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Abstract: The commercial availability of low-gluten or gluten-free flours has been increasing due to
consumer demands, which raises new challenges for the management of stored product insects since
little is known about the susceptibility of these flours to infestation. Here we measured oviposition
and development of Tribolium castaneum, the red flour beetle, a major pest of wheat and rice mills, on
18 different commercially available flours (almond, amaranth, barley, buckwheat, cassava, coconut,
corn, garbanzo, millet, oat, potato, quinoa, rice, rye, sorghum, spelt, teff, and wheat) to assess the
level of risk. The average number of eggs laid was highest for teff flour, with wheat, rice, buckwheat,
sorghum, barley, rye, and spelt flour also having high oviposition. The lowest oviposition was for
potato, quinoa, amaranth and cassava. Holding the eggs laid in these flours and evaluating the ability
to develop to the adult stage demonstrated that the average number of adult progeny was highest for
teff and wheat, followed by buckwheat, rye, oat, spelt, and millet. In an experiment where single eggs
were placed directly in flour, the highest percentage development was in barley, buckwheat, sorghum,
spelt, teff, and wheat. Time for 50% of single eggs to develop to adults was quickest for sorghum, spelt,
teff, and wheat, while sorghum, buckwheat, corn, spelt, and barley had the quickest development
of 90% of eggs to reach adults. There was substantial variation among the different flours which
indicates variation in risk of insect infestation. As consumer interest in these flours continues to grow
and these alternative flours become more prevalent in food facilities, understanding what diets insects
successfully infest is critical to developing management tools.

Keywords: red flour beetle; alternative flours; gluten-free; life history; egg development; stored
products; insect pests

1. Introduction

Wheat flour is one of the most common types of flour processed and consumed around the world
but there is a growing market for alternatives to wheat flour [1,2]. The market for alternatives to wheat
flour is growing substantially as coeliac disease diagnoses increase and consumers demand low gluten
and gluten-free options [1-3]. In 2007, the gluten-free market in the United Kingdom was valued at
GBP 74 million, roughly USD 93 million and in 2006 the market in the United States was valued at
USD 696 million (1). In 2019, the gluten-free market was valued at USD 21.61 billion and is expected
to grow by 9.2% by 2027 [4]. Alternatives can include other grains such as sorghum or corn but also
include an expanding number of flours made from other foods, including coffee, banana, nuts, and root
vegetables such as cassava or potato [3]. After the grain is harvested, it is stored and processed and
vulnerable to insect pests that can damage or destroy the commodity and can cost producers billions of
dollars in lost revenue each year. Traditional cereal grains such as wheat and rice have been studied
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extensively as to how insects can grow and develop on whole seeds, milled flours, and milling fractions
and byproducts [5,6]. However, as the diversity of flour types used by the food industry continues to
grow, less is known about the ability of stored product insects to develop on these alternative flours
and the potential risks these insects might cause to this rapidly growing industry.

Tribolium castaneum Herbst (Coleoptera: Tenebrionidae) is a major pest of wheat and rice flour [7,8]
and a secondary pest feeder of stored products and has been documented to survive on a variety of
commodities. These insects have high fecundity on wheat flour and survive well on a variety of wheat
strains [9]. A diet rich in folic acid aided in growth and reproduction for T. castaneum [10] and low
levels of phosphorus (0.075%) in the diet were insufficient for population growth while high levels
(3.075%) were toxic to the related T. confusum Jacquelin du Val (Coleoptera: Tenebrionidae) [11]. Yeast
added to wheat flour increased reproduction and survival of T. castaneum [10] and beetles had better
fecundity than on plain wheat flour, millet, barley, rice, sorghum, and soybean, with sorghum and
soybean flour having the lowest fecundity [12].

T. castaneum is an important pest on wheat flour, but it has a broad host range and has been reported
to be associated with diverse commodities such as rice, millet, sorghum, and corn [13,14]. For many of
these commodities, the information available on development and fecundity is limited. T. castaneum had
high progeny output on millet, sorghum and maize meals [13], high progeny output and low mortality
on starch-rich pea flour [15], atta flour, wheat flour, self-rising wheat flour, rice flour [16], whole wheat
flour, corn flour, and brown rice flour [17]. In comparison, T. castaneum had poor progeny production on
semovita (a brand of semolina or durum wheat), cassava or yam meals [13], protein-rich pea flour [15],
soy flour [17], tapioca, and potato starch [16], and poor feeding and development on cowpea flour [18].
In addition, comparisons of wheat or barley varieties and milling fractions showed variable results for
T. castaneum. There was a range of fecundity and hatch rates on different varieties of barley [19] and
developmental times increased on pelletized frog feed and crumbled poultry feed [20] and larval weight
gain was slow on dried distiller’s grain [21]. Rice flour milling fractions had varying progeny output
with higher progeny output on rice flour, milled whole rice kernels, brown rice, milled broken kernels
and rice bran but lower progeny output on rough rice hulls, paddy rice dust, and milled rice dust [5]
suggesting that not only does the commodity matter but also the size and shape of the commodity.
In addition, commercial flour products of corn, rice, wheat, and soybean had lower population density
but quicker developmental rate than non-commercial flour of the same commodity [22]. These studies
indicate that flour type makes a difference in insect reproduction and growth, but few studies have
assessed a wide range of flour types under the same experimental conditions.

Understanding how T. castaneum oviposit on different types of flours and how progeny develop
over time will provide information on the suitability of different alternative flours. Here we evaluated
almond, amaranth, barley, buckwheat, cassava, coconut, corn, garbanzo, millet, oat, potato, quinoa, rice,
rye, sorghum, spelt, and teff flours compared to wheat flour (as a control). Where possible we obtained
these flours from the same two commercial sources to determine how source impacted suitability. Here
we examine how many eggs T. castaneum females lay on the different flours and how successfully these
progeny develop to the adult stage. We also assessed development under a more standardized set of
conditions by placing single eggs on each flour and measuring the ability to develop to the adult stage.
These two tests enable a look at the female’s recognition of each flour as a suitable oviposition substrate
and the quality of the resource for progeny development.

2. Materials and Methods

2.1. Insects

The T. castaneum used in this experiment have been in culture in the laboratory at the Center for
Grain and Animal Health Research for over 30 years and previously used for development studies.
The population has a long history of high fecundity in the laboratory, reduced heterozygosity in dietary
needs and physiological traits, and was reared on a standardized diet of wheat flour with 5% brewers
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yeast. Populations were kept at 27 °C and 65% relative humidity (RH) on a 16-h light and 8-h dark
cycle. New subcultures were started with 50-100 mixed-sex adults that were removed after 5-7 days.

2.2. Flours Tested

Flour was obtained from two sources for each flour type to compare consistencies in oviposition
and development between sources: Bob’s Red Mill (Milwaukie, OR, USA), further referred to as Source
1, and Barry Farm Enterprises (Wapakoneta, OH, USA), further referred to as Source 2 (Table 1). Flours
obtained and tested from both sources were: almond (Prunus dulcis), amaranth (Amaranthus spp.), barley
(Hordeum vulgare), buckwheat (Fagopyrum esculentumy), cassava (Manihot esculenta), corn (Zea mays),
garbanzo (Cicer arietum), millet (Genus Panicum), oat (Avena sativa), potato (Solanum tuberosum), quinoa
(Chenopodium quinoa), rice (Oryza sativa), rye (Secale cereale), and sorghum (most likely Sorghum bicolor).
Three additional flours were also evaluated but were only available from Source 1: teff (Eragrostis tef),
spelt (Triticum spelta), and coconut (Cocos nucifera). Laboratory diet with 5% brewer’s yeast was used
as the wheat flour control since that is the standard rearing diet for this population of T. castaneum
(Figure 1). For the oviposition study (described below) flours were sieved through an 80-mesh sieve to
reduce overall particle size so eggs could be sieved and counted. Some flour was not sieved due to it
not being able to pass through the sieves either because it was too powdery or sticky (Table 1).

2.3. Oviposition

The number of eggs laid on different flours was counted to evaluate a female’s recognition and
acceptance of the flour as a substrate for progeny. The same volume of flour was placed into 8-dram
(29.57 mL) vials. Weights for each flour are listed in Table 1. Females, sexed as adults based on lack
of a small patch of short bristles on their forelegs, aged 2—4 weeks were collected from the general
population culture and placed on standard diet in a 0.5-pint jar for 2—4 days. Females were then
removed, and single females placed in each vial with flour. Vials were capped with cotton balls and
placed at 30 °C and 65% RH on a 16-h light and 8-h dark cycle. Females were left on the flour for 1
week and then removed. If a flour was pre-sieved, it was then sieved through a 60-mesh sieve and
eggs were collected and counted under a dissecting microscope. To evaluate the ability of these eggs to
hatch and develop and provide an estimate of oviposition for flours where eggs could not be directly
counted, eggs and flour were then returned to their vials and held at 30 °C and 65% RH. On week 4,
progeny were counted and recorded from all flours, regardless if pre-sieved or not. Progeny counts
continued weekly for a total of 8 weeks and any remaining larvae were also counted at the 8-week
time point. We completed three blocks of seven individual females, for a total of 21 replicates.

2.4. Development

To test the ability of T. castaneum to develop from egg to adult on each flour, without the potential
confounding effects associated with differences in population density, we added single eggs to vials
with each flour type. No flours were pre-sieved for this study. Flours were placed by volume into
1-dram (3.69 mL) vials. Weights of the flours are included in Table 1. To obtain eggs, 2- to 4-week-old
females were collected from population jars and allowed to lay eggs for 48 h on 80-mesh pre-sieved
standard diet. Eggs were then sieved out using a 60-mesh sieve and a single egg was placed in each
vial with flour which was capped with a small piece of cotton. Vials were then placed at 30 °C and
65% RH under 16-h light and 8-h dark cycle. On week 4, vials were checked for egg hatch and the
developmental stage was recorded. We recorded the developmental stage as larva, pupa, or adult if
we observed this stage in the vial; if we did not observe larva, pupa, or adult we recorded the life stage
as an egg. This was continued weekly for a total of 4 weeks. This assay consisted of three blocks of
seven individual eggs, for a total of 21 replicates.
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Table 1. Information about flours. Weights are reported in grams, with mean + standard error. S1 is Source 1 and S2 is Source 2.

40f 18

Domesticated,

Gluten

Flour

Pre-sieved for

Weight (Grams) for

Weight (Grams) for Egg

Flour Plant Family Years Ago Level From Specific Flour Detail Oviposition Willingness Oviposition Study Development Study
S1 S2 S1 S2 S1 S2 S1 S2
Almond Rosaceae 5000 None Seed Almond Meal No No 1.34+0.04 123+0.03 0.22+0.02 0.25 +0.02
Amaranth Amaranthaceae 1000 None Seed Yes Yes 136 +0.04 1.58+0.03 0.29+0.01 0.32 £ 0.02
Barley Poaceae 9000 Low Grain Yes Yes 147 +£0.04 1.29+0.02 0.30+0.02 0.25 +0.01
Buckwheat Polygonaceae 8000 None Seed Organic Whole Yes Yes 1.63+0.02 1.63+0.03 0.36+0.02 0.35 +0.02
Cassava Euphorbiaceae 10,000 None Vegetable Yes Yes 1.85+0.02 1.24+0.02 0.38+0.02 0.27 £ 0.01
Coconut Arecaceae None Seed Organic No Yes 125+0.02 1.46+0.03 0.25+0.02 0.28 +0.02
Corn Poaceae 9000 None Grain Snow White Yes Yes 1.34+0.03 1.30+0.04 0.28+0.02 0.29 £ 0.02
Garbanzo Fabaceae 5500 None Legume Yes No 1.29+0.04 1.32+0.03 0.31+0.02 0.27 +0.01
Millet Poaceae 10,000 None Seed Yes No 146 +0.03 1.38+0.04 0.31+0.01 0.28 + 0.02
Oat Poaceae 4500 None Grain Whole Grain Yes No 137+0.04 1.80+0.02 0.25+0.02 0.34 £ 0.01
Potato Solanaceae 8000 None Vegetable Yes Yes 2.03+0.02 145+0.03 0.43+0.02 0.27 £ 0.02
Quinoa Amaranthaceae 4000 None Seed Organic Yes Yes 156 +0.04 190+0.04 0.28+0.02 0.40 £ 0.02
Rice Poaceae 9000 None Grain Brown Brown Yes Yes 1.83+0.05 1.34+0.03 0.36+0.01 0.25 + 0.02
Rye Poaceae 10,000 Low Grain Organic Dark Yes Yes 141+0.04 146+0.04 0.31+0.02 0.30 £ 0.02
Sorghum Poaceae 6000 None Grain Yes 1.83 £ 0.03 0.34 +0.02
Spelt Poaceae 7000 High Grain Organic Yes 1.70 £ 0.03 0.34 +0.02
Teff Poaceae 6000 None Seed Yes 1.54 +0.03 0.30 + 0.02
Wheat (Lab) Poaceae 10,000 High Grain Yes (Lab) 1.77 + 0.04 0.35 + 0.02
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2.5. Analyses

Data were analyzed in R statistical software (R Core Team 2020). The number of eggs laid on
each type of flour was analyzed using a generalized linear model with the /mer function with type of
flour and source of flour as main effects plus interaction of the two main effects. Block was used as a
random effect. An ANOVA model was then run using the car::Anova function from the Car package and
ls-means were calculated using the Ismeans function from the Ismeans package. Pairwise comparisons
were assessed using the pairs function on the interaction effect with additional Tukey grouping using the
CLD function. Specific pairwise contrasts between sources were also assessed using the contrast function
with sidak adjustment. Progeny counts for each type of flour were also run in an identical method.

For further analysis without the effect of source, sources were combined if not significantly different
and for flours with differences between sources, the source with fewer eggs or progeny was discarded
from analyses. Removal of the source with the lowest counts allowed analysis of the highest infestation
risk rankings. For egg counts, counts from Source 1 for corn flour were removed and for progeny,
counts from Source 1 millet and oat were removed. After removal of the above flours, egg counts were
assessed using the same model as above, but with only a main effect of flour. Pairwise comparisons were
conducted with only flour as the effect. Progeny counts were analyzed in the same way without source.

The relationship between total numbers of eggs and progeny were also compared to the
manufacturer’s nutritional information provided on the packaging for each flour (Supplementary
Table S1). All data from all sources were first analyzed, and subsequently, correlations for each source
independently were also analyzed. Pearson correlation analyses were performed using the cor.test
function in R. Cholesterol was not assessed as it is 0 mg in all flours tested.

Progeny development time for the oviposition experiment was modeled using the curve clustering
in the dtwclust package and time-series tsclust function. This function clusters the shape of the curve of
progeny output over time and groups curves with similar timing together into clusters. We used a
seed = 390 with a dtw distance criteria and ward.D hierarchical control method. We first examined the
cluster validity indices for k = 2-15 clusters of all flour and source data, and using the Silhouette index,
determined that k = 9 clusters had the best fit. We then examined if flour from the two sources were in
differing clusters and determined for further analysis with no source included, the source that had a
quicker peak progeny output (sooner risk for emergence) would be used in further analyses. For the
analysis with no source, barley, millet, rye, oat, and potato flour data from Source 1 and sorghum and
garbanzo flour from Source 2 were removed. Using the same method and tsclust function as above, we
determined from our Silhouette index that k = 6 had the best fit for these data. The specific cluster
numbers in the results are not in any ranked order.

Progeny development time for the single eggs was analyzed using a generalized linear model
with the Imer function with the number of eggs, larvae, pupae, or adults analyzed individually. Each
model consisted of flour, source, and week of data collection as main effects and any interactions of
these three effects. Block was used as a random variable in the model. The car:Anova function was
then used to assess significant effects along with Ismeans on the interaction of flour, source, and week.
Pairwise comparisons were analyzed using the pairs function and Tukey-adjusted comparisons were
conducted using CLD.

We analyzed development in two ways: egg hatching success and success to the adult life stage.
For hatching success, we categorized each egg first as successful hatching and then analyzed the binary
success of egg hatching for each flour type and source as main effects and the interaction of the two.
As above, car:Anova function, Ismeans function, and the pairs function were used to analyze pairwise
comparisons with Tukey adjustment for multiple comparisons. For success to reach the adult life stage,
we used a similar method and assigned binary scores to either adults or not adults (egg, larva, or pupa).
Pairwise comparisons of the two sources for each flour were assessed and if significant, the source with
the lower success rate was removed from the next analyses on time to hatch (corn flour from Source
1) and time to adult success (garbanzo and sorghum flour data from Source 2) models. To provide a
proper baseline for developmental timing, the week before data collection started (denoted as week 0)
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was assigned as egg life stage for all samples. Time to hatch models were analyzed as binary models
where an egg moves to the larval, pupal, or adult stage. Time to adult models was analyzed as binary
models where a successful egg moved to the adult stage. These data were analyzed using the glm
function with the log week as the x-variable and a binomial categorization. Slope and intercept results
were assessed using the summary function and the time to adult for 50% and 90% of eggs was calculated
using the dose.p function in the MASS package.

3. Results

3.1. Oviposition and Development

The main effect of flour (x* = 7.76, df = 15, p < 0.0001) was significantly different for the number
of eggs laid but source (x2 =0.044, df =1, p = 0.83) was not significantly different. The interaction of
flour and source was significant (x> = 17.24, df = 9, p = 0.045). The most eggs were laid on teff flour
followed by the laboratory wheat flour (Figure 1). Rice flour from Source 2 and buckwheat flour from
Source 1 also had high numbers of eggs laid (Supplemental Table S52). Cassava and amaranth from both
sources had the least number of eggs laid, followed by potato and quinoa from both sources (Figure 1).
Pairwise comparisons between each source for each flour were not significantly different except for the
number of eggs laid in corn flour, with Source 2 having a higher number of eggs laid (Table 2).

To assess the highest risk of infestation with no source effects, we removed Source 1 corn data
from analysis, since it was the only flour with significant differences between sources, and the main
effect of flour was highly significantly different (x> = 248.87, df = 15, p < 0.0001). Cassava, amaranth,
potato, and quinoa had the lowest number of eggs laid and were significantly different from sorghum,
corn, buckwheat, rice, wheat, and teff, which had the highest number of eggs laid (Table 3).
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Figure 1. Egg (A) and progeny (B) counts + standard error for each flour and source. Some flours are
only represented by one source since the other did not have egg counts collected. a, b, ¢, d, e, f—letters
indicate significant differences.
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Table 2. Pairwise comparisons between each source for each flour. DF = 573 for eggs. DF = 2485 for
progeny. Bolded text within the table represents significant differences between sources.

Eggs Progeny

Flour Estimate + SE t-Ratio p-Value Estimate + SE t-Ratio p-Value
Almond Both sources not counted 0+33 0 1.00
Amaranth 09+43 0.20 1.00 0+3.3 0 1.00
Barley 49+43 1.15 0.94 0.09 = 3.3 0.029 1.00
Buckwheat -23+43 -0.55 1.00 -79+33 -2.39 0.21
Cassava 0.3+43 0.067 1.00 0+33 0 1.00
Corn 12.6 +4.3 2.96 0.03 -33+33 -1.015 0.99
Garbanzo Source 2 not counted -5.1+33 -1.57 0.83

Millet Source 2 not counted 11.8 £ 3.3 3.59 0.0049
Oat Source 2 not counted 10.6 + 3.3 3.22 0.018
Potato -39+43 -0.93 0.99 0.09 +3.3 0.029 1.00
Quinoa -4.6+43 -1.07 0.96 -14+33 -0.44 1.00
Rice 6.1+43 1.44 0.80 0.05+ 3.3 0.014 1.00
Rye —-4.7+43 -1.10 0.96 -21+33 -0.62 1.00
Sorghum -4.0+43 -0.94 0.99 -33+33 -1.02 0.99

Table 3. Egg and progeny count differences between all flours with no source. Letters represent Tukey

adjusted significance at « < 0.05 and are unique to either eggs or progeny counts.

Eggs Progeny

Flour LS-mean + SE DF LS-mean + SE DF
Almond Not calculated 0+19a 137.4
Amaranth 8.8+3.6ab 13.8 0+19a 137.4
Cassava 42 +36a 13.5 0+19a 137.4
Coconut Not counted 0x25ab 419.1
Corn 26.9 + 4.2 defg 28.3 3.1+19abc 137.4
Barley 21.4 + 3.6 cde 135 6.1 +1.9 abc 137.4
Buckwheat 28.7 + 3.6 efg 13.5 9.0+1.9bc 137.4
Garbanzo 14.9 + 4.2 abed 30 2.7 +1.9 abc 137.4
Millet 19.8 + 4.2 bede 28.3 209 +2.5de 419.1
Oat 17.2 + 4.2 abede 30 10.8 £ 2.5 bcd 419.1
Potato 13.1 + 3.6 abc 13.5 0.05+19a 137.4
Quinoa 13.5 + 3.6 abc 13.5 2.7 +1.9 abc 1374
Rice 29.9 + 3.6 efg 13.5 1.7+19ab 137.4
Rye 21.3 + 3.6 cde 13.5 104 +19c 137.4
Spelt 23.1 + 4.2 cdef 28.3 11.1 +25bcd 419.1
Sorghum 26.9 + 3.6 def 13.5 45+19abc 1374
Teff 406+42¢g 28.3 261 +25e 419.1
Wheat 36.7 £39 fg 20.4 197 +19e 8.42

The main effect of flour (x% = 523.97, df =17, p < 0.0001) was highly significant for the number of
adult progeny (further referred to as progeny) that emerged. Source was not significantly different
(x?2=0.00,df =1, p = 1.00) but the interaction of source and flour was significantly different (x? = 34.43,
df =13, p = 0.001). Almond, amaranth, cassava, coconut, and potato had no progeny emerge, while
wheat, Source 2 millet, and teff had the most progeny emerge (Table 2). When comparing sources,
millet and oat were significantly different with Source 2 having more progeny emerge than Source 1
(Table 3).

If flours were significantly different between sources, we removed the lower progeny count to
estimate the highest levels of infestation. After removing Source 1 millet and oat progeny data, the
main effect of flour was highly significant (x> = 638.34, df = 17, p < 0.0001) for the analysis of sources
combined. Almond, coconut, cassava, and amaranth all had no progeny emerge and were significantly
different from the number of progeny that emerged from rye, wheat, millet, and teff (Table 3).
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3.2. Association between Flour Nutrition and Oviposition and Development

Examination of nutrition information provided for each flour indicated several nutritional
parameters such as sodium, saturated fat, fiber and protein that could play a significant role in both
oviposition and progeny emergence. When comparing nutrition information with all egg counts
(Table 4), sodium was negatively correlated, and fiber and protein content were positively correlated
with the number of eggs laid by females. For progeny emergence, calories from fat, saturated fat,
and sodium were all negatively associated with the number of progeny and carbohydrate content
was positively correlated with the number of progeny. When examining sources independently, the
numbers of eggs laid were positively, significantly correlated with calories from fat and negatively,
significantly correlated with sodium for Source 2. The number of progeny was significantly negatively
correlated with calories from fat, saturated fat, and sodium and positively, significantly correlated
with fiber for Source 2. For Source 1 saturated fat was negatively, significantly correlated and calories,
fiber, and protein were positively, significantly correlated with the number of eggs laid. For progeny,
saturated fat and sodium were significantly, negatively correlated and calories, carbohydrates, fiber,
and protein were all positively, significantly correlated for Source 1.

3.3. Adult Progeny Emergence over Time

Clustering generated groups ranging from 1 to 8 flour and source combinations, when we set our
clustering parameter to k = 9 total clusters. Flours that had no progeny emergence over time clustered
in an unresolved branch, meaning that each of the flours in this branch could not be differentiated
from one another, that included potato (Source 1 only), cassava, coconut, amaranth, and almond flours
(Figure 2). Cluster number 2 consisted of flours that had early progeny emergence and high numbers
of progeny, and other early progeny emergence clusters included clusters 3, 4, 5, and 8. Late progeny
emergence clusters were 6, 7, and 9. Flours from different sources that were not in the same cluster
were barley, millet, rye, sorghum, garbanzo, oat, potato, and rice. To assess for the quickest risk of
infestation, the source that had the quicker progeny emergence was kept for further analyses (barley,
millet, rye, oat, and potato from Source 2 and sorghum, garbanzo, and rice from Source 1) without
source and is detailed below.
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Figure 2. Dendrogram and clustered curves for progeny emergence over time for flour and source.
Source 1 (S1) is represented by gray text in the dendrogram and Source 2 (S2) is black text. Black curves
in the clusters represent the centroid of the curve fitting. Dashed curves represent any other output
curves that did not fit directly on the centroid curve but have good fit in the cluster.
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Table 4. Pearson correlations of nutrition information from flour packaging and egg and progeny counts. Bolded text within the table represents significant correlations

between eggs or progeny counts and the nutrition information.

i . Correlation Correlation Correlation
Nutrition Information t-Value p-Value Coefficient t-Value p-Value Coefficient t-Value p-Value Coefficient
Eggs Sources Combined Source 1 Source 2
Calories -0.77 0.44 —0.035 3.65 0.0003 0.21 -1.11 0.27 —-0.077
Calories from Fat 0.70 0.49 0.036 -1.57 0.12 -0.12 1.97 0.05 0.14
Saturated Fat (g) -0.82 0.41 -0.037 -3.31 0.001 -0.19 1.64 0.10 0.11
Sodium (mg) —5.85 <0.0001 —0.25 -1.22 0.22 -0.07 —6.63 <0.0001 —0.42
Carbohydrates (g) -0.89 0.37 -0.04 1.59 0.11 0.093 -1.07 0.28 —-0.074
Fiber (g) 2.65 0.0083 0.12 2.57 0.01 0.15 1.71 0.088 -0.12
Protein (g) 243 0.015 0.11 3.55 0.005 0.20 1.2 0.23 0.083
Progeny Sources Combined Source 1 Source 2
Calories —-0.74 0.46 -0.029 6.96 <0.0001 0.36 -1.42 0.16 —-0.083
Calories from Fat —-2.95 0.0033 —-0.14 -0.55 0.58 —-0.04 -2.52 0.012 -0.14
Saturated Fat (g) —6.07 <0.0001 -0.24 —4.32 <0.0001 -0.23 -3.87 0.00013 -0.22
Sodium (mg) —-5.68 <0.0001 -0.22 -2.05 0.041 -0.11 -5.5 <0.0001 -0.31
Carbohydrates (g) 0.17 0.87 0.0067 5.30 <0.0001 0.28 —0.64 0.52 -0.037
Fiber (g) 4.55 <0.0001 0.18 5.30 <0.0001 0.28 2.59 0.01 0.15
Protein (g) 1.49 0.14 0.059 4.29 <0.0001 0.23 0.19 0.85 0.011
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We clustered progeny emergence over time with sources that did not differ combined or with
sources that had the quickest progeny emergence to better understand which flours may be the most at
risk for infestation (Figure 3). Again, there was an unresolved branch with flours that had no progeny
including coconut, cassava, almond, and amaranth. Flours with high progeny and an early peak in
progeny emergence were in cluster 2 and included teff, millet, wheat, barley, and spelt. Other early
progeny emergence clusters were clusters 3 and 5 and included corn, buckwheat, garbanzo, oat, rye,
quinoa, and rice. Finally, clusters that had later peaks in progeny emergence were clusters 4 and 6,
which included potato and sorghum flours.
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Figure 3. Dendrogram and Clustered curves for progeny emergence over time for flour. Black curves
in the clusters represent the centroid of the curve fitting. Dashed curves represent any other output
curves that did not fit directly on the centroid curve but have good fit in the cluster.

3.4. Development Success

For the development over time for eggs placed on the flour, there was significant variation among
flours, with some flours only having a few replicate eggs hatch, while other flours had greater than
75% of eggs develop into adults (Figure 4). When analyzed by each life stage, for eggs, the main
effect of flour was significant (x? =230.39, df = 17, p < 0.0001), but source and week (or time) were
not significant (Table 5). The interaction between flour and source was also significant (x> = 65.03,
df = 14, p < 0.0001). No other interactions were significant (Table 5). For larvae, the main effects of
flour (x? = 42.60, df = 17, p < 0.0001) and source (x> = 13.56, df = 1, p = 0.00023) were significant but
week was not significant. The interaction of flour and source was also significant (x> = 23.13, df = 13,
p = 0.04), but no other interactions were significant. For pupae, all main effects and interactions were
significantly different (Table 5). For adults, the main effects of flour (x2 =55.50, df =12, p < 0.0001)
and source were significant (x? =22.18,df = 3, p < 0.0001). The interaction of flour and source was
also significant (x? = 41.60, df = 9, p < 0.0001). Upon further examination, only the egg life stage for
garbanzo flour for week 1 was significantly different between Source 2 and Source 1 (t-ratio = 4.94,
df = 525.9, p = 0.0078; Supplementary Table S3; Supplementary Table 54).
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Figure 4. Egg development over time for each flour. The graphs represent emergence data for all

sources except, Source 1 corn and Source 2 garbanzo and sorghum. Darker colors represent later life

stages of development.

Table 5. ANOVA results for egg development over 4 weeks for each life stage independently. Bolded

text within the table represents significant effects in the model.

Effect X2 DF p-Value
Egg Life Stage

Flour 230.39 17 <0.0001
Source 0 1 1.00
Week 0 2 1.00

Flour-by-Source 65.03 14 <0.0001
Flour-by-Week 13.34 51 1.00
Source-by-Week 1.34 3 0.72
Flour-by-Source-by-Week 10.88 42 1.00

Larval Life Stage

Flour 42.60 17 <0.0001

Source 13.56 1 0.00023
Week 4.85 3 0.18
Flour-by-Source 23.13 13 0.04
Flour-by-Week 49.40 35 0.05
Source-by-Week 6.28 3 0.09
Flour-by-Source-by-Week 14.84 22 0.87
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Table 5. Cont.

Effect x> DF p-Value
Pupal Life Stage
Flour 141.24 12 <0.0001
Source 15.34 1 <0.0001
Week 30.53 3 <0.0001
Flour-by-Source 29.84 8 0.00023
Flour-by-Week 222.01 25 <0.0001
Source-by-Week 28.77 3 <0.0001
Flour-by-Source-by-Week 62.96 9 <0.0001
Adult Life Stage
Flour 55.50 12 <0.0001
Source 0.059 1 0.81
Week 22.18 3 <0.0001
Flour-by-Source 41.60 9 <0.0001
Flour-by-Week 38.67 30 0.13
Source-by-Week 1.34 3 0.72
Flour-by-Source-by-Week 4.94 18 0.99

The main effect of flour significantly (x* = 258.93, df = 17, p < 0.0001) affected hatch success,
moving from egg to either larva, pupa, or adult life stage, but flour source was not significant (x> = 1.59,
df =1, p = 0.21). The interaction of flour and source was significant (x> = 51.80, df = 13, p < 0.0001).
Pairwise comparisons between sources within each flour found that garbanzo was significantly different
between Source 1 and Source 2 (t-ratio = —5.33, df = 710, p = 0.0002), with Source 1 having better
hatching success (Supplementary Table S5).

The main effect of flour significantly affected the success of the egg moving from egg to the adult
stage (x? =432.34,df =17, p < 0.0001) but source was not significant (x?=0,df=1, p =1.0) and the
interaction of flour and source was also significant (x2 =126.58, df = 13, p < 0.0001). Within pairwise
comparisons between sources for each flour, corn was significantly different (¢-ratio = 4.84, df = 708,
p = 0.002) with Source 2 having better success, garbanzo was significantly different (t-ratio = —7.47,
df =708, p < 0.0001) with Source 1 having better success, and sorghum was significantly different
(t-ratio = =5.71, df = 708, p < 0.0001) with Source 1 having better success (Supplementary Table S6).
Based on these pairwise comparisons, the source with less success was removed from analyses detailed
below describing the time of hatch and development into adults for 50% and 90% of samples.

For most flours, the time for 50% of the population to hatch is predicted to take less than 4 weeks
(Table 6). Time to hatch indicates any life stage other than egg. For millet, potato, teff, cassava, coconut,
amaranth, and almond the time for 50% of the population to hatch is predicted to take between 4.1 to
12.6 weeks. Barley and sorghum are predicted to take the least time for 90% of the population to hatch
at 5.1 weeks while almond is predicted to take 23.9 weeks for 90% of the population to hatch (Table 6).
All the other flours tested ranged from 5.3 to 14.9 weeks for 90% of the population to hatch.

Time to 50% of eggs to develop into adults was less than 4.9 weeks for sorghum, spelt, teff, and
wheat. The predicted development time for 50% adult emergence ranged between 5.1 and 5.9 weeks
for barley, buckwheat, corn, garbanzo, millet, and rye. Oat, rice, and quinoa ranged from 6.8 to 8.7
weeks for 50% of the population to emerge as adults (Table 6). Almond, amaranth, cassava, coconut,
and potato are predicted to take well over 500 weeks to reach adulthood for both 50% and 90% of the
population (Table 6). It is predicted that sorghum, buckwheat, and corn will take between 6.4 and 6.8
weeks for 90% of the population to reach adults, while spelt, barley, wheat, and garbanzo are predicted
to take 7.0 to 7.7 weeks. Millet, rye, teff, and rice are predicted to take 8.1 to 8.4 weeks for 90% of the
population to reach adults, and rice, quinoa, and oat are predicted to take 9.1 to 13.1 weeks (Table 6).
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Table 6. Time to hatching and time to adult predicted 50% and 90% values for all flours tested. Table 50
and time to 90% values are inverse function adjusted and adjusted for time series. Hatch indicates any
life stage other than egg.

Time to Hatch Time to Adult Emergence
Flour Predicted Weeks to Predicted Weeks to Predicted Weeks to Predicted Weeks to
50% + Standard Error  90% =+ Standard Error = 50% =+ Standard Error = 90% = Standard Error

Almond 12.6 +3.6 239 +4.4 >500 + 500 >500 + 500

Amaranth 9.8+3.3 149+ 3.6 >500 + 500 >500 = 500
Barley 37+3.1 51+3.1 51+3.0 72+3.1
Buckwheat 37 +3.1 54 +3.1 5.1+3.0 6.7 £3.1

Cassava 45+ 3.1 84 +32 >500 + 500 >500 + 500

Coconut 55+3.1 125+ 34 >500 + 500 >500 + 500
Corn 37+31 53+3.1 52+3.1 6.8 +3.1
Garbanzo 39+3.1 6.6 +£3.2 59 +3.1 77 +£3.1
Millet 41+31 8.1+32 53+3.1 8.1+3.1
Oat 38+3.1 56+3.1 8.7+32 13.1+34

Potato 41+31 73 +3.1 >500 + 500 >500 + 500
Quinoa 39+3.1 6.6 +3.1 71 +3.1 10.7 £ 3.2
Rice 38+3.1 58+3.1 6.8 £3.1 92+3.1
Rye 38+3.1 58+3.1 54+3.1 8.1+3.1
Sorghum 37+3.1 51+3.1 49+3.1 6.4 +3.1
Spelt 38+3.1 58+3.2 45+3.1 7.0+32
Teff 44 +3.1 8.7 +3.3 48+3.1 8.4+32
Wheat 39+3.1 7.0+32 46+3.1 75+3.1

4. Discussion

The type of flour had a significant effect on the number of eggs laid and progeny produced.
The differences in oviposition are likely driven by volatile olfactory cues, textural cues, or chemical
gustatory cues. Flours that had a low risk of infestation had a distinctly different texture than other
flours tested which was more powdered and finer or were oily with a semi-flaky texture. In addition,
nutritional content such as sodium, fiber, or protein can drive infestation risk. For example, flours
with high caloric content had no progeny emergence. Examples of low risk of infestation flours from
our study include cassava, amaranth and potato which had a more powdered and finer texture and
coconut and almond which were oily with semi-flaky texture compared to the other flours tested.
In addition, coconut and almond had high caloric content. In Manduca sexta high-fat diets also led to
higher mortality and lower body weights [23].

Chemical and physical properties of these flours have been shown to have a significant impact
on the development of insects. For example, both corn and wheat flour supplemented with brewer’s
yeast did significantly better in productivity than just corn and wheat flour without yeast [17]. Similar
to our results showing a positive association with egg count and protein, Astuti et al. [22] showed
that in the flours they tested, flours with low protein content (<5%) were unsuitable for T. castaneum
development but also that high protein content in flours like soybean flour (>25%) was also unsuitable
for development. Wong and Lee [16] also detailed a trade-off of carbohydrates and proteins within
flours for growth and fecundity. Our results suggest that protein also plays a role in successful progeny
emergence and oviposition, with increasing risk of infestation with increasing protein content, but the
range of protein content tested (0 to 15.5 g) is not a function of the percentage of the diet, and is not a
large enough range to make a significant association of a maximum protein level.

Particle size, which we hypothesize to play a role in our series of flours tested, has been shown to
play a significant role and can impact the microclimate of the T. castaneum [20-22] but was not explicitly
tested here. However, flours at high risk for infestation are all types of traditional grains with similar
nutritional properties and textures. For progeny emergence, rye, wheat, millet, and teff flours had
the highest numbers of progeny emerge while buckwheat had moderately high progeny emergence.
Sorghum, corn, and rice had relatively low numbers of progeny emerge and suggests something
likely nutritional or chemical within the flour is affecting development to adult stage post-egg laying.
However, sorghum and corn had over 75% of single eggs develop into adults 8 weeks after eggs were
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placed on the given flour. A possible explanation for this difference between progeny laid emergence
and single egg development could be that additional nutritional properties that were sieved out for
egg counting purposes are needed to fulfill the specific nutritional components for egg development in
T. castaneum.

The interaction of flour type and source also had a significant impact, but sources were typically
equal in progeny and egg counts, and differences were only detected for the number of eggs laid for
corn and in adult progeny counts for oat and millet. The overall similarities between sources suggest
that regardless of the source of the flour, the infestation potential of these insects can be considered
consistent based on the flour type. The differences in egg counts for corn could be due to the two
corn flours being different varieties as Source 2 was snow-white corn and Source 1 was yellow corn.
In addition, the differences between progeny counts for millet and oat could be due to Source 2 millet
and oat not having eggs counted, thus reducing any damage to eggs laid and increasing progeny
emergence. However, eggs laid in laboratory wheat flour had high progeny emergence of over 80%
and single egg development to adults was about 75% for wheat flour, so experimental damage is
unlikely to reduce progeny emergence significantly. Differences between sources could also be due to
source or plant variety differences in nutrition, source of grain as in where it was grown and how it
was processed, or potential contaminates.

Flour type in addition to impacting the probability of development to the adult stage, also impacted
the time it took to develop. In addition to sorghum and corn having high single egg development
to adult, teff, wheat, barley, garbanzo, millet, rye, spelt, and buckwheat also had over 75% of single
eggs develop into adults 8 weeks after eggs were placed on a given flour, although the timing of adult
emergence was different among these flours. For example, by week 6 after eggs were placed on the
flour, teff and wheat both had at least 70% of eggs developed into adults while it took garbanzo 8 weeks
to get 75% of eggs to adults and barley and buckwheat 7 weeks to develop 75% to adults. These results
suggest that although these flours have high adult emergence success and must contain all nutritional
requirements, some flours, such as garbanzo, may have the necessary nutritional components in lower
amounts that take a longer time to accumulate to trigger adult emergence. For example, riboflavin has
been implicated in the development of T. castaneum [17,22,24] and although not measured or available
on package labels here, low riboflavin levels could be a factor in the increased developmental times or
lack of adult emergence.

Further, nutritive content likely played a significant role in the overall number of eggs laid and
overall progeny emergence. For example, the higher the sodium content, the fewer eggs were likely
to be laid in each flour while higher fiber and protein resulted in a greater number of eggs laid.
For progeny, higher carbohydrate content resulted in more progeny that emerged, while higher calories
from fat, saturated fat, and sodium resulted in lower numbers of eggs laid. Our analyses show that
higher sodium tends to lead to lower numbers of eggs and progeny emergence. This could be due
to higher sodium levels acting as a deterrent to laying eggs as shown in blowflies [25] or too much
sodium resulting in decreased larval development [26]. Higher fiber and protein levels also tended
to result in increases in eggs laid and progeny emergence but high protein levels can also act as a
deterrent in some species [27] or inhibit progeny emergence [15]. Overall, a more detailed analysis of
components of these flours will allow a finer scale analysis of specific nutritive components crucial for
T. castaneum growth; interestingly, differences between sources also create further questions as to what
is differing in flours from different sources.

Similar to single egg success showing differences in hatching and adult emergence timing,
estimates of curves for progeny emergence over time showed clustering of flours with different timing
patterns. Again, teff, millet, wheat, spelt, and barley showed patterns consistent with their high
numbers of eggs laid and progeny emergence and had progeny emerge early in high numbers. There
was a significant splitting of sources again for flours such as garbanzo, oat, and sorghum. For example,
garbanzo and sorghum from Source 2 had slower or delayed emergence of progeny compared to
garbanzo and sorghum from Source 1. If we remove sources with slower emergence rates, we can
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model curves that predict the quickest that the flour will be at risk of adult emergence. Teff, millet,
wheat, barley, and spelt are at risk earliest for adult emergence, while corn, buckwheat, garbanzo,
oat, rye, quinoa, and rice had early progeny emergence but tended to have lower numbers of adults.
Gauging infestation potential or risk based on these flours can provide a good estimate of when to
potentially stop further generations from infesting the product. Flours with late progeny output such
as potato and sorghum would not provide a good predictive estimate of infestation until it may be too
late to stop a major infestation, especially if there are other flours stored in the same area.

In addition to the developmental timing, the overall success of egg hatching and timing of this
hatching is also impacted by flour type. Estimating when 50% or 90% of eggs hatch or adults emerge
is important to predicting the overall success and potential of mating populations within a product.
Almond, amaranth, and coconut are predicted to take the longest to hatch to larvae but our models
predict years for these beetles to emerge as adults, in which time they would most likely die as larvae.
Similarly, amaranth, cassava, and potato are predicted to take years to emerge into adults. Eggs on
most flours are predicted to take less than 4 weeks for both 50% or 90% of them to hatch. Sorghum,
spelt, teff and wheat were quickest for 50% of adults to emerge and sorghum, buckwheat, corn, spelt,
and barley were the quickest for 90% of adults to emerge. These flours with the quickest emergence
time could be used as indicators of infestation in a warehouse or storefront setting.

Unconventional flours made from a variety of crops have been receiving attention from a consumer
standpoint [1-4] but the risk of infestation of stored product pests has received limited attention.
Main diet staples specific to a given region of the world such as yam, cassava, semovita [13], corn,
rice, mung bean, sago, and breadfruit [22] have been studied to determine how insects can grow
and infest on these important local commodities. Similarly, major pest species in different areas such
as Prostephanus truncatus or Trogoderma granarium have also received specific attention due to their
detrimental effects in a given region in the world [28,29]. However, a study with a broad examination
of flours like the one detailed in this manuscript can provide a baseline for establishing infestation
risk thresholds and monitoring of a cosmopolitan pest on a range of different products. As options
for gluten-free or enhanced nutrition flours grow [1,3], risk assessment for insect pests is necessary
for developing integrated pest management programs and solutions to protect these high dollar
commodity products. This research suggests that there are several factors that may result in a lowered
risk of insect infestation such as sodium content and particle size and further research needs to be
completed to determine what other nutritional factors and physical characteristics can deter both
oviposition and development of insect pests.

In our study, we examined the relative risk of T. castaneum on a variety of different flours, but
other stored product pest species may have different patterns in terms of the risk they pose to these
flours and patterns of competition among species may also differ on different flour types [30,31]. Other
species could have vastly different responses to these flours tested compared to T. castaneum and
strain-specific dietary preferences and toxicity effects for a single species could significantly impact
infestation risks [32,33]. In addition, understanding how communities of insects interact with local
food sources is critical as the abundance and variety of these commodities are changing and shifts in
community composition could drive increased risk in product infestation as other minor pests become
more problematic.

Our study did not provide the beetles with a choice of flour source to oviposit eggs, but given a
choice, females may respond differently to volatile, chemical, or textural cues associated with each flour.
These choice studies must be examined in the future to determine how insects survey their environment
and make decisions on oviposition and development sites for their offspring. Understanding how
insects choose their oviposition sites will also provide management information for mixed storage
sites, where, for example, wheat flour and cassava flour are stored near one another. In these scenarios,
one might assume that if the wheat flour is infested with insects, the cassava flour must be infested too
and therefore, all these flours must be treated for the insect. However, it is likely that the cassava flour
will not be infested and does not need to be treated. In addition, it may be valuable to store high dollar
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flours near high risk of infestation flours and insects may choose to infest the “bait” flour and not the
more valuable flour. Future choice experiments will provide further information on the decisions for
oviposition in these insects and will provide further information on how to behaviorally manage these
pests. In addition, understanding which components of these flours can act to either inhibit or promote
oviposition and the development of insects in these flours can be used as a reduced risk tactic.

5. Conclusions

With a wide variety of alternatives to wheat flour emerging in the consumer marketplace, food
facility managers must understand the relative risks of these flours to infestation by insect pests. Our
study details both oviposition risk and developmental timing of T. castaneum on 18 different types
of commercially available flour. We find that there is a range of insect infestation risk among these
flours and that flours such as wheat, teff, barley, spelt, and buckwheat are particularly susceptible to
T. castaneum infestations while almond, amaranth, coconut, cassava, and potato do not support adult
progeny emergence. Targeted treatments towards high-risk flours can now be employed by managers
as well as additional tactics to manage insects within these and other post-harvest consumer goods.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/10/1593/s1.
Table S1: Nutrition Information for All Flours Tested. Nutrition information from packaging for flours from Source
1 and Source 2. Table S2: LS-means =+ standard error (SE) for each flour and source. Letters by LS-means are Tukey
groupings adjusted for multiple comparisons at « = 0.05. Table S3: Pairwise comparison for all life stages and
each flour, source, and week combination. Comparison represents the Flour, Source, and Week. Estimate is the
pairwise estimate. SE is standard error, df is degrees of freedom. t-ratio is t-ratio for the pairwise test. p-value is
the significance value. Each life stage is a separate tab. If Estimate is NA, there were no available data for that life
stage for that flour, source, and week combination. Table S4: Tukey comparison of the number of each life stage
for each flour, source, week combination. Each life stage is a tab. LS mean is the estimate, SE is standard error, df
is degrees of freedom, lower CL is lower confidence limit, upper CL is upper confidence limit, and group is the
Tukey grouping. Table S5: Pairwise comparison of hatch rate for each flour and source combination. Estimate is
the estimate of hatch rate difference, SE is standard error, df is degrees of freedom, ¢-ratio is the pairwise ¢-ratio test,
and p-value is the significance value. Table S6: Pairwise comparison of hatch rate success and adult development
success for each flour and source combination. Estimate is the estimate of hatch rate (or adult success) difference,
SE is standard error, df is degrees of freedom, t-ratio is the pairwise t-ratio test, and p-value is the significance
value. Adult success and hatch rate are independent tabs.
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