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AP® Research 2024 Scoring Guidelines

Academic Paper

5 Points

Score of 1
Report on Existing Knowledge

Score of 2
Report on Existing Knowledge

with Simplistic Use of a Research
Method

Score of 3
Ineffectual Argument for a New
Understanding

Score of 4
Well-Supported, Articulate

Argument Conveying a New
Understanding

Score of 5
Rich Analysis of a New

Understanding Addressing a Gap
in the Research Base

® Presents an overly broad topic of
inquiry.

Situates a topic of inquiry within
a single perspective derived from
scholarly works OR through a
variety of perspectives derived
from mostly non-scholarly works.

Describes a search and report
process.

Summarizes or reports existing
knowledge in the field of
understanding pertaining to the
topic of inquiry.

Generally communicates the
student’s ideas, although errors
in grammar, discipline-specific
style, and organization distract or
confuse the reader.

Cites AND/OR attributes sources
(in bibliography/ works cited
and/or intext), with multiple
errors and/or an inconsistent use
of a discipline specific style.

¢ Presents a topic of inquiry with
narrowing scope or focus, that is
NOT carried through either in the
method or in the overall line of
reasoning.

Situates a topic of inquiry within
a single perspective derived from
scholarly works OR through a
variety of perspectives derived
from mostly non-scholarly works.

Describes a nonreplicable
research method OR provides an
oversimplified description of a
method, with questionable
alignment to the purpose of the
inquiry.

Summarizes or reports existing
knowledge in the field of
understanding pertaining to the
topic of inquiry.

Generally communicates the
student’s ideas, although errors
in grammar, discipline-specific
style, and organization distract or
confuse the reader.

Cites AND/OR attributes sources
(in bibliography/ works cited
and/or intext), with multiple
errors and/or an inconsistent use
of a discipline specific style.

¢ Carries the focus or scope of a
topic of inquiry through the
method AND overall line of
reasoning, even though the focus
or scope might still be narrowing.

e Situates a topic of inquiry within
relevant scholarly works of
varying perspectives, although
connections to some works may
be unclear

¢ Describes a reasonably replicable
research method, with
questionable alignment to the
purpose of the inquiry.

Conveys a new understanding or
conclusion, with an
underdeveloped line of reasoning
OR insufficient evidence.

Competently communicates the
student’s ideas, although there
may be some errors in grammar,
discipline-specific style, and
organization.

Cites AND attributes sources,
using a discipline-specific style (in
both bibliography/works cited
AND intext), with few errors or
inconsistencies.

Focuses a topic of inquiry with
clear and narrow parameters,
which are addressed through the
method and the conclusion.

Explicitly connects a topic of
inquiry to relevant scholarly
works of varying perspectives
AND logically explains how the
topic of inquiry addresses a gap.

Logically defends the alignment
of a detailed, replicable research
method to the purpose of the
inquiry

Supports a new understanding or
conclusion through a logically
organized line of reasoning AND
sufficient evidence. The
limitations and/or implications, if
present, of the new
understanding or conclusion are
oversimplified.

Competently communicates the
student’s ideas, although there
may be some errors in grammar,
discipline-specific style, and
organization.

Cites AND attributes sources,
with a consistent use of an
appropriate discipline-specific
style (in both bibliography/works
cited AND intext), with few to no
errors.

¢ Focuses a topic of inquiry with
clear and narrow parameters,
which are addressed through the
method and the conclusion.

¢ Explicitly connects a topic of
inquiry to relevant scholarly
works of varying perspectives
AND logically explains how the
topic of inquiry addresses a gap.

¢ Logically defends the alignment
of a detailed, replicable research
method to the purpose of the
inquiry.

¢ Justifies a new understanding or
conclusion through a logical
progression of inquiry choices,
sufficient evidence, explanation
of the limitations of the
conclusion, and an explanation of
the implications to the
community of practice.

Enhances the communication of
the student’s ideas through
organization, use of design
elements, conventions of
grammar, style, mechanics, and
word precision, with few to no
errors.

Cites AND attributes sources,
with a consistent use of an
appropriate discipline-specific
style (in both bibliography/works
cited AND intext), with few to no
errors.
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Academic Paper
Overview

This performance task was intended to assess students’ ability to conduct scholarly and responsible
research and develop an evidence-based argument that clearly communicates a conclusion or new
understanding stemming from a clearly articulated research question or project goal. More specifically,
this performance task was intended to assess students’ ability to:

e Generate a focused research question that is situated within or connected to a larger scholarly
context or community;

e Explore relationships between and among multiple works representing multiple perspectives
within the scholarly literature related to the topic of inquiry;

e Articulate what approach, method, or process they have chosen to use to address their research
question, why they have chosen that approach to answering their question, and how they

employed it;

e Develop and present their own argument, conclusion, or new understanding while
acknowledging its limitations and discussing its implications to a larger community of practice;

e Support their conclusion through the compilation, use, and synthesis of relevant and significant
evidence generated by their research;

e Use organizational and design elements to effectively convey the paper’s message;

e Consistently and accurately cite, attribute, and integrate the knowledge and work of others,
while distinguishing between the student’s voice and that of others;

e Generate a paper in which word choice and syntax enhance communication by adhering to
established conventions of grammar, usage, and mechanics.

© 2024 College Board.
Visit College Board on the web: collegeboard.org.
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1. Introduction

Iron-deficiency anemia (IDA) is a
worldwide problem. About 800 million
women and children were afflicted with
anemia as of 2011; iron deficiency caused
42% of those cases in children and 50% of
those cases in women (Geneva: WHO, 2015,
pp. 3-5). IDA is linked to reduced overall
growth and health in those affected women
and children, as “anemia has been associated
with...maternal mortality, low birth weight
and premature birth, as well as delayed child
development” (N&FS WHO Team, 2017, p.
5). In addition, IDA has disproportionate
negative impacts on low- and
middle-income countries (LMIC), where
anemia's magnitude is most significant
worldwide (Geneva: WHO, 2015, p. 6). The
lower productivity and delayed cognitive
development linked with anemia pose a
social and economic cost to these countries
(N&FS WHO Team, 2017, p. 7).
Furthermore, IDA in LMIC is perpetuated
because increasing dietary iron (and general
nutrient intake) is the primary IDA
prevention method and the most common
iron-rich food sources are animal-based
(meat, fish, and poultry) (p. 29). Because
those with micronutrient malnutrition often
cannot afford the animal products necessary
to provide necessary micronutrients,
entomophagy, or the consumption of insects,
is a proposed alternative iron source
(Mwangi et al., 2018, p. 252). It is possible
for entomophagy to aid in reducing IDA,
particularly because many of those with
hunger, and by extension mineral
deficiencies, reside in LMIC where insect
consumption is more widespread (Mwangi
et al., 2018, p. 252). Beyond IDA
prevention, entomophagy for dietary
supplementation is a wider movement.
Insects, particularly mealworms, are
suggested to be more sustainable than
traditional livestock (Oonincx & de Boer,
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2012, p. 4; Oonincx, 2015, p. 180).
Furthermore, various insects, including
mealworms, have sufficient protein content
for use as a possible protein alternative
(Khanal et al., 2023, p. 13). Insects’ high
nutritional value and superior environmental
impact have thus led entomophagy to be
proposed as a potential measure against
world hunger (Mwangi et al., 2018, p. 252).
This potential importance of entomophagy
in anti-hunger and particularly anti-IDA
strategies necessitates studies that
investigate edible insect iron content
optimization and the form and absorption of
insect iron in humans (Lu et al., 2023, p.
71). Considering this, studies investigating
the impact of iron inhibitors in insects’ diets
on insect iron content could provide insight
into insect iron content optimization and
thus aid in reducing the worldwide IDA
burden. To contribute to this goal, this study
tested the effect of the iron inhibitor calcium
in mealworms.

2. Literature review
2.1. Insect selection

Many insect species are considered
edible and may aid in this entomophagy
movement (van Huis et al., 2021, pp. 553-4).
Of these species, yellow mealworms
(Tenebrio molitor) were used in this
experiment. T. molitor is ideal for use during
a short-term project: per interviews with a
Dutch insect farm scientist, the mealworms
can be grown within their substrate and with
more ease and speed than other edible
insects (House, 2018, p. 85). Mealworms are
also a prime example of an edible insect.
They are “particularly fit for human
consumption” and can feasibly be
nutritionally altered, as they are receptive to
various diets (van Huis et al., 2021, pp. 11,
555). As a result of these properties,
mealworms are one of the most commonly



produced insects for non-human
consumption (e.g., pet feed) and have lent
themselves to the edible insect industry as
one of the four major species of the
European edible insect industry (House,
2018, p. 85; van Huis, 2013, p. 101).
Though achieving representation of the
entire edible insect industry is not feasible,
T. molitor’s widespread use makes it a
relatively good choice of species for this
experiment. However, there are issues with
using T. molitor as the sole subject
population. This species became a common
edible insect because of their
aforementioned easy production and edible
qualities, not their taste. Partially due to
their poor taste, consistent consumption is
uncommon, as seen in a study of edible
insects in the Netherlands that recommended
a complete change in the dominant insects
produced by the Western edible insect
industry, including mealworms (House,
2018, p. 90). However, this flavor
perception only applies to Western
consumers and production techniques,
which are still developing and may change
to mirror that of tropical countries where
many insects are much more well-liked (van
Huis et al, 2021, p. 565). Regardless, T.
molitor is ideal for this experiment due to
the ease of production needed because of
time limitations. However, similar studies
over different species must be performed in
the future because, based on the variety of
insect diet, iron content, and iron form, it is
posited that insect iron metabolism systems
may be very diverse in their functions
(Gorman, 2022, p. 54).

2.2. Insect Iron Systems

Despite this possible diversity, iron
systems in this paper are generalized as
either ‘insect’ or ‘mammalian’ due to the
“extreme dissimilarities” between the two
types and the relative lack of information on
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insect iron metabolism's genetic and
physiological specifics (see Figure 1)
(Gorman, 2022, p. 58). In both systems, iron
(Fe) is present in two forms: heme (Fe2+),
which has higher bioavailability, and
non-heme (Fe3+) (Roughead et al., 2002, p.
422; Winter et al., 2014, p. 94)." In the insect
system, non-heme iron is the most common;
most iron is contained in proteins that are
distinct from those in mammalian systems
(Mwangi et al., 2018, p. 251). As a result of
the different proteins present in mammalian
and insect systems, the iron absorption
process in each system is unique (see Figure
1). In insects, the main factors manipulated
to optimize minerals are feed, life stage, and
species-specific mineral absorption and
content (Lu et al., 2023, pp. 66-69). As in
mammals, the most straightforward way to
increase iron content is increasing iron in the
diet, either short-term (a practice termed
“gutloading”) or long-term (Oonincx &
Finke, 2023, p. 542). Basic insect iron
content and supplementation have been
investigated in various species (Finke, 2002;
Keena, 2022; Khanal et al., 2023;
Latunde-Dada et al., 2016; Stull et al., 2019;
Zhou et al., 2019). However, the effect of
underlying variables that are well-known to
influence iron absorption in humans, such as
edible iron-inhibiting compounds, are not
well-studied in insects or listed as a major
factor in mineral optimization (Gorman,
2022, p. 58; Lu et al., 2023, pp. 66-69). This
issue could prevent complete optimization
of edible insect nutritional content.

2.3. Chelators in the Insect Iron System

In mammalian systems, iron
inhibitors (iron “chelators") prevent iron
absorption through chelation (binding with
iron molecules and facilitating their

! Bioavailability is the proportion of a chemical
dose that can be effectively used by the body
(Doble & Kruthiventi, 2007).
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Iron transport in mammals and insects. Some key aspects of iron transport in (#) mammals and (F) insects are shown. Abbreviations: Cp,
ceruloplasmin; DCyth, duodenal cytochrome by DMT1, divalent metal transporter 1; FIVCR, feline leukemia virus subgroup C
receptor; HCP1, heme carrier protein 1; HO, Heme Oxygenase; Heph, hephaesun; Mvl, Malvolio; STEAF, six-transmembrane
epithelial antigen of the prostate; Tsf1, Tranferrin 15 Zip, Zinc-regulated, iron-regulated transporter-like protein.

Figure 1: Insect vs Mammalian Iron Systems

Figure from Gorman (2022, p. 53).

excretion) (see Figure 2 for clarification)
(Sharma & Leaf, 2019, pp. 2060-61).
Dietary iron experiences inhibition by
several edible compounds (Piskin et al.,
2022, p. 20443). Among iron chelators,
calcium (Ca) is unique because it inhibits
both types of biological iron (heme and
non-heme) and thus affects all dietary iron
(Gaitan et al., 2011, pp. 1652-3).
Furthermore, calcium is of interest as a
nutrient that may be provided through insect
consumption. As calcium intake is
insufficient for many people globally, insect
calcium content and calcium optimization
have been studied in various insect species
as an avenue for reducing calcium
deficiency (Adamkova et al., 2014, p. 237;

Anderson, 2000; Finke, 2003; Klasing et al.,
2000). Thus, because both calcium and iron
may be optimized in insects through
supplementation, knowledge of calcium's
effects on insects’ iron absorption is
pertinent. Should iron and calcium be
simultaneously supplemented, it is unknown
if any calcium will have an inhibitory effect
in the insect iron metabolism system.
However, although information on
mammalian systems is not directly
applicable to insect systems, it is known that
there are genetic similarities between the
mammalian iron/calcium chelation-related
genes and genes in the insect iron system,
indicating that chelation is likely (see Figure
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Figure 2: Iron Chelation by Calcium

Diagram created with BioRender.com.

3).? Furthermore, calcium may be more
likely than other chelators to have an effect

2 Though the mechanism of iron inhibition by
calcium within the mammalian iron metabolism
system is still not fully understood or confirmed,
one major hypothesis is that calcium affects
divalent metal transporter 1 (DMT1), which
participates in both heme and non-heme iron
transport (Gaitan et al., 2011, p. 1655). DMT1 is
a homolog, or related gene, of the insect gene
Malvolio (MvI), which is thought to also be
involved in both iron uptake and transport and to
have similar functions to DMT1 (Gorman, 2022,
p. 55; Miguel-Aliaga et al., 2018, p. 373). This
connection between the insect and mammalian
systems concerning calcium, though not directly
applicable, is a link that raises the question of
whether calcium may inhibit iron in the insect
system (and accordingly the mealworm system)
similarly to in the mammalian system (see
Figure 3). Although Mvl has not been
characterized in T. molitor specifically (as found
in the NIH gene database), it is present in
almost all insect species, including another
beetle, and is likely present in T. molitor
(Gorman, 2022, p. 55; Melhferber et al., 2017).

within insect iron systems due to its effect
on all biological iron (van Huis et al., 2021,
p. 560). Thus, because calcium seems likely
to act as a chelator in the insect system and
is a supplement of interest, calcium was the
chelator used in this study. Despite this
initial hypothesis that chelation would occur
in insects (in the context of this study,
specifically in mealworms) similarly to in
mammals, the distinct genealogy and the
weak scientific literature surrounding both
the mammalian calcium chelation
mechanism and the insect iron metabolism
system may reasonably indicate that the
insect iron system could interact uniquely
with calcium.

When studying calcium as a chelator,
several factors influence its inhibitory effect,
including the calcium compound used, dose
administered, and usage length. The type of
calcium salt may increase iron inhibition.
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Figure 3: Comparison of Chelation Mechanisms

Diagram created with BioRender.com.

For example, calcium supplements provided
as calcium citrate increase inhibition
compared to calcium chloride and several
other salts (Candia et al., 2018, p. 12). The
calcium dosage also changes inhibitory
effect: in humans, for significant iron
inhibition of 5 g non-heme and heme iron,
1000 and 800 g calcium supplements were
necessary, respectively (Gaitan et al., 2011,
p. 1653; Roughead et al., 2002, p. 420).
Furthermore, iron content in humans was
unaffected by long-term calcium
supplementation, in contrast to the
significant inhibitory effect seen during
short-term studies of 1 meal (Gaitan et al.,
2011, p. 1653; Mglgaard et al., 2005, p.
100). All these factors are relevant when
attempting to gauge calcium's inhibitory
effect in insects, as their effects, scale, and
mechanisms may be unique in the insect
iron metabolism system. In the insect iron
system, the effects of the different calcium
salts are not well-known, and both the dose

threshold for significant inhibition and time
to develop resistance against calcium
chelation may be different due to the insect
system's smaller scale (see Figure 4 for
clarification of these concepts). This study
therefore specifically considered short-term
effects and control for calcium salt and dose
while testing calcium's effects on mealworm
iron absorption.

3. Methodology
3.1. Experimental Organization

To test for chelation in the
mealworm digestive system, mealworms
were split into three experimental groups.
Due to the mealworms’ commercial source,
their long-term diets before purchase would
have integrated minerals, including iron,
into their tissues (Oonincx & Finke, 2023, p.
542). One of the experimental groups
therefore needed to be a negative control to
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Figure 4: Comparison of Calcium's Effects

Diagram created with BioRender.com.

account for the mealworms’ unknown
mineral concentrations. This control
received no iron (“NI") and no calcium
(“NC”) and thus was referred to as group
NI/NC. The remaining two groups received
iron (“I”), but group two received no
calcium, while group three received calcium
(“C”). Group two was thus I/NC; group
three was I/C. I/NC functioned as a positive
control for iron supplementation and was
expected to have increased iron content as
compared to NI/NC, as gutloading iron
should result in increased iron content in the
gut but not in the tissues, where there would
be pre-existing iron that wouldn't be affected
by a 48-hour diet (Oonincx & Finke, 2023,
p. 542). In contrast, NI/NC should not have
increased significantly in iron during the
study due to the minimal iron content in the
unsupplemented provided diet; NI/NC was
thus considered representative of an iron
content with negligible amounts of gut iron.
(See Figure 5 for clarification of groups.)
Replication of the study was based on a

minimum sample size of 20 mealworms and
minimum replicate of six (Rumbos et al.,
2021, p. 3). Each group therefore had six
replicate samples. However, to meet the 2.5
g of food recommended to perform iron
content testing, sample size was adjusted to
30 as a result of the weight per mealworm,
death, and pupation after 48 hours seen in
the pre-testing (Purdue University, n.d., p. 2)
(see Appendix A).? Each group thus had 180
mealworms; there were 540 mealworms in
total.

3 Mealworms are not true worms; they are beetle
larvae. Mealworms develop from the larva life
stage to the pupae stage and then into the adult
beetle stage; these stages have different
nutritional characteristics (Khanal et al., 2023, p.
5). All subjects in this study are larvae. Any
experimental larvae that developed into pupae
during the experimental process were no longer
usable for data collection, as they are no longer
nutritionally equivalent. Mealworm pupation was
considered equivalent to death, and any
pupated T. molitor were removed from the
sample.
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Figure 5: Experimental Groups and Expected Results

Diagram created with BioRender.com.

3.2. Sample Preparation

Each sample was kept in 22.5/14/6.5
cm plastic containers. This height and
relative area (cm squared) per mealworm is
sufficient based on previous mealworm
experimentation (Khanal et al., 2023, p. 3).
Each container received 0.03 g carrot per
mealworm to provide water (Khanal et al.,
2023, p. 2; Rumbos et al., 2021, p. 3).
Calcium-supplemented samples received 90
g calcium per kg feed; iron-supplemented
samples received 51 mg iron per kg feed
(Finke, 2003, p. 157). Calcium carbonate
was used as a calcium supplement and
ferrous fumarate was used as an iron
supplement (Keena, 2022, p. 809; Klasing et
al., 2000, p. 513). Before the mealworms’
addition to the container, supplement(s)

were mixed well into the respective sample's
substrate (Finke, 2003, p. 149).* The
substrate used was potato flakes, as
potato-based substrate has been found to
decrease mortality and delay the
mealworms’ development compared to other
substrates (Mlcek et al., 2021, p. 6). This is
ideal, as mealworms that become pupae or
adults are no longer equivalent to the rest of
the sample and cannot be used, and a larger
sample was necessary for iron testing
(Purdue University, n.d., p. 2; Khanal et al.,
2023, p. 5). Potatoes came in potato flake
form, which are effective feed for T. molitor
(see Appendix B) (Kréncke & Benning,
2022, p. 11). A minimum of 0.8 g substrate
per mealworm was used (Khanal et al.,
2023, p. 2). Substrate filled about a Y4 inch

4 “Substrate” refers to the feed layer that the
mealworms live in and consume.
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of the container's height to provide sufficient
separation between mealworms and the
container's bottom; this height is effective
based on pretesting (see Appendix A). This
minimum height and g per mealworm
resulted in 75 g substrate being provided per
sample. Once containers were arranged,
“large mealworms” purchased from
PetSmart (packages of 100) were divided
into samples of 30.°> Each sample was then
weighed, put into the containers, and left for
48 hours in a lab classroom unexposed to
direct sunlight. This feeding strategy was
based on the gutloading method of insect
mineral supplementation due to time
constraints and mammalian evidence of
calcium chelation only occurring with
short-term diets (Oonincx & Finke, 2023, p.
542). 48 hours was used in this experiment
as it is the optimal mealworm gutloading
length (Finke, 2003, p. 149; Klasing et al.,
2000, p. 517). After samples had been set
up, all unused mealworms were disposed of
in soapy water; pupated and dead sample
worms were similarly disposed of after the
48-hour gutloading.

3.3. Iron Content Testing

After 48 hours, samples were
weighed and then frozen to decrease cruelty
when burning samples and to preserve
samples for spectrophotometry (Finke, 2003,
p. 149).° Due to equipment availability,
spectrophotometry was used to measure

> Any pupated, dead, or disproportionately small
mealworms were avoided, as they were
considered non-equivalent to the population of
“large mealworms”.

® A spectrophotometer measures the light
absorbance by a solution (Urry et al., 2020, p.
192). Different materials absorb specific
wavelengths (different colors) of light. A
spectrophotometer can measure the degree to
which a certain color of light is absorbed by a
solution, allowing for the calculation of a
material's abundance (in this case, iron) in the
solution.
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sample iron content. Spectrophotometry
procedures were based on lab procedures
from Purdue University (n.d., pp. 1-2). It is
important to note that although biological
iron is either in ferrous form (Fe2+) as heme
iron or ferric form (Fe3+) as non-heme iron
and cycles through both forms within
organisms, the iron content test was specific
to ferric iron, or Fe3+ (Gorman, 2022, p. 52;
Winter et al., 2014, p. 94). The test may
convert some Fe2+ to Fe3+ (Purdue
University, n.d., p. 1). Regardless, results
may not be fully applicable to heme (Fe2+)
iron. Furthermore, because the iron being
tested is already in a biological system, iron
may not have been available to bind to
KSCN because it was already bound to
proteins such as ferritin. However, the iron
testing process began with reducing the
samples to ash with a Bunsen Burner,
crucible, and pestle. This could have
denatured the proteins that iron is already
bound to, making the iron more available.
This is possible, as higher bioavailability
after heat treatment has been shown for both
plant and animal ferritin (Ji et al., 2023, p.
33) (see Figure 6 for clarification). As a
whole, however, some iron likely was not
measured, so conclusions originated from
relative comparisons of iron content only.
After samples were reduced to ash,
their dry weight was recorded; they were
then tested for absorbance using
spectrophotometry (see Appendix C). For
each sample, the ash was placed in a beaker;
10 mL 2 M HCI was then added and stirred
for one minute. 10 mL distilled water was
then added and stirred in. Filtrate was
collected and then 2.5 mL 0.1 M KSCN was
added to the solution and stirred in. Solution
was then transferred into a test tube. The test
tube's absorbance at 460 nm was tested and
recorded.” Steps from container set-up to

7460 nm is the frequency of light at which a
solution's iron content can be tested (Sulistyarti
et al., 2020, p. 3).



Research Sample B 10 of 28

@ Fe®* Pathway: Fe3+ binds to
KSCN and is V
@ + m L K e C (N Fe* "visible" for
measurement.
Some Fe

may be Fe? Pathway:
converted

3+,
HFe Ka CiN Fe2+ cannot
- O + QIO = B and st
|~ @ "visible" for

measurement.

@ @ Protein-Bound Fe Pathway: x
destroy \ e An Fe may be
proteins, = attachedto a
releasing -—r a + K a C'N — protein. It thus

Fe and cannot bind
Fe. and isn't
"visible" for

measurement. |

Image is conceptual; it is not to scale/reflective of realistic chemical reaction. Created in BioRender.com bio

Figure 6: Iron Binding Pathways

Diagram created with BioRender.com.

- a

@ Burning of sample Ash in crucible @ Addition of HCI @ Addition of H,0

= | diy H:0
_HC1__ | o .
\ i .. = _-:| ______ _.i
(E) Removal of filtrate ~(F) Addition of KSCN (G Solution after kscN  (H) I;Z%fgé‘;ﬁg{g:;;gen
— .

- i E=i = | [}

| Ksen || L > —

} ——= o e

L N
Image not to scale. Created in BioRender.com bio

Figure 7: Iron Content Testing Procedures

Diagram created with BioRender.com.

10


https://BioRender.com
https://BioRender.com

Research Sample B 11 of 28

absorbance testing were repeated separately
for each sample. (See Figure 7 for visual
depiction.)

To convert the spectrophotometer's
absorbance measurements to iron
concentrations, a standard curve was
developed. Solutions of 0.00, 0.25, 0.50,
0.75, and 1.00 mM/L Fe(N03)3 were

prepared in 0.1 M HCl using .001 M
Fe(N 03)3 and water. The 0.00 mM solution

was prepared using 0.1 M HCl instead of
water. Each solution totaled 20 mL and was
prepared for testing by stirring in 2.5 mL 0.1
M KSCN. (See Figure 8.)

Throughout testing, proper safety
precautions were taken and PPE was used.
Mealworms and other substances were
properly disposed of using soapy water
and/or sealed containers (see Appendix D).
Throughout the experiment, mealworms
were moved using tweezers and spoons. The

study was approved by a Scientific Review
Committee.

4. Results

To test the correlation between the
utilized iron and calcium supplements and
iron content, trends in three areas of data
were collected and statistically compared.
The primary two data sets compared were:
(1) the iron content (mg Fe per 100 g dry
matter (DM)) and (2) the weight change
after gutloading; (3) initial sample weights
were also compared to test for bias caused
by non-random sample assignment. For all
data, Analysis of Variance (ANOVA) tests
were used. ANOVA was used because it
enables comparison of two or more
quantitative groups; this was necessitated by
the three groups utilized in this study (Leedy
et al., 2019, p. 334). Subsequently to all
ANOVA tests, group means were compared

E:m?;zfs: omM 25 mM 5mM 75mM 1mM
-’ - L < -
= n/a (20
| ._H O_F mL HCI) 15 mL 10 mL 5mL 0mL
2!

I —

| Fe(NO3)s | 0mL SmL 10 mL 15mL 20 mL
Absorbance low + high

After preparation of Fe(NO,): solutions, perform Figure 7 step F - step H on

Image is not to scale.

Created in BioRender.com bio

Figure 8: Standard Curve

Diagram created with BioRender.com.
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pair-wise to ascertain more specific trends
(p. 334). For ANOVA and pairwise tests
(done through the Social Science Statistics
website), a p-value below .05 was
considered statistically significant and the
null hypothesis was that there were no
differences between the groups. See
Appendix E for full statistical test results.

4.1. Iron Content

To compare mealworm iron contents,
the standard curve generated was used to
create a linear formula relating measured
absorbance and iron concentration in
samples. Using dimensional analysis, each
sample's iron concentration was calculated
in mg Fe/100 g DM, a standard iron content
measurement utilized for ease of comparison
to previous mealworm iron content studies
(Latunde-Dada et al., 2016, p. 8422; Lu et
al., 2023, p. 67; Mwangi et al., 2018, p.
249).% The groups’ calculated mean Fe/DM
contents were then statistically compared.

When the mean iron content trends
were statistically analyzed, both ANOVA (F
=0.84993, p = .447034) and pairwise
comparisons (NI/NC:I/NC p = .94652;
NI/NC:I/C p = .62602; I/NC:I/C p = .44163)
showed weak differences between all
groups. This did not support the idea that
iron or calcium supplements had an impact
on iron concentration. However, the
spectrophotometer measurements and
standard curve used were relatively
imprecise and data between groups was
variable, causing a high standard deviation
relative to each group's means. In
combination with the low sample size used
to form each group's mean (n=6), it was thus

8 To convert iron concentrations to mg Fe/100 g
DM, each measurement was converted to g Fe
per sample. The g iron was then converted to
mg, and divided by per 100 g dry matter (which
was measured after burning each sample and
then multiplied by 100). The resulting number
was the mg Fe/100 g DM.

unlikely that any statistical difference could
be seen in the data. When means were
compared without considering statistical
significance, I/C had lower dry matter iron
content than NI/NC and I/NC (see Figure 9).
This would be the expected trend if iron
supplements had increased iron content and
calcium had caused iron chelation and a
consequent decrease in iron content.

4.2. Weight Gain

Unlike the iron content analysis of
mean iron contents, the groups’ mean
weight gains revealed statistical significance
(ANOVA F = 4.84464, p = .023816). NI/NC
and I/NC's mean weight gains were
statistically similar (p =.99911), but I/C's
mean weight gain was significantly lower
(NI/NC:I/C p =.03874; I/NC:I/C p =.04184)
(see Figure 10). To ensure that the initial
weights were not a confounding factor, the
initial weights were compared.’ All
differences between the initial weights of
each were found to be non-significant
(ANOVA F =0.29699, p = .747322;
NI/NC:I/NC p = .95499; NI/NC:I/C p =
.88462; I/NC:1/C p = .73055), giving
stronger credence to the aforementioned
statistical test over the final weight changes.
From the differences in weight changes
between groups, it appeared that calcium's
addition to the sample mealworm diet
reduced weight gain regardless of iron
supplementation but iron's addition did not
increase weight gain.

°® Mealworm distribution into groups was not fully
randomized due to the study's nature, as
pupated, dead, and underdeveloped mealworms
had to be avoided. Mealworm selection was also
possibly influenced by their pre-existing
assortment in their packaging.
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Figure 9: Mean Dry Matter Iron Contents
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Figure 10: Mean Final Weight Changes
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4.3. Other Variables

Considering only groups NI/NC and
I/NC, no statistical or visible differences
were present for either weight change or
iron content. This lack of differentiation
indicates that the iron supplementation was
ineffective, which may owe either to the
form or amount of iron administered.” It is
possible that mealworms are not biologically
receptive to, or will not consume, powder
ferrous fumarate. No previous studies on
iron gutloading in mealworms could be
identified, so the iron's form was based on
precedent of powder supplements in
mealworms and ferrous fumarate's use in
other insects (Finke, 2003, p. 149; Keena,
2022, p. 809; Klasing et al., 2000, p. 513).
Furthermore, the iron dosage was based on
statistical regression created from
supplementing other minerals and has not
been tested in other studies (Finke, 2003).
The dosage may therefore not have been
enough to measurably increase iron content.
Alternatively, Finke's calculations may be
accurate, but loss when transferring powder
to substrate might have caused the
supplemented iron to become insufficient, as
the dose was measured to the thousandth of
the milligram.

Regardless of the cause, the iron
supplementation's ineffectiveness has
implications for the results. Considering the
trends in the iron content data with the
assumption that chelation occurred and
reduced iron content, calcium's effect was
not in line with earlier assumptions about
gut iron vs tissue iron (see Figure 5).
According to the established understanding
of insect mineral metabolism, only gut iron
should be affected by a short-term diet
(Oonincx & Finke, 2023, p. 542). As such,
the supplemented iron, which was the
primary dietary iron source, should have

19 Iron was administered as approximately
0.0117 mg powder-form ferrous fumarate.

been the only biological iron affected by
calcium. Thus, since supplemented iron did
not appear in the dry matter, there should
have been little to no iron available for
chelation, theoretically. That iron content
and weight gain nevertheless dropped after
calcium supplementation raises questions
about the biological range of chelation in the
mealworm iron system versus the
mammalian iron system. These trends may,
however, be a result of trace amounts of iron
in the eaten carrot and substrate, as although
feed without iron content was chosen, iron
isn't listed to or past the tenth of a milligram
on nutritional labels.

Another issue that must be
considered in the data analysis is a trend of
gradual increase visible in iron content from
samples 1-6 (Figure 11). This trend may be
due to the storage method or timeframe of
samples. Samples were gutloaded
chronologically in groups of 2 every week
(e.g., samples 1 and 2 were gutloaded over
week 1) for three weeks. After gutloading,
each sample was kept frozen until the fourth
week, at which point burning was
completed.

Time-correlated differences between
samples (e.g., age of mealworms obtained
from PetSmart and/or length of time frozen)
may have impacted the measured iron
content, causing the trend of increase in iron
contents as sample numbers increased. The
container in which mealworms were stored
is another possible contributor. Samples 1-2
were stored in unused weigh boats from
freezing until filtration, whereas the
containers used to hold samples 3-6 from
freezing to filtration were the containers
previously used to store them during
gutloading (containers were reused after
being wiped out). Though relative iron
content between groups could still be
reliably measured despite the chronological
changes, this trend contributes to the
inaccuracy of individual DM iron contents.
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Figure 11: Dry Mass Iron Contents

Trend lines represent moving averages.

5. Discussion

Because of the divergence in
statistical significance between weight gain
data and iron content data, it was important
to make conclusions while considering both
data sets. Looking individually at the weight
change data, it was supported that calcium
decreased weight gain. However, the weight
gain reduction may have been caused by
non-chelation-related phenomena that are
related to calcium in the insect system. To
support that chelation was the cause of
weight gain reduction, further research
quantifying the effect of chelation on weight
gain would need to be conducted.
Regardless, general trends in the data were
congruent, as NI/NC and I/NC were similar
for both data sets, whereas I/C had much

less iron content and weight gain. For lack
of statistical differences in iron content, the
data is not fully conclusive. However,
supported by the weight change data, which
indicates that calcium affected the
mealworm metabolism as a whole, the
trends seen in iron content indicate that
calcium did impact iron content and
therefore may possibly act as a chelator in
the mealworm iron system as hypothesized.
However, in relation to existing
literature, both in mammals and insects, the
conclusion becomes more complex. Though
there is no other literature on insect
chelation, the results agree with the iron
content decrease caused by chelation which
is seen in mammalian studies (Gaitan et al.,
2011). However, the weight data do not
directly support chelation, as iron and
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calcium's effects on weight are contentious
across mammalian and insect literature.

Calcium's effects on body fat
metabolism and consequent weight gain are
debated. Some studies found a positive
correlation between calcium and lipolysis;
however, that relationship was impacted by
calcium'’s form (e.g., calcium salt vs dairy)
(Toprak et al., 2020, p. 37; Zemel, et al.,
2000, pp. 1136-1137)." Other studies found
little or no correlation (Reid et al., 2005, p.
3826; Shapses et al., 2004, pp. 5-7). In
insects, a study found positive relationships
between calcium and fat metabolism
(Baumbach et al., 2014, p. 335). Thus,
calcium, by affecting fat metabolism, may
decrease insect (and therefore mealworm)
weight gain without chelation.

However, iron loss due to chelation
may reasonably have impacted weight gain
as well. In mammals, literature is sparse and
shows both increases and decreases in
weight gain connected to iron
supplementation (Aukett et al., 1986, p. 854;
Kitamura et al., 2021, p. 9). Literature on
insects showed that iron's impact on weight
gain varies by species, geographic
population within a species, initial iron
content, and iron dose (Keena, 2022, pp.
809-813; Zhou et al., 2019, pp. 1505-1506).

The above literature indicates no
clear consensus on iron and calcium's effects
on weight gain. Furthermore, no literature
on the subject utilized mealworms as a
subject population. As such, it is not
possible to assert whether calcium's effect
on weight loss was through fat metabolism,
chelation, or a combination of the two
pathways. The data thus support a
possibility of the initially hypothesized
mealworm chelation but is not fully
conclusive and leaves room for further
inquiry.

1 | ipolysis refers to the metabolism, or
breakdown for use, of fats.

Several factors limit this conclusion's
scope. As previously discussed, calculated
iron contents were imprecise and likely
inaccurate. For comparison between groups,
they are adequate; however, they cannot be
directly compared to iron contents seen in
other studies. Furthermore, calcium contents
were not measured. It is therefore
impossible to identify the initial iron and
calcium contents at which the results
occurred. This is an impactful stipulation, as
in mammals and insects, mineral
supplementation's effects vary based on: (1)
parental mineral content and (2) mineral
intake before supplementation, which were
both uncontrolled because mealworms were
taken from PetSmart, as well as (3) mineral
intake during experimentation, which is
identified through supplementation dose
alone in this experiment and not precise iron
or calcium content measurements (Gaitan et
al., 2011, p. 1653; Keena, 2022, p. 810;
Mglgaard et al., 2005, p. 100). It is also not
possible to identify the conclusion's scope
with regard to biological iron types. As
previously explained (see page 9), the
spectrophotometry procedures were not
designed to identify all biological iron types,
although it is plausible that the test
accounted for some or most iron through
protein denaturation and chemical reactions.
In mammals, calcium is unique in its
chelation of all iron types (heme and
non-heme); this experiment's conclusion
cannot be applied to a specific iron form due
to the mentioned method complexities. As a
result of the above limitations, the
conclusion indicates a possibility of
chelation in mealworms but cannot identify
said chelation's biochemical conditions.

The conclusion also cannot be
definitively applied to all insect species.
Previous insect supplementation
experiments have shown that the trends in
mineral content and secondary effects such
as weight vary between species and even
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between members of the same species from
different geographic populations (Finke,
2003, pp. 150-153; Keena, 2022, pp.
810-811). It is therefore possible that the
iron and weight trends seen in mealworms
will not be seen in other species, and it's
likely that if similar trends are seen in other
species or populations, they will be
mathematically distinct. The conclusion,
though it may indicate a possibility of
calcium chelation's existence as a whole in
insects, cannot definitively indicate
chelation or its trends in any species but T.
molitor.

This possibility of chelation, though
not definitive, is the first to be suggested in
the literature for any insect species. It
provides insight into mealworm iron
metabolism's possible biochemical and
genetic structures. The weight results
provide further insight into the disputed
biological relationship between calcium and
weight by introducing the possible
involvement of chelation-associated iron
loss's effect on weight and expanding the
related literature's breadth of species to
mealworms. The possibility that calcium
supplementation could reduce iron content
or weight gain is also an important factor for

mealworm producers determining a nutrition

program; this has wider impacts in the
context of entomophagy's importance in
LMIC for obtaining key minerals like iron
and calcium.

Considering these implications,
further study into insect chelation's nature is
necessary. Experiments testing a range of
calcium doses’ effects on weight and iron
content should be performed over a range of
initial iron contents and weight statuses.
This may require a series of experiments; it
should aid in identifying chelation's
biochemical mechanism and extent in
insects. Such experiments should be done
with more accuracy in data collection so as
to provide the mineral content statistics not

identified in this study with which to aid in
mineral content and growth optimization.
This higher accuracy should be obtained
through larger sample sizes, more sensitive
technology, and any other available means.
The study also raised questions about the
extent of mealworm chelation regarding iron
forms and storage. It's necessary to identify
such trends in a variety of species,
particularly those most utilized for
entomophagy. The literature on iron
supplementation should also be expanded to
a variety of species, including mealworms,
as comprehensive studies only cover a few
insects, and existing mathematical
calculations extrapolated for mealworms
appeared ineffective at increasing iron
content (Finke, 2003, p. 157). The
mentioned supplementation testing for a
range of calcium and iron dosages over time
would be best modeled by Keena (2022) and
modified to identify other variables as
needed.
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Appendix

Appendix A: Prestesting

Two pretesting sessions were
performed prior to full method development
and experimentation. The first session was
preliminary testing to establish that
minimum feed and space amounts were
sufficient to sustain a sample of mealworms;
a 41-mealworm sample was maintained until
the majority pupated and died. This session
lasted 16 days. The second session was
shorter, used identical conditions to actual
testing (e.g., container height, substrate
amount), and consisted of 2 samples of 30
mealworms each. One sample received
ferrous fumarate and the other received
calcium carbonate. Results after 2 days
aligned with those of the last session and the
mealworms were disposed of. Beyond
verifying capacity to raise mealworms with
the available materials, the pretesting also
provided information about the weight per
mealworm, which generally varied between
0.08 and 0.10 g per mealworm within the
first two days, and the death and pupation
per sample, which averaged about 1-2 out of
30 over the two day gutloading period. This
expected weight was used to determine the
experimental sample size.

Appendix B: Nutritional Facts

Feed was based on precedent but
exact nutritional matches were not
obtainable. Below is the feed used in
previous research and feed used in this
research. Nutritional values are provided as
available.

Precedent of use for the potato flakes
identified nutritional facts as: “raw ware
potatoes—energy value 374 kJ/89 kcal, fat
0.2 g, of which saturated fatty acids 0.0 g,
carbohydrates 19 g, of which sugars 1.0 g,
fiber 2.0 g, protein 2.0 g, salt 0.05 g. The

values were taken from the product
packaging” (Mlcek et al., 2021, p. 4). Potato
flakes used in this experiment were Onuva
Premium Potato Flakes (see Figure B1).
H-E-B Organics Carrots were the carrot
brand. Calcium carbonate used was NOW
Supplements Calcium Carbonate Pure
Powder and contained 600 mg calcium per
1.7 g calcium carbonate. Ferrous fumarate
used was Bulk Supplements.com Ferrous
Fumarate Powder and contained 18 mg iron
per 55 mg ferrous fumarate.

To calculate needed ferrous fumarate
and calcium carbonate dosages for 75 g
substrate, dimensional analysis was used.
Substrate weight was converted to kg, then
the g mineral per kg substrate was used to
find the necessary mineral dosage(s). To
calculate the g of supplement powder, the
ratio of g pure mineral to g supplement

Nutrition Facts

Approx 75 servings
Senving size

Chalesierol by [ ]
Sodiem {og
Total Carb 259 ™
Dletary Fiowr 2y
Tolsl Bager: 0y
(nct Oy s cod Sagars) [
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Figure B1: Potato Flake Nutrition Facts
Nutritional facts taken from Onuva's

Potato Flakes on gosupps.com.
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powder was used. This was performed for
each mineral and the resulting number was
the ferrous fumarate or calcium carbonate
dosage.

Appendix C: Iron Testing Procedures
L Iron Nitrate Creation

The majority of the necessary
solutions were readily available within the
school's chemical lab. However, .001 M
Fe(N03)3 in .1 M HCI was not. As a result,

the solution had to be created using the
available .1 M HCI and hydrated solid
Fe(N03)3 . 100 mL of the needed solution

were created. The steps taken to prepare the
solution are below:
1. 0.0404 g Hydrated solid iron nitrate
was prepared
2. 0.1 M HCI was poured into a 100
mL volumetric flask, filling only

partially.

3. Iron nitrate was poured into the
flask.

4. The stopper was placed onto the
flask and mixed gently.

5. The stopper was removed and the
flask was filled to the 100 mL mark;
the flask was once again stoppered
and mixed gently.

6. Flask was stored securely.

II. Sample Reduction to Ash

After samples were frozen, they were
reduced to ash prior to iron testing in the
spectrophotometer. More detailed
instructions for reducing mealworm samples
to ash are below:

1. A bunsen burner was set up next to a

gas source within a fume hood. A

clay triangle was placed over a ring

stand's ring, and then a crucible (no

lid) was placed over the clay

triangle.

2. The fume hood was turned on. The
gas source was turned on and the
bunsen burner was lit with lighter.
While using a bunsen burner and
heated materials from this point
forward, basic PPE was used, as
were tongs (and hot pads and/or
heat-resistant gloves as needed).

3. A mealworm sample was placed into
the crucible over the flame. Sample
was heated for between 10 and 15
minutes; a pestle was used to crush
the sample 3-4 times over the heating
period. Flame intensity and crucible
height were adjusted as needed to
ensure that sample was reduced
entirely to ash.

4. Once the sample was reduced to ash,
the crucible was removed from flame
and allowed to cool. When the
sample and crucible were sufficiently
cool to safely handle, the sample was
transferred to another container and
weighed. The sample was enclosed
and stored securely.

5. The used crucible and pestle were
washed with soapy water, then rinsed
with distilled water. They were left
to dry.

6. Steps 3-5 were repeated individually
for each sample.

II1. Iron Content Measurement

After samples were reduced to ash,
spectrophotometry was used to test their iron
content. A standard curve was developed
using the spectrophotometer to calculate the
mealworms’ relative iron contents.
Mealworm samples were filtered to prepare
them for spectrophotometry. More detailed
instructions for the standard curve and
samples’ solution preparation and testing are
below:
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1. The spectrophotometer was turned
on and allowed to warm up for 15

minutes.
2. The test tubes were rinsed by
flushing with 70% isopropyl
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solution, then left to dry. Throughout

the experiment, test tubes were
rinsed again as needed between

samples.

3. A blank was prepared for the
spectrophotometer to calibrate it to
the sample solutions.

When spectrophotometer
readings begin to vary, the
blank test tube was used to
re-calibrate (refer to step 3d).

4. A standard curve was prepared. See
Figure C1 for concentrations.

a. 0.001 M Fe(N03)3in AM

HCI solution was poured into
one beaker; distilled water
was poured into another.

b. Graduated cylinders were

used to measure out the

a. 20mL 0.1 M HCI was
prepared in a beaker. Fe(N 03)3 and water amounts
b. 2.5mL 0.1 M KSCN was needed to create solutions of
added to the beaker using a varying concentrations (see
disposable syringe and stirred table).
well with a stir rod. c. 2.5mL 0.1 M KSCN was
c. Solution was transferred to added to the beaker using a
the test tube up to the fill line. disposable syringe. Solution
d. Test tube was wiped with was stirred well with a stir
lens-cleaning paper, then rod.
placed in the d. Solution was transferred to
spectrophotometer. The the test tube up to the fill line.
spectrophotometer was Each test tube was wiped
calibrated so that it read with lens-cleaning paper then
100% transmittance and 0.00 placed in the
absorbance at 460 nm. spectrophotometer.
e. The test tube was removed Absorbance and
from the spectrophotometer transmittance were then
and kept in the test tube rack. recorded.
Solution: 1 2 3 4 5
Concentration | n/a (blank 0.25 0.5 0.75 1
of iron nitrate | solution will
(mM): be used)
mL iron 0 5 10 15 20
nitrate added:
mL water n/a 15 10 5 0
added:

Figure C1: Standard Curve Concentrations
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5. Each sample was prepared and tested
in the spectrophotometer.

d.

A ring stand with a funnel
and beaker underneath were
set up. The funnel and beaker
were rinsed with soapy and
distilled water as needed,
then left to dry. The funnel
was wet slightly with distilled
water. A filter paper was
prepared by folding twice to
create a quarter-circle, then
opening up one fold so a cone
shape was created. The cone
was placed into the funnel.

A small beaker was rinsed
out and one sample's ashes
were poured into the beaker.
Using a graduated cylinder,
10 mL 2 M HCI was
measured out and poured into
the small beaker. The
solution was stirred carefully
for one minute with a stir rod.
Using another graduated
cylinder, 10 mL diluted water
was measured out and poured
into the small beaker. The
solution was stirred well. Stir
rod was rinsed with distilled
water.

The resulting solution was
poured into the funnel; care
was taken not to let the
solution splash over the filter
paper cone. If necessary, the
poured portion of the solution
was allowed to filter before
pouring the rest of the
solution into the funnel.

Once the filtrate had filtered
into a beaker, 2.5 mL 0.1 M
KSCN was added to the
beaker that had collected the
filtrate using a disposable

syringe. The solution was
stirred well with a stir rod.

g. The filtrate was poured into a
test tube up to the fill line.
The test tube was wiped with
lens-cleaning paper, then
each test tube was placed in
the spectrophotometer and
absorbance and transmittance
were recorded.

h. Steps 5a-5g were repeated for
each sample. Between
samples, filter paper was
disposed of. After finishing,
used beakers, funnel, and stir
rod were rinsed with soapy
water and distilled water; test
tubes were flushed with 70%
isopropyl solution.

Appendix D: Safety Precautions

To maintain researcher safety, basic
safety precautions were utilized. Gloves,
goggles, and aprons were used when
interacting with mealworms and any
substances or equipment related to iron
content spectrometry. Waste resulting from
raising mealworms was disposed of in a
sealed container as biowaste. Pupae and
remaining live mealworms not needed after
experimentation were killed through soapy
water and disposed of in a sealed container.
Once solutions made for standard curve and
from mealworm samples were tested, they
were disposed of appropriately and safely
based on their respective chemicals and the
facility's capabilities. This also applies to
isopropyl used for test tube cleaning. Flinn
Safety Data Sheets were used to inform
disposal protocol for each solution. Garbage
disposal of excess materials, sink flushing of
after disposal of used solutions, and lab
storage of unused excess solutions were
performed.
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I. ANOVA and Pairwise Results for Iron Content Data

Summary of Data

Treatments

1 (NI/NC) 2 (I/NC)
N 6 6
>X 23.0823 25.7777
Mean 3.8471 4.2963
yX2 116.3899 144.3526
Std.Dev. 2.3491 2.5924
Result Details
Source SS df
Between-treatme
nts 10.2824 2
Within-treatment
] 90.7355 15
Total 101.0179 17

Pairwise Comparisons

HSD.05 =

3.6884

HSD.01 = Q.05=3.6734

4.8556 Q.01=4.8359 T1:12
T1:T3
T2:T3

Table E1

3 (1/C)
6
15.0977
2.5163
67.5304
2.4307

MS

5.1412

6.049

M1 =3.85
M2 =4.30

M1 =3.85
M3 =2.52

M2 =4.30
M3 =2.52

II. ANOVA and Pairwise Results for Weight Gain Data

Summary of Data

Treatments

1 (NI/NC) 2 (I/NC)
N 6 6
X 0.0552 0.0545

Table E2

3 (1/C)
6
0.0146

p-value =
F =0.84993  .447034

Q=045 (p=
0.45 .94652)
Q=133(p=
1.33 .62602)
Q=177(p=
1.78 .44163)
4 5

Total

18
63.9577
3.553
328.2728
2.4377

Total
18
0.1244
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Mean 0.0092
yX2 0.0006
Std.Dev. 0.005
Result Details

Source SS
Between-treatme

nts 0.0002
Within-treatment

s 0.0003
Total 0.0005

Pairwise Comparisons

HSD.05 =

0.0065

HSD.01 = Q.05 =3.6734
0.0085 Q.01 =4.8359

II1. ANOVA and Pairwise Results for Initial Weight Data

Summary of Data

Treatments
1 (NI/NC)
N 6
¥X 13.73
Mean 2.2883
¥ X2 31.5279
Std.Dev. 0.1477
Result Details
Source SS
Between-treatme
nts 0.0212
Within-treatment
] 0.5362
Total 0.5574

0.0091
0.0006
0.005

df

15
17

T1:T2

T1:T3

T2:T3

2 (INC)
6

13.54
2.2567
30.7556
0.2002

df

15
17
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0.0024
0.0001
0.0025

MS

0.0001

M1=0.01
M2 =0.01

M1=0.01
M3 =0.00

M2 =0.01
M3 =0.00

Table E3

3 (I/C)
6

14.04
2.34
33.0804
0.213

MS

0.0106

0.0357

F = 4.84464

0.01

0.01

F =0.29699

p-value =
.023816

Q=0.06(p=

.99911)

Q=3.86(p=

.03874)

Q=381(p=

.04184)

p-value =
747322

0.007
0.0013
0.0052

Total

18
41.31
2.295
95.3639
0.1811
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Pairwise Comparisons

HSD.05 =

0.2835

HSD.01 = Q.05 =3.6734 M1=2.29 Q=041(p= M1=229

0.3733 Q.01 =4.8359 M2 =2.26 0.03 .95499) M2 =2.26
M1=2.29 Q=067(pp= M1=229
M3 =234 0.05 .88462) M3 =234
M2 =2.26 Q=108(p= M2=226
M3 =234 0.08 .73055) M3 =234
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AP® Research 2024 Scoring Commentary

Academic Paper
Note: Student samples are quoted verbatim and may contain spelling and grammatical errors.

Sample: B
Score: 5

This paper earned a score of 5. A clear, focused topic of inquiry is carried through the methods and
conclusion. A thorough evaluation of scholarly sources characterizes a gap in the research and leads
to the development of a clear focused project goal that is grounded in background research. This
justification is exemplified on p. 2, top of the second column, “This potential importance of
entomophagy in anti-hunger and particularly anti-IDA strategies necessitates studies that investigate
edible insect iron content optimization and the form and absorption of insect iron in humans (Lu et
al., 2023, p. 71) ... studies investigating the impact of iron inhibitors in insects’ diets on insect iron
content could provide insight into insect iron content optimization and thus aid in reducing the
worldwide IDA burden ... this study tested the effect of the iron inhibitor calcium in mealworms.”

Further justification for the research focus is provided in the literature review on pp. 2-6 via a
detailed discussion of scientific literature related to insect selection, insect and mammalian iron
absorption systems, and iron absorption inhibitors (chelators) such as calcium. The detailed analysis
of what is known, and what is yet to be studied, from the scientific literature further justifies the
establishment of a gap in the research and sets up the justification for the inquiry choices outlined in
the method.

Thus, the method choices on pp. 6-11 are replicable, defended, and grounded in background
research from the literature review. Furthermore, the paper displays a hypercritical awareness of
how method choices can impact the research outcomes. For example, the establishment of control
groups on p. 7, “Due to the mealworms’ commercial source, their long-term diets before purchase
would have integrated minerals, including iron, into their tissues (Oonincx & Finke, 2023, p. 542).
One of the experimental groups therefore needed to be a negative control to account for the
mealworms’ unknown mineral concentrations.”

The results and data analysis on pp. 11-13 provide sufficient evidence to support the development of
nuanced and detailed new understandings/conclusions that are thoroughly discussed and justified in
light of previous research, limitations, and implications on pp. 15-17. See p. 15. top of second
column, “Several factors limit this conclusion’s scope. As previously discussed, calculated iron
contents were imprecise and likely inaccurate. For comparison between groups, they are adequate;
however, they cannot be directly compared to iron contents seen in other studies. Furthermore,
calcium contents were not measured....”

Furthermore, the paper establishes the significance of the research to the community of practice from
the beginning of the paper, see p. 2 “Because those with micronutrient malnutrition often cannot
afford the animal products necessary to provide necessary micronutrients, entomophagy ... is a
proposed alternative iron source (Mwangi et al., 2018, p. 252).” The discussion section of the paper
displays a meta-awareness in that the paper does not overstate its conclusions, and clearly defines
how the study added to the body of research being conducted to accomplish this larger goal.
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This paper did not earn a score of 4 because the new understanding is justified through a logical
progression of inquiry choices. The paper draws nuanced conclusions and demonstrates a
hypercritical awareness of the limitations and implications of those conclusions. The level of
evaluation in the “other variables” section on p. 14 and the “discussion” section on pp. 15-17
displays an awareness of how limitations may have impacted the study’s results and the conclusions
that could be drawn from the results. The discussion section begins with this awareness on p. 15,
“Because of the divergence in statistical significance between weight gain data and iron content
data, it was important to make conclusions while considering both data sets ...” This hypercritical
analysis continues throughout the discussion section, “However, in relation to existing literature,
both in mammals and insects, the conclusion becomes more complex. Though there is no other
literature on insect chelation, the results agree with the iron content decrease caused by chelation
which is seen in mammalian studies (Gaitan et al., 2011). However, the weight data do not directly
support chelation, as iron and calcium's effects on weight are contentious across mammalian and
insect literature.”

The section titles, charts, figures, graphs also enhance communication by helping to clearly explain
steps in the research process. For example, see the diagram on page 8 which clearly describes how
the control and experimental groups were set-up. Thus, the diagrams help to explain technical
concepts to the non-expert. Additionally, footnotes were added when needed to explain necessary
information and enhance the communication as can be on pp. 5 and 7.

This paper is a rich analysis of a new understanding and addresses a gap in the research base.
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