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ARTICLE INFO ABSTRACT

This research aimed at establishing the chemical intrinsic properties and the microbial quality of an edible
grasshopper Ruspolia differens and the effect of its source (geographical area) in Uganda, trading point, swarming
season and plucking on these parameters. The intrinsic properties of the grasshopper can support the growth of a
wide variety of microorganisms. High counts of total aerobic microbes, Enterobacteriaceae, lactic acid bacteria,
total aerobic spores, and yeasts and moulds were obtained. Metagenetic analyses yielded 1793 Operational
Taxonomic Units (OTUs) belonging to 24 phyla. Actinobacteria, Bacteroidetes, Firmicutes, Fusobacteria and
Proteobacteria were the most abundant phyla, while members of the genera Acinetobacter, Buttiauxella,
Lactococcus, Staphylococcus and Undibacterium were the most abundant OTUs. A number of genera harbouring
potential pathogens (Acinetobacter, Bacillus, Buttiauxella, Campylobacter, Clostridium, Staphylococcus, Pseudomonas
and Neisseria) were identified. The geographical area, trading point, swarming season and plucking significantly
influenced microbial counts and bacterial diversity. The high microbial counts predispose R. differens to fast
microbial spoilage, while the presence of Clostridium and Campylobacter makes this grasshopper a potential
source of food borne diseases. Further research should identify the specific spoilage microorganisms of R. dif-
ferens and assess the characteristics of this grasshopper that support growth of food pathogens.
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1. Introduction

Ruspolia differens Serville (Orthoptera: Tettigoniidae), also called
‘nseenene’ in the local language (Luganda), is an edible grasshopper
and a delicacy in many African countries such as Angola, Cameroon,
Central African Republic, Democratic Republic of Congo, Ghana, Ivory
Coast, Madagascar, Malawi, Mauritius, Rwanda, South Africa,
Tanzania, Uganda, Zambia and Zimbabwe (Brits and Thornton, 1981;
Kelemu et al.,, 2015; Massa, 2015). The grasshoppers exist pre-
dominantly in two coloured polymorphs, being light green and light
brown, though in total, six colour forms exist (Brits and Thornton,
1981; Mccrae, 1982). It is the closest relative to Ruspolia nitidula Scopoli
(Orthoptera: Tettigoniidae) (Matojo, 2017; Matojo and Hosea, 2013),
another grasshopper species with which it is often confused (Matojo
and Njau, 2010). In Uganda, R. differens is harvested from the wild in
two annual swarming seasons: from March to May and from November

to December (Agea et al., 2008; Ssepuuya et al., 2016a). The aggrega-
tion of R. differens swarms in Uganda is attributed to a large build-up of
local populations due to seasonal occurrences of grasslands (Brits and
Thornton, 1981).

The need to establish the microbial quality of R. differens in an at-
tempt to improve its overall quality and safety in Uganda has been
expressed earlier (Ssepuuya et al., 2016a, 2016b). This is because, to a
great extent, the numbers and types of microorganisms present in/on
foods influence their microbial safety and shelf life (Amadi and Kiin-
kabari, 2016; Bokulich et al., 2016; Dea;k and Farkas, 2013). The mi-
crobial quality comprises both microbial counts as well as the microbial
community composition. The latter is nowadays commonly determined
by Next Generation Sequencing (NGS) techniques and has been applied
to several foods including edible insects, to deepen the understanding of
their quality and safety. For example, NGS of the 16S ribosomal RNA
(rRNA) gene amplicons has been employed to monitor the impact of
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industrial post-harvest handling practices of freshly harvested yellow
mealworms (Tenebrio molitor) (Wynants et al., 2017). Vandeweyer et al.
(2017) used the technique to assess the effect of rearing cycles and
production companies on the bacterial communities of mealworms (T.
molitor) and crickets (Acheta domesticus and Gryllodes sigillatus).

The microbial community of foods, such as R. differens, may likely
be influenced by the environment from which it is harvested and by the
post-harvest handling conditions and processes (Gomba et al., 2017;
Leff and Fierer, 2013). In Uganda, following harvesting using light traps
(Ssepuuya, 2010), R. differens is manually (by hands) removed from the
drums, packaged into aerated polythene/nylon/sisal bags and trans-
ported to trading points. At the trading points, raw grasshoppers are
presented either as whole (non-plucked) insects or as ready-to-cook
plucked insects (with the wings, legs and antennae removed), often on
roadside informal and/or fresh food markets. Plucking is done manu-
ally, mostly by women and children, using several aids such as water,
wood ash and cassava or maize flour. These practices possibly influence
the type and number of microorganisms in/on R. differens. Fresh
grasshoppers (plucked or non-plucked) are obtainable from the market
within 8-24 h after harvesting before being heat processed and stored.
Plucked grasshoppers are deep fried, drained to remove excess oil,
cooled and stored in cardboard boxes. Non-plucked grasshoppers are
boiled in salty water, drained, cooled, and sun-dried, and stored in a
clean dry place, free of rodents and other contaminating substances or
organisms. Other processing methods are detailed by Ssepuuya et al.
(2016a).

Using both microbial culture-dependent and/or microbial culture-
independent methods, a few studies have investigated the microbial
community and quality of edible insects, especially in Europe (Klunder
et al., 2012; Megido et al., 2017; Osimani et al., 2016; Stoops et al.,
2016; Vandeweyer et al., 2017; Wynants et al., 2017). However, no
such published information exists for most edible insects in Africa, in-
cluding R. differens. Therefore, the aim of this study was to apply both
microbial culture-dependent and microbial culture-independent tech-
niques to determine the microbial quality and community of raw R.
differens grasshoppers. The study further assessed the effect of four
factors (geographical area, swarming season, trading point and
plucking) on the intrinsic properties, microbial quality and bacterial
diversity of raw wild-harvested R. differens. These factors possibly in-
fluence the type and load of microorganisms and hence the post-harvest
quality and safety of R. differens for human consumption.

2. Materials and methods
2.1. Sampling

From each of the three major grasshopper harvesting geographical
areas in Uganda (Masaka, Kampala and Fort Portal), three major
grasshopper harvesting and trading points were identified (Fig. 1).
From each of these 3 points in a geographical area, a 200 g sample of
winged grasshoppers was collected from 4 drums selected randomly
(50 g from each drum at each point) into a sterile sample collection
plastic container. Similarly, a 200 g sample of plucked grasshoppers
was collected from 4 randomly selected selling points (50 g from each
selling point) into a sterile sample collection container. The containers
were placed in a cool box, covered with flaked ice (4-7 °C) until clas-
sical microbial analyses. In a sterile environment, 30 g was taken from
each 200 g sample and stored in a sterile bag at —18 °C until metage-
netic analyses and determination of intrinsic properties.

2.2. Measurement of intrinsic properties

Samples were thawed overnight in a refrigerator before analysis. For
each sample, 30g of R. differens was pulverized using a hand-held
blender (Silver Crest, 600 W, speed 4, 3 min) into a paste. The paste was
mixed with thrice its weight of ultra-pure water and the pH was

Food Microbiology 77 (2019) 106-117

measured using a pH electrode (Portamess 911, Knick, Germany, with
SI analytics electrode, Germany). To measure water activity, a 5cm
diameter plastic container was filled with the grasshopper paste and
placed in the measuring chamber of the water activity meter
(LabMaster a,,, Novasina, Switzerland). The result was noted when the
water activity and temperature (25°C) were stable. To measure the
moisture content, a forced draft oven method (Nielsen, 2010), was
used. Briefly, 5 g of a sample was measured to the nearest 0.0001 g into
a dry pre-weighed aluminum dish in triplicate. The dishes were trans-
ferred to an oven (UF 110, Memmert, Schwabach, Germany) at 105 °C.
After 16 h, they were transferred into a dessicator, left to cool for 1 h
and re-weighed. Moisture content was expressed as a percentage dif-
ference between the weight of the dry and wet samples (Nielsen, 2010).
Triplicate samples for each of the plucked and non-plucked samples of
R. differens from each of the three trading points in the three geo-
graphical areas of source were analysed for moisture content and water
activity in the March-May and November-December swarming seasons
of 2016. For pH, one sample from each trading point in a geographical
area was analysed.

2.3. Culture-dependent microbiological analysis

Non-plucked grasshoppers were sedated by storing them at 4-7 °C
for 2h. From each non-plucked or plucked sample, 30 g were pulver-
ized as described before. An aliquot of 5 g of the pulverized sample was
weighed into a sterile stomacher bag and diluted 10 times with sterile
peptone water (1 g of the powder medium, Biokar Biokar diagnostics,
France and 8.5 g of salt dissolved in 1L of distilled water) for 1 min at
230 rpm in a stomacher (Seward stomacher, 400 circulator, Wagatech
International). Serial dilutions (from 10~ to 10 ~* for aerobic bacterial
spores, from 103 to 10~ ° for yeasts and moulds, from 10~ * to 10~°
for aerobic mesophilic microorganisms, lactic acid bacteria and
Enterobacteriaceae) were prepared to pour onto plates using approxi-
mately 15 ml per plate of various media according to Dijk et al. (2015):
aerobic mesophilic microorganisms were counted on Plate Count Agar
(PCA, Biokar diagnostics, France) after incubation for 3 days at 30 °C.
After a heat treatment step of 10 min at 80 °C to kill the vegetative cells,
aerobic bacterial spores were counted using Plate Count Agar (PCA,
Biokar diagnostics, France) after incubation at 37°C for 48h. En-
terobacteriaceae were counted using Violet Red Glucose Bile Agar with
an overlay (VRBGA, Biokar diagnostics, France) after incubation at
37 °C for 24 h. Lactic acid bacteria (LAB) were counted using de Man
Ragosa Sharpe Agar (MRS) with an overlay (MRS, Biokar diagnostics,
France) after incubation at 30 °C for 48 h. Yeasts and moulds were
counted using Dichloran Glycerol Agar (DG 18, Pronadisa, Spain)
mixed with 175 ml of glycerol (HiMedia Laboratories Pvt. Ltd, India)
per litre of medium, after incubation at 30 °C for 72h. In triplicate,
three plucked and non-plucked samples of R. differens from each of the
three trading points in the three geographical areas of source were
analysed in both the March-May and November-December swarming
seasons of 2016.

2.4. Metagenetic analyses

Following thawing as indicated above, samples for metagenetic
analysis were pulverized and subjected to high-throughput 16S rRNA
gene sequencing using the Illumina MiSeq platform. Genomic DNA was
extracted from two replicate samples (0.2g) in duplicate using the
Powersoil DNA Isolation Kit (MO BIO Laboratories, Carlsbad,
California, USA). Subsequently, the two DNA-extracts were pooled and
subjected to PCR amplification of the V4 region of the 16S rRNA gene.
PCR amplification was performed by barcode-labelled versions (dual
index strategy; Kozich et al., 2013) of the primers 515F (5- GTGCCA
GCMGCCGCGGTAA-3) and 806R (5-GGAC-TACHVGGGTWTCT-
AAT-3’) (Caporaso et al., 2011), (Table S1, Supplementary Informa-
tion).
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Fig. 1. Sampling plan for plucked and non-plucked Ruspolia differens in Uganda in the two swarming seasons of March-May and November-December of the year

2016.

Briefly, PCR reactions were performed in duplicate in a 20 pl reac-
tion volume, containing 150 mM of each dNTP, 0.5 mM of each primer,
one unit of Titanium Taq DNA polymerase (Clontech, Saint-Germain-
en-Laye, France), 1x Titanium Taq PCR buffer, and 1 pl 1:10 diluted
DNA. The PCR amplification protocol involved an initial denaturation
at 95 °C for 2min, followed by 30 cycles of denaturation at 95 °C for
45s, primer annealing at 59 °C for 45s, and primer extension at 72 °C
for 45, and a final extension of 10 min at 72 °C. Next, amplicons were
purified by Agencourt AMPure XP beads (Beckman Coulter, Brea, CA,
USA), quantified using the Qubit fluorometer (HS reaction Kit,
Invitrogen, Carlsbad, CA, USA), and combined into a library in equi-
molar concentrations. Subsequently, the library was subjected to an
ethanol precipitation and loaded onto an agarose gel. Next, the target
band (c. 250 bp) was excised and the DNA was purified and diluted to a
2nM concentration and sequenced at the Center of Medical Genetics
Antwerp (University of Antwerp, Belgium) using an Illumina MiSeq
sequencer (V2 500 cycle kit, Illumina, San Diego, CA, USA). Sequences
were received in the format of a de-multiplexed FASTQ file. Paired-end
reads were merged with a maximum of five mismatches using
USEARCH (v.9.2.64) (Edgar, 2013) to form consensus sequences and
truncated at the 250" base. Shorter reads or reads with a total expected
error threshold above 0.10 for all bases after truncation were discarded.
Next, the “classify.seqs” and “remove.lineage” commands in Mothur
(v1.39.3; Edgar, 2013) and the Silva database (v123; Gurevich et al.,
2013) were used to identify and remove potential mitochondrial,
chloroplast, archaeal and eukaryote contaminants. Due to uneven se-
quencing depth, the number of sequences was rarefied to about 28,950
sequences per sample. Samples that yielded too few sequences were
discarded from further analysis. Remaining sequences were grouped
into operational taxonomic units (OTUs) based on a 3% sequence dis-
similarity cut-off using the UPARSE greedy algorithm in USEARCH,
during which chimeric sequences were also removed (Edgar, 2013), as
the global singletons (i.e. OTUs representing only a single sequence in
the entire dataset), minimising the risk of retaining sequences from
sequencing errors (Brown et al., 2015; Waud et al., 2014). The taxo-
nomic origin of each OTU was determined with the SINTAX algorithm
implemented in USEARCH (Edgar, 2016) based on the Silva database
v123 (LTP v123). Taxonomic assignments were considered reliable
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when bootstrap confidence values exceeded 0.80. Sequence data have
been deposited in the Sequence Read Archive under BioProject acces-
sion PRJNA453689 (accession numbers SAMNO09010838 -
SAMNO09010908).

2.5. Statistical analysis

Statistical Package for Social Scientists (SPSS) for windows (Version
20, IBM Corporation, Armonk, New York) software was used to perform
statistical analyses. Descriptive statistics were used to obtain means and
standard deviations. ANOVA was used to determine the effect of (i)
geographical area of source, swarming season, plucking and trading
point on selected microbial counts (Total Aerobic Count (TAC),
Enterobacteriaceae, lactic acid bacteria, aerobic bacterial spores and
yeasts and moulds) and (ii) alpha diversity indices (Richness, Chaol,
Shannon-Wiener and Evenness) of R. differens. Evenness was calculated
according to the formula -X p; In(p)/In S where p; is the relative fre-
quency of species i in the community and S is the number of species in
the community (Di Bitetti, 2000). Mean separation was obtained by the
Tukey's option of the ANOVA test. For all tests, a significance level of
=0.05 was considered. Based on the sequencing data, nonmetric mul-
tidimensional scaling (NMDS) was performed using the R packages
Vegan (v.2.43) (R Development Core Team, 2013).

3. Results and discussion
3.1. Intrinsic properties of raw wild-harvested Ruspolia differens

The effects of geographical area of source, swarming season,
plucking and trading point on moisture content, water activity and pH
were investigated. Results are presented in Table 1. Overall, R. differens
had an average moisture content of 51.11 * 4.90%, an average water
activity of 0.976 * 0.003 and an average pH-value of 6.33 + 0.20.
The observed moisture content range of R. differens, being between
43.96 and 61.32%, was similar to that observed in an earlier study
(47-55%) for green and brown R. differens polymorphs (Ssepuuya et al.,
2016a), though lower than that observed in R. differens collected from
Kenya (60-72%) (Kinyuru et al., 2009). The moisture content was also
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Table 1
Selected intrinsic properties of raw plucked and non-plucked Ruspolia differens from three sourcing geographical areas in the two swarming seasons.
Sample Moisture content (%) Water activity (aw) pH
Mar-May Nov-Dec Mar-May Nov-Dec Mar-May Nov-Dec

M-1-W 52.00 * 0.39% 53.45 + 0.23" 0.976 * 0.002°¢ 0.976 * 0.002° 6.04 6.38
M-2-W 48.97 + 0.09% 49.04 * 0.11% 0.980 * 0.002%¢ 0.978 + 0.004° 6.45 6.17
M-3-W 49.99 * 0.52*¢ 50.89 * 0.25% 0.975 * 0.001°¢ 0.976 * 0.002°¢ 6.39 6.27
M-W 50.32 + 1.38" 51.13 + 1.93Y 0.977 + 0.023* 0.977 * 0.002*

M-1-P 47.44 + 0.12% 50.31 + 1.82% 0.977 * 0.006° 0.975 * 0.002°¢ 6.50 6.58
M-2-P 45.24 + 0.22% 45.15 + 0.01%¢ 0.974 + 0.006™ 0.978 + 0.001*¢ 6.61 6.15
M-3-P 48.89 * 0.17%¢ 48.25 + 0.33% 0.977 * 0.001° 0.976 * 0.001° 6.44 5.94
M-P 47.21 * 1.63* 47.90 * 2.43" 0.976 + 0.003" 0.976 + 0.001*

K-1-W 60.06 + 0.07% 56.52 + 0.13" 0.987 + 0.000* 0.977 + 0.002%¢ 6.44 5.75
K-2-W 60.92 * 0.07%¢ 56.57 + 0.20" 0.977 * 0.002°¢ 0.975 * 0.001° 6.36 6.09
K-3-W 61.32 + 0.23% 53.41 * 0.21%° 0.976 * 0.001%¢ 0.976 * 0.003% 6.38 6.59
K-W 60.94 = 0.30Y 55.51 + 1.57* 0.977 + 0.001* 0.976 = 0.002*

K-1-P 54.66 + 0.03%¢ 48.75 + 0.56" 0.975 + 0.001* 0.975 + 0.003* 5.99 6.28
K-2-P 55.23 + 0.17%¢ 51.34 + 0.13™ 0.978 + 0.004* 0.973 + 0.002* 6.64 6.21
K-3-P 53.42 + 0.21% 54.21 + 0.16™ 0.976 * 0.003% 0.974 + 0.003* 6.45 6.26
K-P 54.70 + 1.64° 49.02 * 1.92* 0.976 * 0.003* 0.975 + 0.003"

F-1-W 53.96 * 0.34% 49.74 * 0.09" 0.979 * 0.002%¢ 0.975 + 0.002%¢ 6.60 6.22
F-2-W 54.59 * 0.22%¢ 49.13 * 0.09"° 0.975 * 0.001°¢ 0.973 * 0.002°¢ 6.42 6.38
F-3-W 55.38 + 0.18% 50.09 * 0.09 0.980 * 0.002°¢ 0.977 * 0.002°¢ 6.56 6.38
F-W 54.65 + 0.66% 49.66 + 0.43Y 0.977 + 0.002" 0.976 + 0.002"

F-1-P 45.75 + 0.09* 40.75 + 0.39" 0.966 + 0.005% 0.978 + 0.001> 6.48 6.42
F-2-P 46.52 + 0.11% 46.47 + 0.73% 0.973 * 0.002°¢ 0.973 * 0.002°¢ 6.45 6.24
F-3-P 53.48 + 0.58%¢ 43.96 + 0.51" 0.972 + 0.002*¢ 0.976 + 0.003* 6.16 6.26
F-P 48.59 + 3.69* 43.73 + 4.45Y 0.970 = 0.004° 0.976 = 0.003*

1, 2, 3: the trading points per region.
M, K, P: the three regions namely, Masaka, Kampala and Fort portal.
W, P: the non-plucked and plucked treatments.

2P Values carrying different superscripts horizontally for every parameter are significantly different across seasons.
<4 For each trading point in a region, values carrying different superscripts in a column are significantly different due to plucking.
*¥*Values in a column of the same treatment carrying different superscripts are significantly different due to geographical area.

lower than that of other comparable protein sources such as meat and
fish (Ssepuuya et al., 2016a). However, it was similar to that of other
edible insect species such as T. molitor and A. domesticus (Finke, 2015).
The lower moisture content translated into a higher dry matter content
implying a higher amount of nutrients available for microbial growth.
There are no studies reporting on the water activity of R. differens to
date. However, its water activity range of 0.975-0.987 is similar to that
of other edible insects such as the lesser mealworm Alphitobius diaper-
inus (0.98-0.99), A. domesticus (0.97) and other high quality protein
sources such as fish and meat (Schmidt and Fontana, 2007; Vandeweyer
et al.,, 2018; Wynants et al., 2018). The pH of R. differens is slightly
acidic and ranged between 5.75 and 6.60 (Sperber and Doyle, 2009).
Further research is required to investigate this quite wide range in pH.
However, this pH most likely favors bacterial growth since most bac-
teria grow best close to or at a neutral pH of 7 (Sharma, 2007; Spellman
and Stoudt, 2013).

The geographical area of source, swarming season, plucking and
trading point all had an influence on moisture content and water ac-
tivity, though inconsistently (Table 1). Non-plucked grasshoppers from
Kampala had the highest moisture content though not necessarily the
highest water activity. Non-plucked R. differens generally had an equal
or higher and at sometimes significantly different moisture content
compared to plucked R. differens. It is therefore possible that the wings,
legs and antennae removed during plucking contain a significant
amount of water that is lost upon removal and/or that plucking causes
physical damage accelerating dehydration. This loss of water increases
the proportion of the dry matter content and therefore results in a
higher proportion of nutrients. Similar to earlier observations
(Ssepuuya et al., 2016a), irrespective of the plucking, R. differens in the
March-May swarming season had a lower moisture (albeit not always
significantly  different), compared to R. differens in the
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November-December swarming season. Since R. differens swarm in
about 1.5-2 months after the start of the rainy season (Mccrae, 1982),
the quality and abundance of plant food (mainly cereal grasses) avail-
able during growth and before swarming may influence its composition
(Ssepuuya et al., 2018). These differences in moisture content due to
geographical area of source and plucking, however, did not result in
significant changes in water activity. The average water activity
(0.975-0.987) observed remained above 0.9, a value above which all
types of microorganisms can flourish (Steele, 2004). Therefore, these
differences in moisture content are not expected to influence microbial
counts.

3.2. Culture-dependent analyses of the microbial quality of Ruspolia
differens

As presented in Fig. 2, overall, R. differens exhibited an average total
aerobic count range being from 8.38 to 9.41 log cfu/g; from 6.89 to
7.83 log cfu/g for Enterobacteriaceae; from 7.99 to 9.11 log cfu/g for
lactic acid bacteria; from 3.75 to 4.87 log cfu/g for aerobic bacterial
spores and from 5.77 to 7.12 log cfu/g of yeasts and moulds (Fig. 2 and
Table S2). Currently, there are no studies detailing the microbial quality
of raw wild-harvested R. differens grasshoppers. However, the microbial
counts of R. differens are comparable to those of other edible insect
species for the assayed groups of microorganisms. Except for the total
number of aerobic bacterial spores which was substantially higher, all
the bacterial counts were either slightly higher or similar to those ob-
served in fresh A. diaperinus, A. domesticus, and in the grasshopper Lo-
custa migratoria (Klunder et al., 2012; Megido et al., 2017; Stoops et al.,
2016; Wynants et al., 2018).

The effect of the geographical area of source, swarming season,
plucking and trading point on five bacterial counts of food quality
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and November-December of the year 2016.

concern was investigated. The geographical area of source had a sig-
nificant influence on the bacterial counts. With the exception of R.
differens from Kampala that had the highest average total aerobic count
(9.41 = 0.22 log cfu/g), R. differens from Masaka had the highest
average counts for Enterobacteriaceae (7.83 + 0.27 log cfu/g), lactic
acid bacteria (9.11 * 0.20 log cfu/g), aerobic bacterial spores
(4.87 = 0.54 log cfu/g), and yeasts and moulds (7.12 = 0.41 log cfu/
g) (Table S2). For each season, the values mentioned above were on
many occasions significantly higher than the bacterial counts of R.
differens from Fort Portal and Kampala. This may be explained by dif-
ferences in the way grasshoppers are handled after harvest at the har-
vesting and/or trading points of the different geographical areas of
source. However, further research into the effects of the geographical
area of source on the bacterial counts is thus necessary.

Swarming season, plucking and trading point also significantly in-
fluenced the counts of all groups of bacteria investigated, but without a
consistent positive or negative pattern (Table S2). For example, in the
March-May and November-December swarming seasons, the total
aerobic count of non-plucked R differens from trading points 2 and 3 in
Masaka were not significantly different. However, R. differens from
trading point 1 in the November-December swarming season had a
significantly higher count than that in the March-May swarming
season. In Kampala, the non-plucked R. differens samples in the
March-May swarming season had significantly higher total aerobic
counts than those in the November-December swarming season for all 3
trading points. This inconsistence regarding the effect of plucking on
the total aerobic count was also observed for Fort Portal. The same
scenario was observed regarding the effect of trading point, swarming
season, and plucking on other bacterial counts (Enterobacteriaceae,
lactic acid bacteria, total aerobic spores, and yeasts and moulds). This
implies that the statistical differences observed are not the result of
swarming season, plucking or trading point, but rather random. Simi-
larly, there were no consistent microbiological differences (=1 log unit
difference) among bacterial counts observed as a result of the effects of
swarming season, plucking and trading point. Overall, the difference
between the lowest and highest counts within each group of
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microorganisms was highest for Enterobacteriaceae (a 2-log unit differ-
ence) and lowest for other bacterial counts (I-log unit difference) (Table
S2). Due to the absence of microbiological criteria for fresh edible in-
sects in general and for R. differens in particular, it cannot be ascer-
tained that the observed microbiological differences would influence its
microbial quality.

The total aerobic count represents one of the microbial guidelines
used for assessing the overall quality of fresh food, with high total
aerobic counts associated with rapid spoilage and unsafe fresh foods
(Hui and Sherkat, 2005; Monaghan, 2010). Notably, the aerobic spore
count in R. differens was consistently higher than that observed in other
edible insects such as T. molitor, A. domesticus and G. sigillatus in Bel-
gium (Stoops et al., 2016; Vandeweyer et al., 2017) and accordingly, in
the latter studies the spore count did not highly contribute to the ob-
served total aerobic counts. Besides the difference in the type of edible
insects (insect matrix), these differences in total aerobic spore count
could be attributed to the differences in climate (especially tempera-
ture) between Belgium and the tropical Uganda. Empirical evidence is
however required to confirm this hypothesis.

Similar to general data on fish and beef, R differens has a high water
activity (> 0.9), adequate sources of energy and an abundance of nu-
trients (nitrogen, vitamins, and minerals) required for survival and
rapid multiplication of microorganisms (Harrison, 2017; Hui et al.,
2001; Lovell, 2012; Zimmermann and Burgerstein, 2001). Hence, the
microbial criteria for fish and meat could be used as a benchmark for
assessing the fresh microbial quality of insects such as R. differens. In
Belgium, according to an advice document from the Superior Health
Council (SHC) and the Federal Agency for the Safety of the Food Chain
(FASFC), process hygiene criteria for minced meat described in EU
Regulation (EC) No. 1441/2007 can be used for edible insects (Stoops
et al., 2016). This criterion defines, for five samples of one batch to be
investigated, 5 x 10° cfu/g as the lower limit and 5 x 10° cfu/g as the
upper limit, both of which are about 1-2 log units lower than the
average total aerobic count observed in R. differens. However, the Ad-
vice document also indicates that: “based on the (limited) information
available in the literature, it is difficult to achieve this criterion for raw
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insects. Nevertheless, this criterion can be used as a reference value and
ought to be attainable after heat treatment in a controlled and hygienically
executed process.” Whereas this was not included in this study, it is
plausible that a proper heat treatment of the grasshoppers can reduce
their microbial counts to below the aforementioned lower limit and
hence heat treatment is advised to be performed prior to consumption
(immediately after heat treatment). In Uganda, the upper microbial
limit for the total aerobic count of fresh fish is 10° cfu/g, though the
number of samples per batch to be investigated are not stated in the
criteria (ULIL, 2008). These microbial limits imply that the total aerobic
count of R. differens was 1-2 log units higher than levels acceptable in
similar products, which may be a threat to its quality and food safety.
However, given that these high counts were associated with raw and
unspoiled R. differens, it implies that there is a need to define new
microbial criteria for fresh and/or heat-treated insects. They should not
only include limits for total aerobic counts, but also for food safety and
quality indicator organisms (e.g. E. coli as an indicator of fecal con-
tamination) for specific edible insects such as R. differens and its dif-
ferent edible forms (whole, ground, etc.).

3.3. Metagenetic analyses

Next generation sequencing targeting part of the 16S rRNA gene
was used to characterize the bacterial community of wild-harvested
fresh R. differens. This yielded a total of 1792 Operational Taxonomic
Units (OTUs) belonging to 24 phyla (Table S3). Overall, Proteobacteria
(35.03-46.43%), Firmicutes (14.02-26.46%), Actinobacteria
(9.62-21.94%), Bacteroidetes (2.68-19.89%) and Fusobacteria
(0.41-12.50%) were the most abundant phyla in R. differens, irrespec-
tive of the geographical area source (Fig. 3). The most abundant OTUs
in the three geographical areas belonged to the Proteobacteria and
Firmicutes phyla. Firmicutes and Proteobacteria were also the most
abundant phyla in L. migratoria (Stoops et al., 2016), T. molitor larvae
(Wynants et al., 2017), A. diaperinus larvae (Wynants et al., 2018) and
A. domesticus (Vandeweyer et al., 2017). Unlike in L. migratoria and T.
molitor larvae where the relative abundance of the Bacteroidetes was
low, it was relatively high in A. domesticus (Vandeweyer et al., 2017), as
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it is in R. differens. Whereas Wynants et al. (2017, 2018) reported a low
relative abundance of Actinobacteria in T. molitor larvae and A. dia-
perinus, Stoops et al. (2016) reported a higher relative abundance of
26.9% in T. molitor, the latter being slightly higher than the highest
Actinobacteria abundance (21.95%) observed in this study. Therefore,
it is possible that edible insects can be colonized by similar bacterial
phyla, though the phylum Fusobacteria has not been identified in any
other edible insect to date than R. differens.

OTU richness ranged from 140 to 702 OTUs, with an average of
265 + 125 OTUs per sample. On average, the observed number of
OTUs in R. differens is higher than that in L. migratoria and T. molitor
larvae but lower than that observed in fresh A. domesticus (Stoops et al.,
2016; Vandeweyer et al., 2017; Wynants et al., 2017, 2018). Swarming
season and plucking had no effect on any alpha diversity index of R.
differens (Table 2), except the Shannon-Wiener index of non-plucked
grasshoppers in Fort Portal that was significantly lower than that of
plucked and non-plucked R. differens from other regions. Given that a
lower Shannon-Wiener index is associated with a lower diversity (Di
Bitetti, 2000), non-plucked R. differens from Fort Portal had the lowest
diversity of microorganisms. The manual plucking may be hypothesized
to introduce new types of microorganisms in the food, but this was not
reflected by the diversity indices as a general trend. In addition, there
was no significant difference between the observed and estimated
(Chaol) richness of OTUs (Table 2). Additionally, based on the Chaol
estimator, the sample coverage ranged from 96.56 to 99.79%, in-
dicating that our sequencing depth was sufficient enough to accurately
characterize the bacterial communities. The most abundant OTUs of
plucked and non-plucked R. differens from each of the three trading
points of each geographical area source for each swarming season are
shown in Figs. 4-6. Only OTUs with an abundance of equal to or more
than 2.5% were considered for presentation. OTUs 1, 2, 3, 4, 5, 6, 7, 8
10, 12, 13, 14, 15 33, and 605 belonging to genera Staphylococcus,
Undibacterium, Lactococcus, Buttiauxella, Acinetobacter, Micrococcus,
Weissella, Enterococcus, Leuconostoc, Kurthia, and Enhydrobacter were
present in R. differens grasshoppers from all geographic areas. Among
these, OTUs 1, 2, 3, 4, 5, and 605 were the most abundant. As these
bacterial genera can easily be cultivated under standard laboratory
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Fig. 3. Relative abundance (%) of bacterial phyla present in samples of raw plucked (P) and non-plucked (W) Ruspolia differens obtained from each of the three
trading points in the geographical areas of Fort Portal (F), Kampala (K) and Masaka (M) districts, in the two swarming seasons of March-May 2016 (04/0516) and

November-December 2016 (1216).
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Table 2

Food Microbiology 77 (2019) 106-117

Effect of season, sourcing geographical area and plucking on selected alpha diversity indices of R. differens.

Geographical area Season Plucking Treatment Alpha diversity index
Richness Chaol Good's Coverage Shannon-Wiener Evenness
Fort Portal Nov-Dec Non-plucked 421.00 * 274.27¢ 421.90 * 274.26° 99.79 + 0.36° 4.02 + 0.26° 0.69 + 0.11°¢
Plucked 235.33 £ 89.11°¢ 236.47 * 89.75° 99.53 * 0.26° 3.32 £ 1.11°¢ 0.61 * 0.18°
Mar-My Non-plucked 155.67 + 8.08° 161.30 + 10.08¢ 96.56 * 2.17¢ 2.90 + 1.21¢ 0.57 * 0.03°
Plucked 249.67 * 97.42° 251.33 + 97.89¢ 99.32 + 0.08¢ 3.46 + 0.56° 0.63 + 0.08¢
Kampala Nov-Dec Non-plucked 277.00 * 159.69¢ 282.77 * 158.30¢ 97.67 * 3.63° 4.30 * 0.36° 0.78 * 0.04°
Plucked 220.67 * 107.72° 221.73 * 107.13° 99.34 + 0.89¢ 3.37 £ 0.63° 0.64 £ 0.17°
Mar-My Non-plucked 284.00 + 95.22¢ 287.33 + 94.31¢ 98.74 + 1.68¢ 3.57 + 0.29° 0.63 + 0.04¢
Plucked 318.33 * 111.97¢ 319.27 * 112.62° 99.73 * 0.12¢ 3.99 * 0.56° 0.69 * 0.06°
Masaka Nov-Dec Non-plucked 290.00 * 120.80° 291.73 * 120.94° 99.34 + 0.36° 3.91 + 0.18° 0.69 * 0.06°
Plucked 313.67 * 95.30¢ 314.67 * 95.22¢ 99.65 * 0.20¢ 3.57 * 0.56° 0.62 * 0.11°¢
Mar-My Non-plucked 177.33 + 37.81°¢ 180.13 + 38.25°¢ 98.44 + 0.42¢ 3.22 + 0.49° 0.63 + 0.12¢
Plucked 236.00 * 123.47¢ 239.17 * 122.94¢ 98.37 * 1.89¢ 2.88 + 0.65° 0.53 * 0.11°¢

Figures are averages of 3 merged duplos of samples from the three trading points of each geographical area. “®For each sourcing geographical area and plucking
treatment, values of the same indices in a column are not significantly different at an alpha level of 0.05. Season and plucking treatment had no effect on any alpha
index. Chaol = the species richness estimator (DeLong, 2013; Lepczyk and Warren, 2012); Richness = the number of observed OTUs (El Sheikha et al., 2018);
Coverage = observed richness/Chaol estimate X 100 (Vandeweyer et al., 2017); Shannon-Wiener index = an indication of species diversity, a combined measure of
the number of species in a community (richness) and the number of individuals per species (Di Bitetti, 2000); Evenness = the relative frequency of species in a

community (Di Bitetti, 2000).

conditions (Batt and Tortorello, 2014; Eder et al., 2011; Elliott and
Facklam, 1993; Falkow et al., 2006; Kamboj et al., 2015; Klijn et al.,
1995; PHE, 2014), it may be expected that they account for the high
total aerobic counts observed (Patil and Muskan, 2009). In addition,
they are also involved in the spoilage of various types of foods (Sperber
and Doyle, 2009), thus possibly responsible for microbial spoilage of R.
differens. Most probably, bacteria such as Lactococcus (OTUs 2 and 605),
Enterococcus (OTU 10), Leuconostoc (OTU 12) and Weissella (OTUs 8 and
13) contributed to the high lactic acid bacteria counts presented in
Table S2. Buttiauxella (OTU 4, belonging to the Enterobaceriaceae) was
one of the most abundant genera in R. differens grasshoppers from all
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geographical areas. Erwinia (OTU 935, also belonging to the En-
terobaceriaceae) was present in grasshoppers from Masaka and Kampala.
In addition to these two, also other Enterobacteriaceae that were less
abundant (< 2.5%) but culturable, are possibly responsible for the high
Enterobacteriaceae counts. The abundance of OTUs belonging to the LAB
genera was higher than those belonging to the Enterobacteriaceae, ex-
plaining why the former had higher counts than the latter. The high
aerobic spore count could be resulting from the OTUs belonging to the
Bacillus and Clostridium genera, which were present in the ‘other spe-
cies’, whose abundance was below <2.5%. ‘Other species’ comprised of
20-60% of the OTUs in R. differens from Fort Portal, 30-82% of R.
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Fig. 4. Relative abundance (%) of Operational Taxonomic Units (OTUs) present in samples of raw plucked (P) and non-plucked (W) Ruspolia differens obtained from
three trading points (1 = Kikaali, 2 = Kisenyi and 3 = Kabatu) in Fort Portal (F) district, in the two swarming seasons of March-May (0516) and

November-December (1216) of the year 2016.
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Fig. 5. Relative abundance (%) of Operational Taxonomic Units (OTUs) present in samples of raw plucked (P) and non-plucked (W) Ruspolia differens obtained from
three trading points (1 = Kasubi, 2 = Nateete and 3 = Busega) in Kampala (K) district, in the two swarming seasons of March-May (0416) and November-December

(1216) of the year 2016.

differens from Kampala and 19-51% of R. differens from Masaka. This

implies that ‘other’ OTUs were on many occasions abundant and thus if

culturable, reasonably contributing to the observed microbial counts.
Some OTUs were specific to some geographical areas, trading
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points, swarming seasons and plucking, thus greatly contributing to the
observed bacterial species richness and abundance in R. differens. For
example, in the March-May swarming season, a species identified as
Bacillus anthracis/B. cereus/B. thuringensis (OTU 9) was found in non-
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Fig. 6. Relative abundance (%) of Operational Taxonomic Units (OTUs) present in samples of raw plucked (P) and non-plucked (W) Ruspolia differens obtained from
three trading points (1 = Kayirikiti, 2 = Kitaka and 3 = Masaka town) in Masaka (M) district, in the two swarming seasons of March-May (04/0516) and
November-December (1216) of the year 2016.
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Fig. 7. Non-metric multidimensional scaling (NMDS) ordinations composed of the bacterial community composition data for raw plucked (P) and non-plucked (W) R.
differens from the three trading points (1, 2 & 3) of Masaka (M), (Fig. 7A: Stress value 0.128), Kampala (Fig. 7B; Stress value 0.076) and Fort Portal (F) (Fig. 7C; Stress
value 0.092), in the two swarming seasons of March-May (04/0516) and November-December (1216) of the year 2016. The distance between different points on the
plot reflects their similarity level, i.e., the more similar the bacterial communities, the smaller the distance between the points. Plots were constructed based on the

bacterial community data for the most abundant OTUs.

plucked R. differens from two of the three trading points in Masaka and
Fort Portal. No distinction can be made between these three species
using the Illumina Miseq sequencing approach applied in this study, as
the sequence used for identification is the same in each of this species.
Further research on the occurrence and deeper identification of these
Bacillus species, e.g. involving PCR using specific primers is a strong
necessity. Corynebacterium (OTU 20) was found in plucked and non-
plucked R. differens in one of the trading points in Fort Portal and
Masaka respectively. Lactobacillus (OTU 16) and Streptococcus (OTU 18)
were found in plucked and non-plucked R. differens in Fort Portal and
Kampala in the December-November swarming season. From Fort
Portal and Masaka in the March-May swarming season, Staphylococcus
sciuri (OTU 1164) was identified in non-plucked R. differens. Similarly,
OTUs 11, 24, 40, 47, 727 and 1044 were only found in Fort Portal;
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OTUs 19, 25, 29, 35, 41, 63, 65, 66 and 290 only in Kampala; and OTUs
27, 36, 41, 44, 45, 50, 86, and 422 only in Masaka. This implies that
without collection of R. differens from the major trading points of the
different geographical areas of source and for the various swarming
seasons, the R. differens microbial species richness and diversity would
be underestimated. NMDS ordination of R. differens from Masaka
(Fig. 7A), Kampala (Fig. 7B) and Fort Portal (Fig. 7C) show no clear
differences in the bacterial composition with regard to trading point,
swarming season and plucking.

3.4. Safety significance of identified operational taxonomic units

Some OTUs identified in R. differens correspond to genera har-
bouring potential pathogens including the genera Bacillus, Clostridium
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and Staphylococcus that belong to the phylum Firmicutes, and the
genera Acinetobacter, Buttiauxella, Campylobacter, Neisseria and
Pseudomonas that belong to the phylum Proteobacteria. Unlike the
other genera, members of the Clostridium and Campylobacter genera
have also been identified in other edible insects (Belluco et al., 2015;
Garofalo et al., 2017). Bacteria in the genus Staphylococcus may be
pathogens of humans and animals including S. aureus, and S. argenteus
which has been previously described as a less virulent divergent lineage
of S. aureus (Foster, 1996; Schuster et al., 2017; Thaipadungpanit et al.,
2015). OTU 1 showing a high 16S rRNA gene similarity with S. argentus
was found in this study though further research is needed to confirm its
identity. Additionally, a Buttiauxella species such as Buttiauxella agrestis
(high 16S rRNA sequence similarity with OTU 4) has been associated
with post-caesarean surgical site infections in humans (Antonello et al.,
2014). Some species of Bacillus are harmful to humans, plants or other
organisms. For example, species such as B. anthracis, B. cereus and B.
thuringensis have toxic effects that could be fatal in human beings
(Chase, 2017; Helgason et al., 2000; Spencer, 2003). In this study, OTU
9 with a high 16S rRNA gene similarity with B. anthracis/B. cereus/B.
thuringensis was observed. Some species of the genus Vagococcus such as
V. fluvialis have been implicated in causing infective endocarditis in
humans in a fulminant way (Abuzaanona et al., 2016). An OTU with a
high 16S rRNA gene similarity with V. fluvialis (OTU 24) was detected
in this study.

Other less abundant (<2.5%) OTUs belonging to genera with the
potential to cause food borne diseases were also found. Members of the
genus Clostridium may cause life threatening infections such as septic
arthritis, osteomyelitis, soft tissue infection, abdominal infections, brain
abscess, endocarditis, autism, and colitis (Edagiz et al., 2015; Elsayed
and Zhang, 2005; Pequegnat et al., 2013; Leffler and Lamont, 2015;
Surawicz et al., 2013). Metagenetic analysis showed OTU's with 16S
rRNA gene similarity with C. bifermentans (OTU 21), C. intestinale (OTU
764), C. bolteae (OTU 1212) and C. difficile (OTU 1609). Members of the
genus Campylobacter are associated with severe fatal invasive infections
and the inflammatory bowel disease (Lam et al., 2011; Mahlen and
Clarridge, 2009). This study revealed OTUs with a high 16S rRNA gene
similarity with C. rectus (OTU 105) and C. concisus (OTU 753). Members
of the genera Pseudomonas, Acinetobacter and Neisseria may cause var-
ious nosocomical and sometimes fatal infections in im-
munocompromised humans (Bayhan et al., 2014; Dortet et al., 2006;
Doublet et al., 2010; Gellatly and Hancock, 2013; Gierhart and
Chukwuma, 2015; Huang et al., 2014). This study revealed OTUs with a
high 16S rRNA gene similarity with Pseudomonas aeruginosa (OTU
1061), P. luteola (OTU, 1468), A. ursingii (OTU 1044), and N. flavescens
(OTU 1599). These findings are of concern. Further research is needed
to confirm the identity of the OTUs found in R. differens with a high 16S
rRNA similarity with human pathogenic microorganisms.

3.5. Potential beneficial health effects of some bacteria genera

Some bacteria genus identified in R. differens are associated with
beneficial effects to human health. Some bacteria belonging to lactic
acid bacteria (Leuconostoc, Lactococcus, Lactobacillus, Streptococcus) and
Bacillus may confer health benefits to humans if ingested in sufficient
amounts (Fijan, 2014). Beneficial health effects of LAB strains and their
fermented products include preventing or ameliorating lactose in-
torelance, diarrhoea, infections, allergies, intestinal disorders and some
types of cancer (del Carmen et al., 2012). S. dentisani may impact
human health positively by playing a role in inhibiting the growth of
major oral pathogens through the production of bacteriocins and by
buffering an acidic pH, the latter being the primary cause of dental
caries (Lopez-Lopez et al., 2017). To this regard, an OTU with a high
16S rRNA similarity to S. dentisani (OTU 18) was found, but further
research is needed to confirm its identity. The presence of lactic acid
bacteria (Leuconostoc, Lactococcus, Lactobacillus and Streptococcus) also
indicates the potential for using lactic fermentation as one of the
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preservation options for R. differens. Fermentation processes are known
to enhance the nutritional quality of foods, since in the process, fer-
menting microorganisms synthesize vitamins and minerals and produce
biologically active substances such as beneficial peptides (Sanlier et al.,
2017) that enhance the nutritional value of the fermented food among
other advantages. It has been demonstrated that mealworms can be
fermented when they are pulverized and when using a commercial
meat starter culture (Borremans et al., 2018). The possibility of fer-
menting R. differens into novel food products with enhanced nutritional
benefits has not been documented in scientific literature yet and re-
mains to be explored.

4. Conclusions

In this study, the microbial quality, bacterial diversity and intrinsic
properties (pH, water activity and moisture content) of R. differens after
harvesting in the wild in different geographical regions in Uganda and
in different seasons were characterised. The intrinsic properties were
similar to those of other fresh edible insects and other protein-rich
foods such as meat and fish from various countries in Europe. The
counts of all culturable microbial groups assayed were comparable to
those of other edible insect species, except for the total aerobic spore
count that was significantly higher. There is an urgent need to define
microbial criteria for edible insects with respect to microorganisms of
food quality and food safety concern. The geographical area of source,
trading point, swarming season and plucking influenced the microbial
quality of R. differens and proved that it was necessary so as to create a
more correct estimate of its bacterial diversity and species’ richness.
Proteobacteria and Firmicutes were the predominant phyla detected,
which were the most abundant OTUs. The coverage range of
96.56-99.79% indicated that almost all OTUs expected to be present in
all samples were identified. The high microbial counts in combination
with the favourable intrinsic properties highly predispose R. differens to
rapid microbial spoilage. When not properly handled and appropriately
heat treated, R. differens is likely to cause food borne diseases due to the
presence of potential human pathogenic microorganisms, mostly from
the genera Clostridium and Campylobacter. In contrast, Streptococcus
dentisani and lactic acid bacterial may be beneficial to human health.
There is a need to: (i) use other techniques such as the Specific Spoilage
Organism (SSO) concept to identify the specific spoilage microorgan-
isms of fresh R. differens, (ii) analyse R. differens for the presence of
fungi of food safety concern such as mycotoxigenic fungi, (iii) confirm
the identity of OTUs with a high 16S rRNA similarity to animal and
human pathogenic microorganisms, (iv) investigate the ability of R.
differens to allow and support growth and survival of known food pa-
thogens during storage, and (v) investigate potential beneficial health
effects of especially the lactic acid bacteria of R. differens.
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