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Abstract: In a tropical rainforest environment, different storage strategies are often adopted in
the preservation of primary processed food crops, such as maize, sorghum, etc., after drying and
dehulling to increase shelf-life. For breadfruit seeds (Treculia Africana), the current challenge is
identifying the most appropriate short-term storage and packaging methods that can retain the
quality of stored products and extend shelf-life. In this regard, we compared the performance of a
plastic container, a weaved silo bag and a locally developed silo bin for the short-term storage of
parboiled, dehulled and dried breadfruit seeds treated with locally sourced and affordable alligator
pepper (Zingiberaceae aframomum melegueta) and bitter kola (garcinia) powder as preservatives. We
show that the concentration of CO, was lower in the silo bin treated with 150 g alligator pepper
and higher in the silo bag-treated with 100 g bitter kola nut. A higher CO, concentration resulted
in limited oxygen availability, higher water vapor, and a higher heat release rate. Non-treated bag
storage had the highest average mold count of 1.093 x 10> CFU/mL, while silo bin-stored breadfruit
treated with 150 g of alligator pepper had the lowest mold count of 2.6 x 10> CFU/mL. The storage
time and botanical treatments influenced both the crude protein and crude fiber content. Average
insect infestations were low (0—4.5) in the silo bin with breadfruits treated with alligator pepper
powder, as the seeds seemed to continue to desorb moisture in storage, unlike in other treatments. The
obtained results revealed the high potential of alligator pepper (Zingiberaceae aframomum melegueta) as
a botanical insecticide in preventing insect infestation and mold growth in stored breadfruit instead
of using synthetic insecticide. An aluminum silo bin with alligator pepper powder is recommended
to store dried and dehulled breadfruit seeds as a baseline for other tropical crops.

Keywords: postharvest storage; food packaging and shelf-life; bitter kola; food preservation; alligator
pepper; underutilized seeds

1. Introduction

Breadfruit belongs to the family of Moraceae and is a multipurpose tropical agro-
forestry tree crop with about 120 varieties. Prominent among them in Nigeria is African
breadfruit (Treculia africana) [1,2]. The seeds are rich in 0il, carbohydrates, proteins, cal-
cium, phosphorus, minerals, and vitamins [1]. African breadfruit seeds are prepared for
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consumption by cooking (either fresh or dried), roasting, or breadfruit flour. This highly
nutritional but underutilized crop is native to the West Indies, Jamaica, as well as many
West African countries, including Nigeria, Ghana and Sierra Leone [3]. In 2011, Nigeria
accounted for about 32% of African breadfruits” global production [4]. Food prepared
from breadfruit seeds is highly appreciated and sought out because it serves as a common
source of calories among over 60 million people in the Central African Republic, southern
Nigeria, and southern Cameroun [5]. The processing of this underutilized crop involves
the fermentation or dehulling of the fresh fruit to extract the seed, washing, heat treatment,
and threshing of the seed to reveal an edible greenish cotyledon [6]. This is then either
cooked fresh or dried to a moisture content of about 8-10% wet basis before storage [6].
However, drying unhulled seeds makes dehulling very difficult even if heat treatment is
applied. This is because of the adhesive layer that attaches the hull to the kernel [7].

Traditionally, in Nigeria, after drying African breadfruits, various households store
dried breadfruits under room conditions in plastic containers, weaved silo bags, bottles,
hanging above the cooking attic, spreading on the open floor or on a mat, or keeping them
in basins [6,8]. However, storing the dried seeds for a long period is a challenge due to the
hygroscopic nature of the seeds even after drying, which makes them prone to quick fungi
and insect damage, discoloration, etc. [6,9]. Apart from managing the pest in enclosed
storage, temperature increase, high humidity and the reaction of chemical and gaseous
constituents from the product can cause considerable deterioration [9]. Investigations
were carried out by Adindu and Williams [6] on the nutritional quality of non-dehulled
dried breadfruit seed stored in tight plastic buckets, polythene bags, closed and open
raffia baskets, and tied jute bags. However, in most homes, breadfruits are parboiled,
dehulled and dried before storage, as in rice processing. Therefore, storing pretreated and
processed African breadfruit seeds is still a challenge as there is a lack of adequate data for
food processors.

Several studies on the different postharvest management practices on stored agro-
product exist in the scientific literature [10-12]. However, these studies are limited mainly
to grains. Furthermore, many storage approaches have been adopted in the literature for
the shelf-life extension of stored products by researchers, ranging from the use of botanical
insecticides (oil from Vittallaria paradoxa seed, coconut, mustard seed), to Diatomaceous
earth, hermetic bags, metal silos, and charcoal ash [12-19]. However, insight gained
from these studies revealed that most of these storage approaches are crop-specific with
a particular focus on cereals, including maize, cowpea, wheat, etc. [11-21]. To the best of
our knowledge, information on the most suitable storage strategy for primary processed
and raw African breadfruit seeds under household conditions is non-existent. Again,
the respiratory activities in the interstitial space of the storage ecosystem of biological
products influence product storage conditions. Temperature changes in the interstitial
space have been adduced to respiratory activities within the storage ecosystem, which is a
function of the external conditions. With this knowledge of the interstitial temperature, the
gaseous exchange within the space can be accounted for. However, this measurement of the
interstitial temperature requires constant measurement and probing of the storage system,
which distorts the tightness of the storage system. Therefore, employing a mathematical
model that will account for interstitial temperature and all the desired components of
gaseous exchange involved in the respiration activities using the external conditions will
solve this problem. In this way, the rigorous and cumbersome experimental measurement
process is eliminated [22-24]. In addition, using this modeling approach will enhance
future optimization and process design [25].

Locally, in Nigeria, dried alligator pepper (Zingiberaceae aframomum melegueta) powder
has been integrated into the storage bag to drive away insects and pests in maize stored
in weaved bags under the market environment [12]. In addition to alligator pepper, bitter
kola (garcinia) has also been used locally for storage because its extracts have shown antimi-
crobial, antifungal and anti-pest properties, along with their pungent, peppery and bitter
taste [26-31]. Therefore, as food processors reduce the dependency on synthetic insecticides
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due to the attendant health challenges, evaluating the efficacy of these affordable edible
plant seeds as alternatives become indispensable.

This research aims to identify the most effective storage strategies and treatments for
an on-the-shelf postharvest preservation approach for breadfruits seeds, as adopted in
Nigeria. A plastic container, a weaved bag and a locally developed silo bin were adopted
for the short-term storage of parboiled, dehulled, and sun-dried breadfruit seeds treated
with alligator pepper (Zingiberaceae aframomum melegueta) and bitter kola (garcinia) powder
as preservatives. The effectiveness of the storage strategies was evaluated in terms of shelf-
life duration, nutritional product quality, mold count and insect enumeration. The result of
this study will provide valuable information to improve the all-year-round availability and
affordability of breadfruits seeds in major breadfruit-producing countries.

2. Materials and Methods
2.1. Description of Storage Strategies

The experiment was carried out for 3 months (14 weeks) (September-December 2019)
at the crop processing and storage laboratory of Michael Okpara University of Agriculture
Umudike, Nigeria, 5.53° N, 7.49° E. The local storage strategies adopted include a weaved
silo bag, a plastic drum and a locally developed aluminum silo bin. Figure 1 shows the
schematic view of the aluminum silo and its components. It consists of a storage container
equipped with a wooden stirrer force-fitted into the silo through a sealed bearing. Loading
and unloading points were created at the top and bottom of the silo and plastic container.
The plastic buckets and aluminum silos were airtight with a side opening for material
sampling. The loading and unloading opening of the silo was covered with a metal cover
sheet, while that of the plastic drum was sealed with masking tape.

C———3—— stirrerHandle

Force Fitted seal
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Figure 1. Schematic view of the locally developed aluminum storage silo.
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2.2. Sourcing, Heat Treatments and Drying of Breadfruit Seeds

The breadfruit used for this experiment was obtained directly from the farmers in
Umudike, southeastern Nigeria. All the seeds were sourced from the same lot as recom-
mended in the International Rules of Seed Testing [32] and there was no requirement for
additional homogenization. The seeds were harvested off-season and were not treated
with any pesticide. The farmers allow matured fruit to naturally fall from the tree in the
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wild, after which it is allowed to ferment from two to three weeks. Fermented fruits were
washed with clean water to remove the pulp from the seeds. The seeds were manually
selected to remove any bad seed or dirt, after which they were spread on a stainless tray
and kept under the sun for three hours. The seeds were parboiled in hot water for 5 min
with clean water, after which the water was filtered out. The parboiled seeds were spread
under the sun and allowed to cool before manual threshing using a local wooden thresher
to reveal the cotyledon. Parboiling the seed unstuck the chaff from the cotyledon for easy
separation, and it also kills any larvae of pests from the farm or the fermentation process.
Parboiling of the seed for a short time of less than 10 min causes no significant difference
in the seed’s nutritional composition [33]. The threshed mixture of cotyledon and chaff
was separated manually by winnowing using a stainless tray. After winnowing, broken
cotyledon was manually removed while the rest was dried under the sun until the moisture
content reached about 8 & 2.2%. Initial moisture content was checked with a grain moisture
meter (Kongskilde, series 20849) initially calibrated with a laboratory oven (DHG-9053A
Ocean med+ England).

2.3. Preparation of Botanical Treatments

Dried pulverized alligator pepper seed (Zingiberaceae aframomum melegueta) at 8%
moisture content and dried pulverized bitter kola seed (Garcinia) at 10% moisture content
were introduced as botanical preservatives. These two plant materials were harvested from
the trees in southeastern Nigeria, and care was taken to select seeds of premium quality.
Before milling, the two seeds were dried in the sun for 7 days and further in the oven at
40 °C. They were milled separately using a hammer mill (Animal ration shredder hammer
mill foliage, Model: TRF 400; 1.5 kW; 10 swinging hammers). The milled seeds were sieved
with 90 um sieve openings and kept in an airtight vessel before application.

2.4. Experimental Test

Each of the storage strategies received two botanical treatments (pest management)
consisting of mixing 2 kg of dried breadfruit with 100 and 150 g of dried pulverized alligator
pepper (Zingiberaceae aframomum melegueta), and 100 and 150 g dried pulverized bitter kola
(Garcinia), respectively. In addition, a similar experiment without treatment was set up to
serve as a control. Therefore, a total of 15 experiments were set up. The treatments were
categorized as follows: breadfruits stored in the aluminum silo and treated with various
mass of pulverized alligator pepper, labeled as SLAPgg and SLAP;5y; breadfruits stored
in the aluminum silo and treated with pulverized bitter kola were labeled as SLBKjg
and SLBKj5p, while SLy was the control. In addition, breadfruits stored in the plastic
drum and treated with pulverized alligator pepper were labeled as RBAP;gg and RBAP;5,
and breadfruits stored in the plastic drum and treated with pulverized bitter kola were
labeled as RBBK;yy and RBBKj50. At the same time, RB serves as the control. In addition,
breadfruit stored in the woven bag and treated with pulverized alligator pepper were
labeled as BGAP gy and BGAP;50, and breadfruit stored in the woven bag and treated with
pulverized bitter kola were labeled as BGBK;oy and BGBKj5, while BGy served as the
control. All containers received 2 kg of heat-treated, dehulled and dried breadfruit seed
with the botanical treatment applied once at the beginning of storage. Figure 2 shows the
storage strategies.
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Figure 2. The different storage strategies for household preservation of breadfruit seeds.

2.5. Weight Loss and Moisture Content

The moisture content (MC) of the seeds was determined using a grain moisture meter
(Kongskilde, series 20849) previously calibrated with a laboratory oven for accuracy. MC
was respectively measured at 0, 6, and 12 weeks of storage. Weight loss in storage was
determined by direct weighing (Camry weighing balance, ACS, 56; China) of the entire
sample at the beginning of storage and after 4, 8, and 12 weeks of sampling.

2.6. Enumeration of Insects

The number of adult insects present in the stored product was counted at 6 weeks
and 12 weeks of storage by sifting the 100 g sample through a sieve pan. The insects were
retrieved and counted manually.

2.7. Total Mold Count

Sabouraud dextrose agar and Yeast extract agar (BDH, London, UK) for fungi and
yeast count were used as the media for isolating the microorganisms. The media were
prepared according to the manufacturer’s instructions by sterilization at a temperature of
121 °C for 15 min in an autoclave. According to the dilution-plating method described
by Cowan and Steel [34], the total mold count was determined. Tenfold serial dilution
of the sample was prepared with distilled water, and 9 mL measures of diluent were
placed into 9 sterile test-tubes. About 1 g of each sample was uniformly mixed and
1.0 mL was transferred into the first tube of diluent. This was done for the remaining
dilutions using a fresh pipette for each to obtain different concentrations. Using the third
and fifth (1073 and 10> concentration) dilutions, 0.1 mL amounts of each dilution were
pipetted into each of three Petri dishes. The Sabouraud dextrose agar and Yeast extract
agar were added using the spread plate method. The plates were incubated at 37 °C for
24 h aerobically. Counts were taken of the colonies in the three plates that were inoculated
with the dilutions of 50 and 500 colonies per plate. The discrete colonies were purified
by repeated subculturing onto Sabouraud dextrose agar and Yeast extract agar until pure
cultures were obtained. Pure mold isolates were streaked onto new culture plates and
incubated for 48 h. The pure isolates were stored on Sabouraud dextrose agar. The average
number per plate was multiplied by the dilution factor to obtain the viable count per gram
of the sample [34]. The cut-off point for contamination was taken as >10? CFU/mL [35].
The samples were subjected to microbiological analysis to monitor the dynamic changes in
the fungal populations. Mold isolates were identified and characterized by microscopic
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morphological observations. The morphological characteristics of mold include the shape
of colonies, colonial outline, colonial evaluation, color, consistency and size.

2.8. Product Quality

Fresh and stored dried breadfruit seeds were analyzed for ash, carbohydrate, fat,
protein, and crude fiber content. Prior to nutritional analysis, the seeds were washed with
clean water to remove any traces of the botanicals used for the treatment. The ash content
was deduced by the furnace incineration gravimetric method, while the fat content was
inferred via the continuous solvent extraction gravimetric method using Soxhlet apparatus
as described in the Association of Official Analytical Chemists (AOAC 2007) manual [36].
The crude fiber content was deduced using the Wende method described by James [37],
while the crude protein was determined by the Kjedahl method [38]. The carbohydrate
content was calculated via the nitrogen-free extraction method as described by James [37].

2.9. Determination of Minerals

The dried breadfruit’s mineral content was determined using the dry ash acid ex-
traction method, as described by Carpenter and Hendricks [39]. A 5g measure of each
breadfruit sample was burned to ashes in a muffle furnace at 500 °C. The ash produced
was dissolved in 10 mL of 2M HClI solution and diluted to 100 mL with distilled water in a
volumetric flask and filtered. The filtrate was used for mineral analysis. The mineral analy-
sis was carried out according to Ref. [40] by employing atomic absorption spectroscopy
for magnesium (Mg), calcium (Ca), phosphorus (P), iron (Fe) and zinc (Zn), and flame
emission photometry for sodium (Na) and potassium (K).

2.10. Data Analysis

All the accumulated data were subjected to two-way ANOVA to test the variation in
the mean between different storage approaches, periods and treatments. Turkey’s HSD
(p < 0.05) test was used to detect the mean differences between the examined traits.

3. Mathematical Modeling
3.1. Modeling of Interstitial Gaseous Exchange

According to Abelon et al. [41], the concentration of gas in a storage system is de-
pendent on the degree of consumption or entrance of oxygen, which leads to the total
combustion of carbohydrates, so the production or loss of carbon dioxide, water and heat
within the storage system is as follows:

CeH1206 + 60, — 6C0; + 6H,0 4 2835k]/mol 1)

180g + 192g — 264g + 108g + 2835k] /mol 2)

The gas exchange between the system and the environment is a function of the partial
pressure difference and the permeability of the systems. Assuming uniformly distributed
temperature and moisture, and ignoring respiration from insects and carbon dioxide
sorption [42], the rate of heat produced during respiration, the water vapor produced
and the oxygen consumed were calculated from Equations (1) and (2). These equations
were used to deduce Equations (3)-(5) considering the molecular weight of carbohydrate,
oxygen, carbon dioxide and water, and the heat produced according to Gaston et al. [42],
as follows:

Yres = thCOZ 3)
Yn,0 = q,, Yo, 4)
Yo, = q,Yco, %)

where qy, qw, and g, are the parameters deduced from Equation (1), while Y0y is the CO,
release rate in mg (CO,) kg’l (dry matter) in 24 h. The Ycop was given from a generic
equation presented in Ref. [43] for the oxidation of hexose, as follows:
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log Yco,= q; + 4 Tc —q36 + q492 +gsM (6)

where q1, q2, g3, q4 and g5 are the regression constants presented in Table 1. Equation (6)
can be adapted to suit any stored product by adding a non-unite parameter ¢, as follows:

log Yco,= ¢ (q1 +qTc — 430 +40% + q5M) )
The total amount of CO, produced or oxygen consumed over the storage period (%

v/v) was calculated by the integration of Equation (8) overtime in days, and the result is
presented in Equation (9), according to Gaston et al. [42] and Abelon et al. [41].

it
mCOz (t) = /O YCOZ( td (8)

X Yco, (1) RT (t ©)
COx= 10001\/12(;02 Ppx paf

where Mco, is molecular weight (44 g/mol), T is the intergranular temperature (K), Pyt is
the atmospheric pressure (1 atm = 101 325 Pa), R is the gas constant (8.314] /mol K), ¢ is the
porosity and py, is the bulk density of the stored product (kg/m?), given as follows:

Pp = (1 - £)psp + €Pa (10)

where gsp is the density of the parboiled breadfruit, ¢ is the porosity of parboiled breadfruit,
and g, is the density of intergranular air (kg/m?) adapted from the density of a heated
space given by Simo-Tagne et al. [44], as follows:

Pa = 7 (11)
where T is the temperature (K) and b is given as 353 (kg K/m?).

Table 1. Input parameters for the determination of gaseous exchange.

Input Parameters Values Source
qi —4.0540 [43]
qQ 0.0406 [43]
qs —0.0165 [43]
qa 0-0001 [43]
g5 0.2389 [43]

€ 0.49 for 5 min blanching [45]
0p 632.87 kg/ m? for 5 min blanching [45]
Osp 1262.38 kg/m? for 5 min blanching [45]
qdh 10.738 J/mg (COy) [42]
qw 4.09 x 10~° kg (H,0)/mg (CO,) [42]
Jo 0.7272 mg (Oy)/kg (dry matter) [42]

3.2. Intergranular Temperature and Relative Humidity

The building (ambient) temperature and relative humidity were measured with a
temperature and humidity clock (DTH-82; TLX, Guandong China). The intergranular dry
bulb temperature was determined three times daily with a temperature probe (Extech,
Taiwan China) inserted through the small hole made at the top of the silo and plastic
container. In contrast, for the bag storage, it was inserted carefully through the body. After
each measurement, the hole was sealed correctly. However, the interstitial relative humidity
was determined from the vapor pressure equations, according to Abe and Basunia [46] for
a stored product, as follows:

RH = hvp

B hcls 12
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where hyp, and hyg are the vapor pressure and saturated vapor pressure at the dry bulb
temperatures given in Equations (13) and (15), respectively, by Abe and Basunia [46] as
follows: 760

hvp = hws - O-S(Tdb - wa) X (755> (13)
where Ty, and Ty}, are the intergranular dry and wet bulb temperature, and hys is the
saturated vapor pressure at the wet bulb temperature, given as:

hws = 4.58 x 10(75Twb)/(237+Typ) (14)

hge = 4.58 x 10(7-Tan)/(237+Tap) (15)

The wet bulb temperature (°C) of the intergranular air was calculated from the empir-
ical relationship presented by Fouda and Melikyan [47] for moist air, as follows,

Twp = 2.65(1.97 + 4.3Typ, + 1000d )% — 14.85 (16)

where d is the pressure parameter given in Equation (17), as follows,

d— 0.622p,

= (17)
Patm = Pst

where patm is the atmospheric pressure (Pa) and ps; is the saturated vapor pressure at the
surface of the storage containers, given as Equation (18) as follows,

3816.44 ) (18)

pSt — eXp (23196 - m

where T is the temperature (K).

4. Results and Discussions
4.1. Temperature, Relative Humidity and Moisture Distribution

The initial breadfruit seeds moisture was 10.2% w.b. (wet basis), while the intergran-
ular temperature of bulk seed was recorded as 28.3 °C at the beginning of storage. The
intergranular temperature variations among the storage strategies and botanical treatments
are shown in Figure 3A-F. The building temperature (ambient temperature) was marginally
higher than the intergranular temperatures for the botanically treated seeds, but lower
than the temperature of the untreated seeds stored by different methods. This showed the
stability of seeds treated botanically. Monitoring the storage temperature in bin silos has
been reported as an effective way of measuring stored products’ storage conditions [41]. A
sharp rise in core temperature is an indication of localized heating as a result of spoilage,
as shown in non-treated bin silos (Figure 3A,B), while in the case of bags, it is as a result
of gaseous exchange between the core and the environment, which is influenced by the
climatic conditions [48]. The mean value for the building temperature was determined
as 28.78 OC, while SL(), SLAPloo, SLAP150, SLBKloo, SLBK150, RBO, RBAPloo, RBAP150,
RBBKlO(), RBBK150, BG(), BGAPloo, BGAP150, BGBK100 and BGBK15Q were recorded as
29.49, 28.59, 28.66, 28.61, 28.69, 29.42, 28.64,28.73, 28.68, 28.62, 29.38, 28.68,28.72, 28.67
and 28.77 °C, respectively, with a mean building relative humidity of 73%. The observed
temperature is within the temperature range of seeds stored in bins and silo bags, which
is less than 30 °C [48]. It was also observed with the inclusion of non-treated samples
that there was a mean temperature increase from 28.25 to 29.46 °C in the first week to
a range of 28.62-29.63 °C in the fourth week. However, this average value decreased
to a range of 28.59-29.49 °C in the 12th week. Nevertheless, for the storage strategies
adopted, the maximum temperature difference between the building (storage room) and
the intergranular temperature is less than 1.0 °C. This could be due to the small size of
storage [46].
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Figure 3. Intergranular temperature of the stored breadfruits for different storage methods and treatments. (A) Breadfruit

stored in the silo and treated with aligator pepper. (B) Breadfruit stored in the silo and treated with bitter kola. (C) Breadfruit

stored in the rubber and treated with aligator pepper. (D) Breadfruit stored in the rubber and treated with bitter kola.

(E) Breadfruit stored in the bag and treated with bitter kola. (F) Breadfruit stored in the bag and treated with aligator pepper.

Stored food’s shelf-life can be influenced by the initial product moisture, temperature,
and weather variation during storage, which is modified by the building conditions [49-51].
Moisture uptick was recorded for all non-botanical treated stored breadfruits, as shown
in Figure 4. The increase ranged from 0.09 to 5.04%, with the product stored in the silo
recording the lowest moisture increase, while the silo bag recorded the highest value
after 12 weeks of storage. This might result from the marginally increased temperature
observed in non-botanical-treated storage compared to the ambient values (Figure 3).
However, considering the moisture content of the botanically treated breadfruits, the
moisture contents of those treated with alligator pepper decreased consistently. In contrast,
those treated with bitter kola increased within the first six weeks but decreased later when
checked at 12 weeks. The variation in the seed moisture content of the different storage
methods and pest management strategies could be due to the possible condensation
of air occasioned by the temperature drop in the intergranular spaces, or between the
storage spaces [52]. Besides this, the vapor emitted by biomaterials due to biological
processes might have contributed to the uptick in seed moisture [53,54]. On the other hand,
seed moisture with alligator pepper tends to drop due to the lower biological activities.
Therefore, it can be stated that the alligator pepper can serve as a drying agent in stored



Processes 2021, 9, 380

10 of 20

products. A significant (p < 0.05) moisture decrease was observed between those treated
with alligator pepper when the amount of alligator pepper increased from 100 to 150 g,
while it was not significant (p < 0.05) when compared, under the same storage method, with
those treated with bitter kola. However, a significant difference (p < 0.05) exists between
the moisture levels measured for those treated with the same amounts of alligator pepper
and bitter kola. Again, for different silo storage strategies, there were significant differences
(p > 0.05) among the same amounts of treated material.

Moisture Content (%w.b)

~ O

18

vYweekO0 ®week6 = week12

16
14
12
10

!
- r ]
T
o A v = N N N -
\ \ L= N NI \ N N
\ \ \ ST \ \ N M
\ . W 5 \ \ N N
\ \ \ I \ \ N M
\ 5 5 5 5 \ N N
\ 5 5 5 5 \ N N
\ 5 5 5 5 \ N N
\ 5 5 5 5 \ N N
\ 5 5 5 5 \ N N
\ 5 5 5 5 \ N N
\ 5 5 5 5 \ N N
\ 5 5 5 5 \ N N
\ 5 5 5 5 \ N N
5 5 b 5 A N b
LI LI LI T T LI T T LRI DL LA |
o =) o = =} =} o (= o o o o o =}
S S A N o o o N N [G] =} =} re} N
=t = bt ! o o — i - o0 Iy - — —
o T o ~ o ~ o N4 o ~ o ~
s 5 35 3 s £ 3 & 3 8 3 &
- - -
%) %) ) L4 o o "4 o @ 1) oD o

Storage Strategies

Figure 4. Variation in moisture content for different storage strategies within selected weeks.

The ambient relative humidity is shown in Figure 5. The weather pattern highly
influences relative humidity in the storage room. The room relative humidity will increase
during the ambient peak humidity, while the temperature drops, and vice versa. The
ambient relative humidity ranged from 71 to 76%, with an average value of 73%. This
is relatively high, which is common in most tropical rainforest zones, making it difficult
to achieve stability in natural storage because of the influence of relative humidity on
microbial developments. The value of the ambient relative humidity will also influence the
interstitial humidity due to environmental interactions between the storage space and the
external environment. In addition, the internal heat of the storage product can also affect
the relative humidity of the intergranular space.

The interstitial relative humidity was predicted using Equations (12)—(18), and is
presented in Figure 6A-F for different storage strategies. The simulated relative humidity
and wet bulb temperature were deduced from the measured interstitial temperature, and
therefore varied as the interstitial temperature varied. In addition, from Figure 4, we can
see that the products desorb or adsorb moisture from the interacting environment due
to the storage strategies and management approach adopted, which might have affected
the intergranular temperature vis-a-vis the interstitial relative humidity profile. For all
the storage strategies, the interstitial relative humidity ranged from 29.86 to 34.25%. The
lower relative humidity obtained is a result of the dried nature of the product. However,
due to the high ambient relative humidity and temperature, it is possible to have water
accumulate on the walls of the silo bin and the plastic containers. The introduction of
alligator pepper, in particular, seemed to function as a drying agent for the product.
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Figure 6. Relative humidity of different storage methods and treatments. (a) Breadfruit stored in the silo and treated with
aligator pepper. (b) Breadfruit stored in the silo and treated with bitter kola. (c) Breadfruit stored in the rubber and treated
with aligator pepper. (d) Breadfruit stored in the rubber and treated with bitter kola. (e) Breadfruit stored in the bag and
treated with aligator pepper. (f) Breadfruit stored in the bag and treated with bitter kola.

4.2. Insect Enumeration

At the beginning of the storage period, no insect infestations were observed, but after
four weeks, Tribolium casteneum (Figure 7) was observed in all storage strategies except for
the untreated and alligator pepper-treated breadfruits stored in silo, as shown in Table 2.
These values significantly (p < 0.05) increased by 12 weeks of storage, with infestations
now noticed in all storage strategies. However, during the counting of the insects, it was
observed that not all the insects were alive, even though the ratio of dead and living
insects was not separated; the total insects in the infestations were enumerated together.
Quantifying the ratio of dead and living insects for future insect mortality prediction in the
treated samples could be a future gap to be filled.

Nonetheless, silo storage treatment with alligator pepper demonstrated lower total
insect infestation, followed by rubber containers, while infestations were very high in bag
storage. It has been reported that metal silos can eliminate insects from the stored product
due to a shortage of oxygen [19]. However, since the silo is not fully filled and there is
the possibility of space between the bearing and the stirring shaft, air could have been
introduced into the silo. This is because as little as 15% oxygen is enough for insects to
thrive [55]. Therefore, from this study, we deduce that none of the storage strategies could
stop the proliferation of insects beyond four weeks.

Figure 7. Tribolium casteneum on the stored breadfruit seeds after four weeks.
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Table 2. Average live and dead insects (Tribolium casteneum) for different storage strategies for selected

weeks.

Sample 4 Weeks 12 Weeks

SLg 0.0+0.0 33+0.8
SLAPg9 0.0+0.0 45+0.5
SLAP;50 0.0 £0.0 3.0+04
SLBK 199 32+15 82425
SLBKj50 34+12 74409

RBy 21+05 40+15
RBAPq 24+11 50+15
RBAP;5 52+15 9.4+0.5
RBBKjgg 44+11 10.3 £3.6
RBBKj59 20403 62+04

BGq 3.0+£07 6.0+0.2
BGAP 41+15 6.0£15
BGAP;59 28+0.6 6.4+0.7
BGBKjqg 20+02 73+16
BGBKj59 32+04 94+18

4.3. Microbial Analysis

The mold counts after 4, 8 and 12 weeks of storage are presented in Table 3. The mold
counts increased as the weeks went by. While the increase in carbon dioxide or the lower
oxygen levels slowed the insect infestation on a modified atmosphere-stored product, this
was not efficient in stopping mold proliferation. However, the mold’s ability to attack
the product tissues can be delayed [48,56]. From the results presented in Table 3, we see
that treating the product with 100 g of alligator pepper and bitter kola increased the mold
count. However, when the treatments were increased to 150 g, the fungi count decreased
under the same storage condition. However, non-treated bag storage had the highest
average mold count of 1.093 x 103 CFU/mL, while silo-stored breadfruit treated with 150
g alligator pepper had the lowet mold count of 0.26 x 10® CFU/mL. The lower mold count
observed in alligator pepper-treated samples can be associated with its lower moisture
content compared to others, as shown in Figure 4. When products treated with 100 g
botanicals were compared to non-treated products for silo and plastic container storage,
we saw that non-treated products had lower mold count. This implies that the botanicals,
being biological material, are subject to decay over time, and might have contributed to
the increased mold count. Three mold species were predominantly isolated from the mold
analysis for each storage strategy, i.e., Aspergillus niger, Aspergillus sp and Rhodotorula sp.
However, Aspergillus sp, was predominantly isolated for most of the storage methods and
treatments. The predominance of Rhodotorula sp in the plastic container (RBAP1q), unlike
other storage methods, might be due to its opportunistic infection nature and affinity to
plastic, as reported in the literature [57]. However, none of the storage strategies could stop
mold growth after four weeks of storage completely.

Table 3. Average fungi counts for different storage strategies and dominant mold species detected.

Sample Mean Mold Count (x103 CFU/mL) Dominant Mold Specie Detected
SLg 0.443 £ 0.00312 Aspergillus niger
SLAPq 0.577 £ 0.00249 Aspergillus niger
SLAP;5 0.26 + 0.00196 Aspergillus sp
SLBK 199 0.49 £ 0.00330 Aspergillus niger
SLBKj50 0.33 £ 0.00312 Aspergillus sp
RBy 0.347 £ 0.00220 Aspergillus niger
RBAP;¢g 0.703 £ 0.00401 Rhodotorula sp

RBAP;5 0.677 £ 0.00596 Aspergillus sp
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Table 3. Cont.

Sample Mean Mold Count (x103 CFU/mL) Dominant Mold Specie Detected
RBBKjqg 0.833 4= 0.00605 Aspergillus sp
RBBKj59 0.697 + 0.00420 Aspergillus sp
BGy 1.093 + 0.00681 Aspergillus niger
BGAP 0.93 £ 0.0040 Aspergillus sp
BGAP;59 0.36 £ 0.00157 Aspergillus sp
BGBKjg 0.283 £+ 0.00159 Aspergillus sp
BGBKj59 0.59 £ 0.00467 Aspergillus sp

4.4. Proximate Analysis and Mineral Composition

Proximate composition assessment was carried out at the beginning, and after 6 weeks
and 12 weeks of storage, and the concentrations of crude protein, fat, ash, and carbohy-
drates are presented in Table 4. The maximum decrease in crude protein concentration from
the initial value was about 30.22% in the silo storage-treated samples with and without
alligator pepper, and the reduction was about 75.27% for those treated with bitter kola
within the first six weeks of storage. A similar magnitude of depreciation in crude protein
was observed for other treatments with the same storage methods. Storage time influenced
the nutritional composition. The chemical process occurs during the storage of crops due to
either respiration or chemical decomposition, reducing the nutritional values [58]. Among
storage methods with the same types of botanical treatments, crude protein values were
not significant (p < 0.05), but they were significant (p > 0.05) when compared among the dif-
ferent botanical treatments of the same storage method (Table 4). The crude fiber increased
for all storage strategies, while crude fat decreased. The loss in crude fat for botanical
treatment with and without alligator pepper was steeper, reaching a 61.42 to 65.64% loss in
crude fat for all storage strategies. Samples treated with bitter kola lost between 25.4 and
34.84%, which shows that the bioconversion effect of bitter kola on crude fat is high, and
might have contributed to the smaller reduction observed than in the non-treated samples.
The ash content increased for those treated with or without alligator pepper, but decreased
for those treated with bitter kola. However, the carbohydrate and crude fiber contents did
not significantly (p > 0.05) change for all treatments. The mineral compositions of sodium
(Na), magnesium (Mg), calcium (Ca), phosphorus (P), potassium (K), iron (Fe) and zinc
(Zn) of the stored products remained inferior to the initial values, except for phosphorous,
which increased as shown in Table 5. The values of P, K, and Fe were higher in the alligator
pepper-treated products stored in the silo than in other storage methods. This might be due
to more negligible microbial and fungi attacks on products treated with alligator pepper.
Alligator pepper contains alkaloids, tannins, saponin, steroids, cardiacglycoside, flavonoid
and terpenoids, among other antimicrobial and antifungal agents [27]. Therefore, due to
the antimicrobial and antifungal potency, alligator pepper-treated products stored in the
silo will contain higher mineral contents than products stored using other methods in this
study. Similar observations have been made by Ubani et al. [59] in the storage of oilseeds.
An adequately stored oil seed with 6-8% moisture content always shows chemical and
mineral stability [59].
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Table 4. Proximate composition of stored breadfruits with different storage strategies.

Storage Method Crude(:o/i’)r otein Cruc(l;of1ber Crude Fat (%) ?OZI; Carbo(};n/zr)drates KcalEV
Initial values 1072+ 15 4.69 + 1.15 617+1.02 2214008  7811+15 342.79 4 23.3
(0 weeks)
6 weeks
SLg 7.48 £ 0.15 5.20 £ 0.35 2.38 + 0.00 242 +0.10 7540 £3.3 352.94 £+ 189
SLAP1o 7.49 £+ 0.02 5.21 £ 0.45 2.39 £0.51 2.43 £ 0.00 75.39 £2.5 35295+ 34.2
SLAP159 749 £ 0.11 5.22 £ 0.05 2.39 £0.45 243 £ 0.05 7537 £4.1 352.95 +£40.3
SLBKj00 2.66 + 0.05 5.15 £ 0.85 4.61 £0.15 1.18 £0.01 76.19 £ 6.8 356.87 +42.2
SLBKj59 2.65 £ 0.05 5.36 £ 0.63 4.6 +£0.72 1.17 £0.01 76.21 £ 4.5 356.84 + 52.0
RBy 726 £0.24 5.14 £ 0.44 2.32+£043 2.36 £ 0.04 7451 £ 2.5 347.96 £11.20
RBAPqg 724 +0.35 513 £ 041 233 +£0.11 2.35 £ 0.05 74.54 £ 3.7 348.03 £ 1.80
RBAPq59 722 £0.05 5.12 £ 0.51 2.33 £0.86 2.34 £ 0.06 74.56 £ 4.3 348.09 £ 11.11
RBBKjqo 248 £0.15 5.06 £ 0.53 4.55 £ 0.54 1.15£0.01 7442 £ 8.5 348.49 £ 189
RBBKj50 247 +0.01 5.09 £ 0.51 4.56 £+ 0.51 1.16 = 0.02 7440 £ 6.5 348.52 £+ 36.7
BGy 720 £0.16 51+057 2.24 £0.36 2.3+ 0.00 7410 £ 5.7 34536 =444
BGAP; g 722 +£0.22 511+£041 2.23£0.29 2.31£0.10 7410 £ 7.5 34531 £51.9
BGAP159 7.23 +0.42 511+ 0.81 2.22 +0.33 2.31 £0.08 74.09 £ 5.5 345.26 +45.8
BGBKjgo 242 £0.02 492 £ 0.64 441+£022 1.13 £ 0.02 72.00 £ 3.6 33729 £ 61.8
BGBKj59 243 +0.02 492 £ 0.53 44 +£0.51 1.14 £ 0.02 7199 £1.8 33728 £21.1
12 weeks
SLy 9.14 £ 0.11 549 +£0.27 2.27 £0.08 253 +£0.12 76.68 £ 8.5 363.71 £ 5.59
SLAP1g9 9.15 + 0.08 5.50 £ 047 2.28 £0.04 2.53 £ 0.05 76.69 £ 4.5 363.86 £ 2.51
SLAP150 9.16 £1.01 5.5£0.52 229 £0.27 2.52 £0.03 76.69 £ 6.3 364.01 £ 6.53
SLBKjgo 3.21 £ 0.07 541+ 0.35 427 £0.22 1.7 £0.01 78.31 £ 8.8 364.45 + 10.1
SLBKj50 3.2 £ 0.030 5.41 +£ 0.05 4.25+0.31 1.71 £0.05 7831 £ 6.1 364.29 £ 18.24
RBy 9.03 + 0.080 5.37 £0.75 221 +£0.44 2.3 £+ 0.06 76.06 £ 7.4 360.25 £+ 27.7
RBAPqg 9.04 +£1.12 5.38 £0.11 2.21+£0.18 2.32 £ 0.01 76.05 £ 4.6 360.19 £ 8.8
RBAP;59 9.04 + 1.09 5.39 + 0.64 22+ 0.59 2.33 £0.01 76.04 £9.2 360.12 £ 38.2
RBBKjg9 3.15 + 0.02 5.32 £ 0.62 417 £0.15 1.05 £ 0.01 78.39 + 4.0 363.69 +41.2
RBBKj50 3.16 £ 0.25 5.31+£0.29 418 £0.52 1.06 £ 0.03 78.38 £ 3.5 363.78 £19.34
BGy 7.05 £0.15 5.3 + 0.880 2.14 £ 043 2.14£0.10 77.62 £ 6.1 357.94 £ 10.8
BGAPg 7.06 £0.15 532 £0.12 2.13 £0.50 2.15+£0.02 7762 +7.3 35790 £ 15.5
BGAP;59 7.06 £1.20 5.33 £0.32 2.12 £0.59 2.16 £0.02 77.62 £5.8 357.8 £12.35
BGBKjgg 2.21 £+ 0.00 5.23 £0.09 4.03 £ 0.06 1.01 £0.03 78.60 £ 6.2 359.45 £ 28.3
BGBKj50 2.21 + 0.03 5.21 £ 0.86 4.02 £0.17 1.00 £+ 0.02 78.61 £ 1.5 359.46 £ 22.97
Table 5. Variation in the mineral compositions of the stored breadfruits using different strategies.
Storage Method Na Mg Ca P K Fe Zn
Initial values 9.32 £ 0.85 1.71 £0.11 1.40 £+ 0.40 1.13 £ 0.01 11.34 £ 25 1.88 +0.22 2.03 £0.42
6 weeks
SLy 1.01 £ 0.00 1.14 £ 0.05 1.25+0.13 1.38 £ 0.21 2.06 £ 0.85 0.42 £ 0.10 0.83 + 0.00
SLAP1g9 1.02 £ 0.00 1.14 +£0.22 1.25+0.10 1.38 £ 0.20 2.05+£0.25 0.41 £ 0.00 0.82 + 0.04
SLAP159 1.02 £0.01 1.13 £ 0.12 1.24 £0.13 1.37 £ 0.10 2.04 £ 0.56 0.04 £ 0.01 0.81 £ 0.01
SLBKjgo 1.93 £0.01 1.31 £+ 0.08 1.86 = 0.08 417 £0.73 10.33 £ 3.6 2.38 £+ 0.09 0.53 £+ 0.01
SLBKj5 1.92 £0.01 1.30 +£0.22 1.85 +0.20 4.15+0.87 10.31 £ 25 2.37 £ 0.05 0.52 + 0.00
RBy 0.92 + 0.02 1.10 £ 0.05 1.20 £ 0.00 1.29 +£ 0.02 2.01 £0.08 0.40 £ 0.04 0.80 + 0.01
RBAPqgg 0.92 + 0.03 1.13 £ 0.03 1.21 £0.84 1.28 +0.02 2.02 £ 0.50 0.41 £ 0.05 0.80 + 0.00
RBAP5 0.91 +0.01 1.13 £0.15 1.22 £0.25 1.27 £ 0.05 2.02+£0.15 0.42 £ 0.05 0.80 £+ 0.00
RBBKjq9 1.92 £0.05 1.27 £ 0.06 1.82 £ 0.09 4.01 £1.50 10.12 £ 3.33 2.31+£0.25 0.52 £ 0.10
RBBK(j50 1.93 £ 0.03 1.27 £ 0.18 1.81 £0.16 4.0 +1.55 10.13 £ 2.50 232£021 0.52 + 0.00
BGy 0.84 + 0.10 1.10 £0.11 1.12 £ 0.08 1.20 £0.11 1.93 £0.25 0.32 £ 0.00 0.72 + 0.08

BGAPqgo 0.83 + 0.03 1.11 £ 0.01 1.12 £ 0.33 1.22 £ 0.00 1.92 £ 0.53 0.32 £ 0.00 0.72 £ 0.11
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Table 5. Cont.

Storage Method Na Mg Ca P K Fe Zn
BGAP5 0.82 £ 0.02 1.12 £ 0.07 1.12 + 0.06 1.23 £ 0.02 1.91 +0.51 0.31 £ 0.00 0.71 £0.13
BGBKjgg 1.81 +0.04 1.27 £+ 0.08 1.81 + 0.06 3.92 +£0.84 10.02+1.5 2.24 £0.80 0.46 £ 0.01
BGBKj59 1.80 + 0.02 1.26 £ 0.11 1.82 +£0.12 3.92 £0.11 10.01 £25 2.23 £0.53 0.46 £ 0.00
12 weeks

SLg 1.02 + 0.00 1.13 £ 0.05 125+0.13 1.34 +£0.21 2.03 £0.85 0.43 £0.10 0.81 £ 0.00
SLAPq 1.07 + 0.00 1.21 +£0.17 1.35 +0.34 1.61 £+ 0.04 217 £0.35 0.44£0.00 0.88+0.23
SLAP;5 1.06 +0.01 1.20 £0.16 1.34 +0.18 1.60 £ 0.06 2.15 £ 0.80 0.43 £ 0.00 0.88 £ 0.01
SLBKjgo 2.08 £ 0.00 1.36 + 0.31 1.95+0.19 431+180 10.82 £2.11 2.45 £ 0.06 0.61 £ 0.02
SLBKj50 2.07 £ 0.01 1.34 £ 0.05 1.94 +0.28 4.32 +£0.04 10.82 £ 2.6 2.44 +£0.04 0.61 £ 0.06

RB 0.92 £ 0.02 1.12 £ 0.05 1.20 + 0.00 1.29 £ 0.02 2.01 £ 0.08 0.40 £ 0.04 0.80 £ 0.01
RBAPg 0.92 £+ 0.08 1.12 £+ 0.00 1.18 +0.03 1.24 £0.05 1.94 +0.03 0.35 £ 0.00 0.83 £ 0.01
RBAP; 5, 091 +0.2 1.10 + 0.08 1.17 £ 0.03 1.22 £+ 0.00 1.93 +0.11 0.33 £ 0.01 0.82 £ 0.01
RBBKj 2.01 £0.6 1.22 £0.16 1.82 £0.12 3.92 £0.94 9.87 £1.34 220 £0.12 0.46 £ 0.00
RBBKj59 2.01 £ 0.08 1.21 +0.08 1.83 +0.17 3.10 £0.11 9.85 £ 0.98 2.20 £0.43 0.46 £ 0.01

BGy 0.84 £0.10 1.10 £ 0.11 1.12 + 0.08 1.20 £ 0.11 1.93 +0.25 0.32 £ 0.00 0.72 £ 0.08
BGAPq 0.75£0.23 0.84 £0.13 1.01 +0.03 1.11 £ 0.02 172+ 0.44 0.25 £ 0.00 0.64 £ 0.09
BGAP5 0.73 £0.11 0.83 £0.20 1.00 + 0.00 1.10 + 0.07 0.72 £0.35 0.24 £0.02 0.64 £0.11
BGBKjgg 1.63 +0.21 1.04 + 0.00 1.63 £ 0.01 3.62+1.1 8.68 £ 2.87 2.02 £ 0.50 0.40 £ 0.05
BGBKj59 1.64 +0.10 1.02 £ 0.02 1.62 +0.02 3.61 £0.03 8.66 £ 2.08 2.00 £ 0.42 0.40 £ 0.02

4.5. Analysis of Gaseous Exchange

The gaseous concentrations in the stored product showed changes as the days pro-
gressed. The CO, concentration at the beginning of storage was 0, but increased to 0.13-0.14
(% v/v) in the first week of storage, as shown in Figure 8A. The CO, concentration ranged
from 0.16 to 0.47 (% v/v) at the sixth weeks, and 0.57 to 3.98 (% v/v) in the twelfth week for
all treatments in the silo bin storage. Other storage strategies ranged from 0.12-1.09 (% v/v)
to 1.09-9.6 (% v/v) for plastic container, and 0.19-6.55 (% v/v) to 5.12-10.81 (% v/v) for
silo bag, respectively. The concentration of CO, was lower in the silo bin-treated samples
with 150 g of alligator pepper, and higher in the silo bag-treated samples with 100 g bitter
kola. A higher CO, concentration results in limited oxygen availability as more oxygen
is consumed, higher water vapor production, and a higher heat release rate, as shown in
Figure 8B-D for blanched and dehulled breadfruits storage. The concentration of CO, and
O, availability depends on the respiratory capacity of the stored seed, the infiltration of
external O, and the loss of CO; to the storage building [41].

Storage strategies with higher moisture content showed higher CO, concentration,
higher O, consumption with more water vapor, and higher energy release rate. As such, a
greater tendency to spoilage from fungi infestation could have resulted in the higher fungi
count observed in Table 2. This is in tandem with other similar studies that reported that
higher moisture content increases the CO, concentration of stored bio-products [48,60]. In
the first week of storage, the moisture content was almost the same. The observed CO,
concentration showed no significant difference (p < 0.05), but a significant difference was
observed as the storage time increased to 6 weeks and 12 weeks. Higher respiration occurs
due to the increased moisture content and depletion of oxygen, as observed in Figure 8B,C.
For the weeks analyzed, respiration reached its peak at 6 weeks and decreased in the 12th
week, which was reflected in the high oxygen depletion peaking in the same week (6) before
going down in week 12 for all storage strategies. Due to the lower moisture content of the
silo bin with alligator pepper, they also had lower respiration heat and CO; concentration
values. At the same time, the bag storage method had a higher CO, concentration due to
the higher moisture content, which resulted probably from environmental interference.
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Figure 8. Gaseous exchange of breadfruit seeds for different storage strategies. (A) CO, concentration. (B) O, consumption.
(C) Water vaper production. (D) Heat release.

5. Conclusions

The present study evaluates the effectiveness of different local storage methods and
botanical treatments to preserve blanched, dehulled, and dried breadfruit seeds under
small-scale household conditions in a tropical rainforest environment with very high
ambient humidity. Non-treated bag storage had the highest average mold count of
1.093 x 10?> CFU/mL, while silo bin-stored breadfruit treated with 150 g of alligator pepper
had the lowest mold count of 0.26 x 10> CFU/mL. Aspergillus niger, Aspergillus sp and
Rhodotorula sp were the predominant mold species isolated; however, Aspergillus sp was
dominant. The storage time influenced both the nutritional and mineral quality; regardless,
products stored in a plastic container and weaved silo bags were inferior compared to those
stored in the aluminum silo bin. Insect infestations were low in alligator pepper-treated
seeds, as the seed continued to desorb moisture in storage, unlike other treatments. Silo
bins had a comparatively lower Tribolium casteneum attack, and this did not happen until
after 2 months. The concentration of CO, was lower in the silo bin samples treated with
150 g alligator pepper, and higher in the silo bag-treated samples with 100 g bitter kola nut.
A higher CO; concentration resulted in limited oxygen availability, higher water vapor
production, and a higher heat release rate. The analysis of the various results showed that
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adopting the mini silo bin storage with treated alligator pepper can help in the short-term
storage of blanched breadfruit, achieving better quality and an extended shelf-life, which
most households aim to achieve.
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