and T3 decreased after which their production maintained an
undefined pattern as the experiment progressed. Butyric acid production increased in T1, T2, and T4 on
the first week while T2 decreased after which an undefined trend of production was established.
Microbial population especially methanogens also reached its peak around the same period when there
was maximum gas production. It was concluded that ruminal methanogenesis can be suppressed in-
vitro by the inclusion of 30% palm oil sludge in the silage.

Key words: Bio-digesters, fermentation, in-vitro, methane, silage.

INTRODUCTION

Methane emission from ruminant animals has become a
serious issue that attracts global attention. Methane
remains one of the greenhouse gases that cause climate
change. Report shows that enteric methane is the most

important greenhouse gas emitted (50 to 60%) at the
farm scale in ruminant production systems (Ogino et al.,
2007). Methane has the global warming potential of 25
and with longer residence time when compared to carbon
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dioxide with higher global warming potential of 82 and
shorter residence time (Wuebbles and Hayhoe, 2002;
Forster et al., 2007). Human activities accounts for 70%
of methane production and its rising concentration is
strongly correlated with increasing population of ruminants
(Moss et al., 2000; IPCC, 2007).

Murray et al. (1976) stated that about 90% enteric
methane produced by ruminants has its origin in the
rumen. Methane mitigation strategies in ruminants have
been reviewed critically by several authors. Mitigation
strategies notably on animal phenotype, biotechnologies
and additives were discussed but nutrition strategies
were described as the most developed and ready to be
applied in the field. Smink et al. (2004), Van Zijderveld
and Van Straalen (2004) and Van Laar and Van Straalen
(2004) noted that several Rob-Agro studies have been
performed and the effect of nutrition and feed additives
on methane emission evaluated. Lin et al. (2013) had
reported promising effect of different essential oils in
modulating rumen function in vitro. According to Hristov
et al. (2013) the inclusion of lipids in the diets of
ruminants is an effective strategy for reducing enteric
methane emission, but the applicability of this practice
will depend on its cost effectiveness and its effects on
feed intake, productivity and milk production. Hence, the
inclusion of palm oil sludge in ruminant diets may have a
great potential in reducing enteric methane emission
since it contains more phyto-nutrients (vitamin E, vitamin
K and alpha carotene, beta-carotene, lycopene and 20
other carotenes) than any other dietary oil. These
nutrients are powerful antioxidants that protect the oil
from oxidation. It is a waste and constitutes nuisance
around households and palm oil processing factories.
This study was therefore conducted to ascertain the
efficacy and effective levels of palm oil sludge in reducing
ruminal methanogenesis in vitro.

MATERIALS AND METHODS
Experimental diets and design

A mixture of forage materials which comprises of Panicum
maximum, Centrocema pubscens, Bracharia decumbens and
Andropogon gayanus were mixed in equal proportion for the
production of silage. The forage materials were cut to a size of
between 3 to 5 cm and ensiled for 21 days. The silage were mixed
with palm oil sludge at 0, 10, 20 and 30% inclusion levels to form
four treatment diets with four replicate each. The treatment diets
were subjected to anaerobic digestion in 10 L bio-digesters as the
in vitro rumen simulation. 5.8 kg of water, 2 kg of treatment diets
and 0.2 kg of rumen liquor were put in a 10 L biodigesters while the
remaining space was left for gas accumulation. The treatments
were replicated four times in a completely randomized design
(CRD). Total gas production and percentage methane obtained
were recorded using the Sperian gas analyzer; model number SN
66429, USA. Total gas volume was obtained through downward
displacement of water in gasometers. The volume of water
displaced therefore equals volume of gas produced. Sperian gas
analyser recorded the percentage of methane in the total gas and
that percentage was used to calculate the volume of methane from

Table 1. The proximate composition of treatment diets.

Dietary treatments

Components

T1 T2 T3 T4
Protein (%) 9.63 9.61 9.49 9.49
Fat (%) 4.03 5.20 5.90 6.35
Moisture (%) 66.73 61.85 62.60 63.50
Fibre (%) 5.77 5.82 6.48 5.88
Ash (%) 8.73 9.13 8.98 9.47

total gas volume. Gas collection and analysis were done every 24 h
for 90 days.

The diets were analyzed for crude protein, ash, fats, moisture
and fibre contents before and after the fermentation process
according to AOAC (2000). Changes in the concentration of volatile
fatty acids (acetic, propionic and butyric) were also determined
biweekly during the fermentation period for 90 days using
Spectrophotometer (BB Bran England model 7804 C) in a diluted
volumes of 0.1 ml in 10 ml samples. Changes in total microbial
population of the anaerobic fermentation medium were determined
through laboratory methods in food microbiology by Harrigan and
McCance P.25-28.

Preparation of diluent and media

Diluent (peptone water) and media (Nutrient agar) were prepared
according to manufacturer’s specification.

Microbiological analysis of samples

One milliliter (1 ml) of each sample was serially transferred into 9 ml
of the sterile diluent (peptone water) with a sterile pipette and
shaken vigorously. Serial dilution was continued until 106 dilution
was obtained.

Aliquot portion (0.1 ml) of the 106 and was inoculated onto
freshly prepared, surface-dried nutrient agar (NA). The inoculi were
spread with a sterile (hockey stick-like) glass spreader to obtain
even distribution of isolates after incubation. Nutrient agar and
MacConkey agar plates were incubated for 24 to 48 h at 37°C.
Anaerogen was used during the incubation process.

Enumeration of microbial population

Total plate counts for the nutrient and MacConkey Agar were done
by counting colonies at the reverse side of the culture plates. Total
colony count was expressed in colony forming units per millilitre
(cfu/ml) (Harrigan and McCance, 1990).

RESULTS AND DISCUSSION

The proximate composition of the treatment diets that
were subjected to anaerobic fermentation is presented in
Table 1. Figure 1 shows the methane production pattern
during the experiment. Methane production rate from T4
decreased significantly at the beginning of the curve
probably as a result of the inhibitory effect of palm oil
sludge. This inhibitory effect was maintained for about
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Figure 1. Volume of methane produced during the fermentation process.

nine days before it declined. Though, the rate of methane
production from T4 was still relatively lower until after 72
days before it started rising above others and reached its
peak around 87" day. This was similar to the ones
reported by Broughton et al. (1988), Salminen et al.
(2000) and Cirne et al. (2007).

The initial lag phase in methane production as was
observed may be attributed to the variation in the
concentration of palm oil sludge. S|gn|f|cant methane
production was first detected on the 16™ day of the
digestion process. The volume of methane produced
after the lag phase was lowest in treatment 4 (30% palm
oil sludge) than in the other treatments. The lowest level
of methane production in T4 was maintained for almost 9
days, after which the activities of the methanogens
increased and methane volume started to rise just as it
was observed in other treatments. The periodic volume of
methane production was almost the same in T1, T2 and
T3. The variability in methane production was attributed
to the different levels of palm oil sludge used in the study.
This tends to show that palm oil sludge is capable of
suppressing methane production in vitro. Kramer et al.
(2013) reported that numerically longer retention time of
grass silage-based rations (46.9 + 5.68 h) compared with
corn silage-based rations (36.9+4.28h) was in
accordance with Lund (2002). The lag phase of 16 days
implies that the inhibitory effect of the treatments might
also be high if applied in vivo. Treatment 4 (30% palm oil
sludge) produced the highest volume of methane toward
the end of the fermentation period when the level of palm
oil sludge in diet 4 could no longer suppress methane
production since the bacteria have acclamatized
themselves and can no longer be suppressed by oil. The
highest volume of methane produced towards the end of

the fermentation may not affect the applicability of the
research result since it is assumed to be the period when
the silage must have been digested in the animal and will
be in form of manure if it were to be in vivo. Therefore,
the inclusion of palm oil sludge in cattle diet can help to
suppress methane production in vitro. Peak gas
production was observed between 3 to 4 weeks of
fermentation for all the treatments and this was also the
period when microbial population reached its peak as
shown in Figure 2. This shows that the volume of gas
produced depends on the microbial load present. The
variation in microbial population present in the different
substrates also showed that the palm oil sludge had an
effect on the preponderance of the microbes since the
highest population was recorded in treatment 1(0% palm
oil sludge) and lowest in treatment 4 (30% palm oil
sludge). It is clear that oil coating can make a barrier to
microbial attachment to feed particles in the rumen
thereby reducing their activities (Narimani-Rad et al.,
2012). Methanogens co-exist with several anaerobes to
produce methane from carbon dioxide and hydrogen.
Hence, the major part of the hydrogen formed in the
rumen is converted into methane (Mills et al., 2001).
Murphy et al. (1982), Argyle and Baldwin (1988), Pitt et
al. (1996), Friggens et al. (1998) and Bannink et al.
(2006a) observed that different types of fermented
carbohydrate give different profiles of volatile fatty acid
production and hence methane yield. Figures 3, 4 and 5
show the production of volatile fatty acids during the
fermentation process. The acetic acid concentration
followed the same trend except in treatment 1(0% palm
oil sludge) that contain no palm oil sludge. As shown by
Figure 3, treatment 4 had the highest concentration of
acetic acid as compared to the three treatments that
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Figure 3. Acetic acid production from the fermenting substrate.

contain palm oil sludge. However, the concentration
dropped around 50th day of the fermentation process.
Kohn and Boston (2000) and Offner and Sauvant (2006)
noted that during acetogenesis, acetate rather than
methane is formed from CO, and H,. Therefore, the
removal of H, by acetogenesis reduces methane yield
since H, and CO, can be converted to acetate by
acetogens which are also present in an anaerobic
environment (Johnson and Johnson, 1995; Demeyer and
Fievez, 2000; Moss et al., 2000). The production pattern
of propionic acid was slightly different from that of acetic
acid since their production from different treatments did

not behave alike by either increasing or decreasing at the
same time. Propionic acid concentration in T1 and T,
followed the same trend of production by increasing and
decreasing at the same time while the trend in
concentration of propionic acid in T, and T3 were the
same. However, butyric acid concentration followed the
same trend. There was relatively enhanced propionic
acid production in the first 2 weeks of production and a
concurrent reduction in the concentration of acetic acid.
This is in line with the earlier assertion that enhanced
propionic acid concentration reduces methane production
and at the same time reduces acetic and butyric acid
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Figure 4. Propionic acid production from the fermenting substrate.
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Figure 5. Butyric acid production from the fermenting substrate.

concentration.

Conclusion

An in vitro rumen simulation technique was conducted to
determine the effect of including palm oil sludge on
methane production in the diet (silage) of Cattle. The
results of the experiment have shown that inclusion of
30% palm oil sludge in silage is capable of suppressing
methanogenesis in vitro. The increase in the concen-
tration of acetic, propionic acid and butyric acid on the
first week shows that palm oil sludge in the diet of cattle
affect the concentration of volatile fatty acids. The
reduction in methane production for a period of 9 days at
30% inclusion of palm oil sludge as was observed in this

experiment also supports the applicability of this result
since there is an average retention period of 45 h in
animals.
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