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ABSTRACT

The encapsulation of Entomopathogenic Nematodes (EPNS) in pellets is a promising alternative
to use as a biological control method. However, it is necessary that the nematodes survive as
long as possible inside the pellet before its release in field. In this research were to evaluate (at
two periods of time)the survival rates(SRs)of EPNs contained inside of pellets. The pellets were
made with the combination of three materials powders: bentonite clay(B), diatomaceous earth
(D) and sugarcane bagasse ash (SCBA). In order to adequately manufacture the pellets (quasi-
spherical shaped) and avoid their early disintegration, the decision was made to combine
95%B+5%D and consider this combination as a control mixture (C). Three ternary mixtures
were prepared, a mixture with 90%B+5%D+5%SCBA (T5), a mixture with
85%B+5%D+10%SCBA (T10) and a mixture with 90%B+5%D+5%SCBA (T15). Eight pellets
of each mixture were made (not including nematodes in their interior) and its capillary
absorption was evaluated at 21 and 30 days after its elaboration. Subsequently, ten pellets per
mixture with nematodes inside were elaborated and stored at room temperature. The evaluation
of the survival level of the nematodes was carried out after 21 and 30 days of storage,
respectively. The results show that at 21 days the pellets made with the four mixtures followed
the same trend in their absorption capacity. From 0 to 240 seconds was the period of time in
which there was a higher percentage of absorption (about 70%of the total) and from 240 seconds,
the percentage of absorption was lower. The pellets made with the T15 mixture had the longest
time to saturate (2300 seconds). At 30 days the pellets made with mixture C had the highest
absorption capacity and saturated in the minor time (1200 seconds). The pellets made with the
T10 and T15 mixes had a similar absorption capacity, however, the pellets made with the T15
mix had the longest saturation time of 2400 seconds. With respect to survival rateat 21 days the
following was obtained:the nematodes encapsulated inside the pellets manufactured with the T10
mixture had the highest survival rate (62%) and the nematodes encapsulated inside the pellets
made with the control mix (C) had the lowest survival rate (11%). The SRs of the encapsulated
nematodes in the pellets manufactured with the T5 and T15 mixtures was 33% and 35%
respectively.At 30 days the SRs of the EPNs encapsulated in the pellets of all the mixtures were
slightly lower than those obtained at 21 days.The addition of 10%SCBA to the mixture of
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powdered materials for the manufacture of pellets, improved the absorption and water retention
capacity in them, which was beneficial in increasing the survival rate of EPNs.Using amounts of
SCBA greater than 10% causes greater water absorption, expansion and disintegration of the
pellets; therefore, the death of more nematodes.

Keywords: Biological control method, encapsulation, materials, capillary absorption, water
retention capacity.

1. INTRODUCTION

The encapsulation of Entomopathogenic Nematodes (EPNS) in pellets is a promising alternative
to use as a biological control method. This method is effective and does not cause any harm to
the human health, domestic animals or plants; neither pollute the environment and the plagues do
not become resistant to these products.

A direct application could be for the control of the pest Phyllophaga spp. For the biological
control ofPhyllophagaspp, the use of natural enemies such as Entomopathogenic Nematode
(EPN)is a good alternative. The EPN infect the bodies of the plague larvae located in the root of
the corn plant through the mouth, spiracles and anus to finally cause their death.

After production, EPNs are not applied immediately in corn fields, they are generally stored for
later transport and release; however, the low Survival Rate (SR) of Entomopathogenic
Nematodes caused during storage is a limiting factor for the massive production of biological
pesticides (Grewal, 2002).Therefore, it is required to encapsulate the EPNs within pellets made
with materials that allow increasing their life time during the storage stage.

Among the first attempts to encapsulate EPNs, Kaya et al. (1987) used apolymeric matrix
containing calcium alginate. This material is biodegradable, allowing the EPNs to emerge from
the capsules. The EPNs lasted eight months in closed containers which were kept at 4°C and
lasted three to four months at room temperature. Nevertheless, for the implementation of this
encapsulation method a previous application of sodium citrate is required to release the EPNs
from the alginate gel matrix. This last application and the use of several sieves and containers
extended the extraction time and invalidated its implementation.

Silver et al. (1995) patented an invention concerns new methods for producing pellets and
formulating nematodes intosuch granules for prolonged storage and convenientapplication.The
materials used in the formulation of the pellets were: silica, diatomaceous earth,hydroxyethyl
cellulose, clay, pre-gelled clay,lignosulfonate, modified starch, pre-gelatinized starch,a super
absorbent and a combination of one or morethereof.However, the patent does not provide
theamounts or percentages of each of material used.

In another study, Mendoza (2012) investigated the effect of the mechanical operations of
pelleting onsurvival time in entomopathogenic nematodes.Nematodes of the species Steinernema
glaseri wereencapsulated in diatomaceous earth and attapulgite indifferent proportions. The
counting ofthe surviving nematodes was conducted daily by the method of Chen and Glazer
(2005). The results showthat the mechanical encapsulation process doubles thetime of survival of
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the nematodes reported for those manually processed (Giron, 2008). The survival of nematodes
in the first three days was 100%, whichgradually decreases. The best results were obtained
withpellets made from diatomaceous earth, Celite 209 andcactus mucilage, posting 22%
mortality at day eight.

Finally, Hiltpold et al. (2012) developed a solution with a high concentration of Ca*? ions with
the addition of alginate, resulting in theformation of a coat surrounding the liquid core; thecore
was prepared by mixing deionized water withgluconolactone and then H. bacteriophora EPN
wasadded. The encapsulated EPNs were moreefficient than those sprayed with water in the
control ofthe corn rootworm Diabroticavirgifera. Thisformulation represents a significant
progress for thedirect application in the field; however, the reducednumber of nematodes per
granule was a drawback forits distribution and mass application.

The previous results allow us to infer that a suitable combination of materialswith which the
pellets are manufactured is a determining factor in the survival percentage of the EPN contained
within.Based on this finding, the objective of this research was to evaluate (at two periods of
time) the survival rates (SRs) of EPNs contained inside of pellets made with the combination of
three different powder.A series of pellets were manufactured consideringseveral combinations of
bentonite clay, diatomaceous earth, and sugarcane bagasse ash by the rolling method.

2. MATERIALS (powders)

Bentonite clay (B) is used as an animal feed supplement, as a pelletizing aid in the production of
animal feed pellets, as well as a flowability aid for unconsolidated feed ingredients such as soy
meal (Stojiljkovi¢ and Stojiljkovi¢, 2017). Bentonite presents strong colloidal properties and its
volume increases several times when coming into contact with water, creating a gelatinous and
viscous fluid (Stroes-Gascoyne, 2011).Bentonite clayused in this study is extracted from Caxuxi,
Municipio de Santiago de Anaya, Valle del Mezquital, Hidalgo, Mexico.

Diatomaceous earth (D) can be used in food-grade (safe for human consumption) and non-food
grade (used in industrial settings). Add D to potting soil to help it retain moisture and nutrients
and allow oxygen to circulate freely, diverse applications becauseof its unique pore structure
(lvanov and Belyakov 2008).The diatomaceous earthused, Celite 209%brand, is extracted from
Zacoalco de Torres, Jalisco Mexico.

The additional material proposed to contribute to the correct elaboration of the pelletsand
possibly increasing the survival percentage of the nematodes contained within was Sugarcane
BagasseAsh (SCBA), which have been successfully used tostabilize soils in compressed blocks
(Alavéz-Ramirez et al.,2012). SCBA is a waste and in Mexico is available in large quantities
(Sheth, 2017).

The sugarcane bagasse ash was obtained from an open dump which belong to the sugar mill
“Constancia”, located at Tezonapa, Veracruz, Mexico. The SCBA is obtained by water
sprinkling during the sugar production and deposited at open dumps. After the SCBA was
collected it was sun dried and sieved through the sieve No. 4 (4.75 mm) ASTM, then
homogenized and sieved again through the sieve No. 200 (75um) during four minutes.
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The EPNs used were the species Steinernema glaseri from an original CEPA from the
Entomology Laboratory at the University of California, Davis (USA). For the EPNs production,
G. mellonella larvae (host) at the last instar were used as a host. The in vitro mass production and
storage of the EPNs was in accordance with the recommendation of Kaya and Stock (1997).

The agesof test were chosen in accordance with the recommendations of Grewal (2002) who
states that21 and 30 days are critical stages for the survival ofEPN. The SRs of EPN encapsulate
in pellets at roomtemperature has not been reported.

2.1 Design of the Pellets

In order to adequately manufacture the pellets (quasi-spherical shaped) and avoid their early
disintegration, the decision was made to combine Bentonite clay plus Diatomaceous earth (B+D)
and consider this combination as a control mixture.For manufacturing of the pelletsfour mixtures
were prepared, the combinations and percentages of ingredients are show in Table 1.

Table 1. Mixture composition (wt. %)

Mixture Designati  Bentonite Diatomace  Sugarcane Bagasse
on (B) ous (D) Ash (SCBA)

Control (B+D) C 95 5 -

Ternary 5 T5 90 5 )
(B+D+SCBA)

Ternary 10 T10 85 5 10
(B+D+SCBA)

Ternary 15 T15 80 5 15
(B+D+SCBA)

2.2 Characterization of materials

The chemical compositions of the materials were studied by the gravimetric and ICP methods
using a Perking Elmer Optima 8300® spectrometer. The mineral phases of the materials were
identified using XR diffraction using an INEL, model EQUINOX 2000®. Finally, the
morphologies of the materials were observed using a JEOL6300 JSM® scanning electron
microscope.

2.3 Production of pellets

The procedure for the production of pellets was based on the principle discussed by Mendoza
(2012) and Matadamas-Ortiz et al. (2014). The quantities of the materials for the preparation of
the pelletswere determined by the mass of the ingredients according to each formulation
proportion shown in Table 1.

The ingredients were dry mixed until a homogeneous powder was obtained, and then the powder
was poured in an inverted frustum which had a lid at the bottom. Then, 200 pL of deionized
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water were was added to the powder at the top of the frustum and the lid was removed. The
water added to the powder agglutinated some particles and due to gravity small quasi-spherical
shaped granules, called nuclei, were formed during their fall, according to the fluidized bed
principle. Next, the nuclei were rolled on a rotating Archimedes spiral plate for 45 seconds in
order to continue with the growing and consolidation of the pelletsFigure 1.

1
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—

Figure 1. Nematode encapsulator (Taken from Mendoza, 2012)

1) Pneumatic aqueous solution dispenser containing nematodes, 2) Cones of accommodation of
the granular material for the formation of the pellet, 3)Screw conveyor (pre compactor) and 4)
Compactor disc

2.4 Capillary absorption of the pellets

To evaluate the capillary absorption of the pellets, four pellets of each mixture were made
without containing nematodes. Four cylindrical containers were used and linseed oil was added
to each one until reaching a level of 2mm above its base. Subsequently, the pellets were placed
inside (Figure 2)and the weight gain of each of them was recorded in the following time
intervals: 30, 60, 90, 120, 180, 240, 300, 600, 900, 1200, 1800, 2100, 2400, 2700 and 3600
seconds.

The oil content in each pellet was expressed as a fraction of oil (in percentage) with respect to
the total dry weight of each pellet. Capillary absorption of the four pellets per mix was averaged
to report capillary uptake for each mix.The tests were carried out at in two periods of time 21 and
30 days.

95B+5D 90B+5D+5SCBA 85B+5D+10SCBA 80B+5D+15SCBA

Figure2. Test to evaluate the capillary absorption of the pellets
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2.5 Reproduction of the EPNs

The reproduction process of the EPNs implemented was that proposed by Kaya and Stock
(1997).The G. mellonella larvae (host) were socked in 55°C deionized water for 15 s, then
socked in 15°C deionized water for 15 s to prevent the larvae reaching the pupal stage and to
decrease their resistance to the EPN infestation. The larvae were laid on a Petri box where
previously had been placed a filter paper (5 mm in diameter, 80 g/m2 weight, 0.17 mm thick and
pore size of 14 to 18 um). Then 200 + 10 EPNs per each larva were inoculated using 20uL of
distilled water in order to produce moisture of 10 g/m? in the filter paper to ease the mobility of
the EPNs and consequent infection of the larvaeFigure 3.

N

Figure3. Galleria mellonella larvae infected by EPNs

After five days following the infestation, the larvae were carefully transferred to 15 x 8 cm white
traps which contained 45 mL of distilled water. When the EPNs emerged from the larvae, they
moved through the wet filter paper until reaching the distilled water where they were collected.

The water used at all times for the manipulation of the EPNs was CO»-free to prevent any kind of
damage to the EPN during their conservation (Chen and Glazer, 2005). The EPNs were stored at
6-8 °C for a week; after this storage time, the EPNs were available for encapsulation.

2.6 Encapsulation of the EPN

Prior to the encapsulation in the pellets, the EPNs were acclimated at 23 °C + 6 °C during 24 h
(Chen and Glazer, 2005). Then, a solution containing 100 +£10 EPNs per 200 uL of water was
prepared using the volumetric dissolution method in accordance with the recommendation of
Petersen and Willis (1972). By the repeated water dropping technique of 10uL, the amount of
EPNs in the solution is determined; this procedure was repeated until the required concentration
was achieved (Giron, 2008).

The solution was continuously stirred to keep a constant homogeneous concentration of 100 +10
EPNSs, and in this way prevent the precipitation of the EPNs caused by the different densities.

Once the solution was prepared, the production of pellets +EPNs following the procedure
previously described was carried out for the four formulation proportions established. The Figure
4 show appearance of pellets manufactured.
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Figure 4. Appearance of the pellets(with nematodes inside) prepared with the fourmixtures
2.7 Estimation of the EPN Survival Rates (SR)

To estimate the EPNs SR, the pellets were placed in a9 cm Petri box and 10 ml of distilled water
were addedto provide the moisture required by the EPNs to recover mobility. The excess water
served for the EPNs solution-making. A micropipette was used to take a 200uL sample from the
EPNSs solution and place it in a stereoscopic microscope to count the live and deadEPNs. The
microscope used for the counting was anOlympus®with a 0.2 opening, a resolution of 600
pairsof lines per mm and a 30x zoom.

The identification of the live EPNs is straight forward because they move naturally or when
stimulated with a needle. The EPNs were counted using the method proposed by Chen and
Glazer (2005). Once the counting was concluded, the remaining sample was returned to the
original solution and the counting process was repeated five times for each pellet. The EPNs
counting was performed at 21 and 30 days, according to the experimental design.

3. ANALYSIS OF THE RESULTS

3.1 Properties of the materials

The results of the chemical analysis of the materials (Table 2) indicate that the main compounds
present in powder materials are Silica and Alumina with low traces of CaO and MgO (Salem,
2015).The sum of major oxides is higher than 70%; therefore, the materials have pozzolanic
potential (ASTM C618- 129) and can react in an alkaline environment created by C (Malhotra,
1994).

Table 2. Chemical compositions of the materials (%)

Compound B D SCBA
SiO; 63.60 83.95 59.56
Al,03 14.25 3.11 13.62
Na2O 1.16 <0.03 <0.03
MgO 1.83 <0.005 1.13
K20 3.05 0.12 3.25
CaO 2.45 0.34 2.22
Fe203 3.68 1.62 5.52
FeO <0.01 <0.01 0.7
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P20Os 0.11 <0.06 0.96

MnO 0.04 0.01 0.33

LOI 9.28 11.13 10.78

¥ SiO2+ AlOs+ 85.68 88.68 78.7
Fe203

Figure 5 shows that B and D exhibit an amorphous halo between 15-35° 26 angle (Bahurudenn,
2015) which is an indication of the reactivity of some phases of the materials, and when they are
combined with alkali-rich materials, such as Calcium Hydroxide, can be used to produce
stronger cementitious materials (Bahurudeen, 2015).Figure 4 also confirm that the B has
Montmorillonite, Quarz and Cristoballite (He, 2015; Salem, 2015) while the D has Orthoclase
and Quartz (Liu, 2014), the SCBA has Quartz, Cristoballite, Calcite and Magnetite (Martirena,
1998), The combination of the phases of these materials can help to make the pellets stable.

1100 - Cb q
Q
1000 Ca IQ 1 Ca Mg SCBA
- S | >
900 5
800
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Mg-Magnetite
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Figure 5. Patterns of the mineral phases of materials

In Figure 6 the different shapes and sizes of thematerials are observed. For example, the
bentonite (B) particles are laminar in shape which is characteristic of a smectite mineral with
discontinues cavities between plates in their basic structural units, Figure 6a. The D
particlesshow coscinodisophyceae (radial symmetry) andfragilariophyceae (bilateral symmetry,
or sternumpseudolateral) shapes with open pores which allowaccommodating solids, Figure6b
coinciding with what was reported by Sun et al., 2013. The SCBA is a heterogeneous material
with particles of different sizes and shapes, Figure6c, Driemeier et al., (2011) published similar
micrographs. The particles can be classified as prismatic, spherical and fibrous. According to
Batra et al., (2008) that prismatic particles consist mainly of Si and O, while spherical particles
consist of Si, O, Na, K, Al, Mg and Ca; while Umamaheswaran and Batra, (2008) said that
fibrous particles consist mainly of carbon.
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Figure 6. Morphology of the materials
a) Bentonite, b) Diatomaceous earth, ¢) Sugarcane Bagasse Ash

3.2 Capillary absorption

Figure 7 shows the results of the capillary absorption tests of pellets with a maturation age of 21
days.

——C il T5 w—gr==T10 e T15

Absorbed oil (%)

0 400 800 1200 1600 2000 2400

Time (s)

Figure 7.-Capillary absorption of pellets at 21 days of maturation

It is observed that the pellets made with the four mixtures followed the same trend in their
absorption capacity. From 0 to 240 seconds was the period of time in which there was a higher
percentage of absorption (about 70%of the total) and from 240 seconds, the percentage of
absorption was lower. The pellets made with the T15 mixture had the longest time to saturate
(2300 seconds), this can be attributed to the fact that in this mixture there is a higher
concentration of Ca?* ions, thus reducing its absorption speed (Kawatra, et al 2003).

Figure 8 shows the results of the capillary absorption tests of pellets with a maturation age of 30
days.
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Figure 8.-Capillary absorption of pellets at 30 days of maturation

For the maturation age of 30 days, the pellets show a similar absorption tendency only during the
first 240 seconds (they absorb approximately 40% of the total), after this time the absorption is
slightly different for all the pellets. The pellets made with mixture C had the highest absorption
capacity and saturated in the minor time (1200 seconds), this effect is due to the irregular
geometry of the B and D particles that prevent adequate packing and leave a greater number of
open pores (Sergiy et al., 2005).

The pellets made with the T5 mixture presented lower absorption capacity and were saturated at
a time of 1800 seconds. The pellets made with the T10 and T15 mixes had a similar absorption
capacity, however, the pellets made with the T15 mix had the longest saturation time of 2400
seconds. This behavior is due to the SCBA having a high LOI percentage (>10%), the high LOI
content can be considered as an indication of high levels of unburned carbon. Chandara et al,
(2010) found that high levels of unburnedcarbon particles result in an increase in the
requirementfor water and other liquids because the liquids are absorbedby carbon particles.

3.3 Estimation of the EPNs Survival Rate (SRs)

In Figure 9 the results of the SRs of EPNSs estimated at 21 days are presented and analyzed next.
The nematodes encapsulated inside the pellets manufactured with the T10 mixture
(85B+5D+10SCBA formulation) had the highest survival rate (62%) and the nematodes
encapsulated inside the pellets made with the control mix (C) (85B+5D formulation) had the
lowest survival rate (11%). Finally, the pellets manufactured with T5 an T15 mixture had similar
SRs of EPN encapsulated (33% and 35% respectively).
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Figure 9. Survival rates nematodes at 21 days

In Figure 10 the results of the SRs of EPN estimated at 30 days are presented. At 30 days the
SRs of the EPNs encapsulated in the pellets of all the mixtures were slightly lower than those
obtained at 21 days.At this age, the pellets manufactured with the T10 mixture had again the
highest SR (48%) and the pellets manufactured whit C mixture had the lowest SR (9%). The SRs
for the T5 y T10 mixtures was practically the same.
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20 TS =90B+SD+SSCBA

30 T10 =85B+5D+10SCBA
20 T15 =80B+5D+15SCBA

10
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Nematodes (%)
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Figure 10. Survival rates nematodes at 30 days

Results confirm that the amount and type of granular material added into the different
formulations had significant beneficial effects on the SR of the EPNs (Steneirnemaglaseri).

The combination of powder materials of different chemical and physical characteristics
contributes to improve the adhesion and bond between the solid particles’ surfaces. When
powder materials are used the surface area, density, porosity and shape of the particles play a
significant role in the agglomeration process because such properties define the adherence and
cohesion of the particles (Mort, 2005).

The interaction between bentonite and diatomite was beneficial as they formed a compact
structure (He, et al. 2015). Bentonite provided a source of colloidal material that increased van
der Waals forces and formed a solid, hardened gel bridge that strengthened the contact points
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between its particles (Kawatra and Ripke, 2003). On the other hand, with the addition of
diatomite, hydrogen bonds were increased, improving the adherence between particles in the wet
state (Imbert and Villar, 2006). With the addition of cane bagasse ash, the flow and transport
properties of liquid inside the pellet were improved.

In addition, the use of 10% sugarcane bagasse ash in the base materials (B+D) improved the
survival percentage of NEPs, probably due to its hydrophilic capacity since it conserves moisture
inside the pellet for a longer time.

Greater amounts (more than 10%) of ash produced a loss of cohesion between the particles of the
powdered materials and therefore the conditions for the survival of the nematodes were modified
(PimraksaandChindaprasirt, 2009), the above generated difficulties in the reactivation of the
physiological functions of the EPNs after having been exposed to anhydrobiosis (Grewal, 1999)
and therefore affected the emergence of EPNs.

4. CONCLUSIONS

The combination of powder materials of different chemical and physical characteristics
contributed to improve the adhesion and bond between the solid particles’ surfaces.

The addition of SCBA to the mixture of powdered (B+D) materials for the manufacture of
pellets, improved the absorption and water retention capacity in them, which was beneficial in
increasing the survival rate of EPNs.

The combination of 90%B+5%C+10%SCBA for the manufacture of pellets increases the EPN
survival rate 51% with respect to the control mixture at 21 days. Using amounts of SCBA greater
than 10% causes greater water absorption, expansion and disintegration of the pellets; therefore,
the death of more nematodes.
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