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Optimizing Immunological Reagents for Use with the 
Domestic Ferret Model in Influenza Studies 

Franziska Pflaum, Luke Hebert, Allison Seeger
The University of Texas at Austin

ABSTRACT

The domestic ferret (Mustela putorius furo) pathophysiological response to influenza infection mimics the human 
response, making the ferret an ideal model to study influenza and other respiratory infections. However, the fer-

ret genome remains incomplete and there are few ferret-specific reagents, limiting experimental methods available for 
comprehensive analyses. To better assess the ferret immunoglobulin (antibody) response to influenza, we developed 
tools to analyze plasma antibodies. Immunoglobulin G was purified from ferret plasma and the protocols for sequenc-
ing the immunoglobulins with mass spectrometry were optimized. An ammonium sulfate precipitation, an old meth-
od of crude antibody isolation, was then optimized, followed by either an affinity chromatography using Protein A or 
an ion exchange chromatography. Purified IgG was confirmed with SDS-PAGE and the antibody was digested with a 
panel of proteases to determine the best way to generate CDR-H3 peptides, the region of the antibody responsible for 
recognizing antigens (pathogens, like viruses and bacteria). This work advances the ferret immunological information 
available by uncovering the repertoire of CDR-H3 sequences expressed in ferret plasma during influenza response. 
Furthermore, it prepares for synthesis of ferret monoclonal antibodies found in the plasma, which can be used to de-
termine binding patterns of ferret antibodies to influenza components, importantly informing future vaccine design. 

INTRODUCTION
The immune system is made up of two interconnect-
ed systems that work together to fight foreign antigens 
present in our skin, tissues, organs, and bodily fluids. The 
first line of defense is called the innate immune system. 
It acts quickly to attack invading pathogens in a rapid but 
unspecific way. Cells and organs of the innate immune 
system include the skin, mucus membranes, tissue-resi-
dent defensive cells (neutrophils, monocytes, and mac-
rophages), and signaling proteins expressed by these re-
sponding cells.1 When the innate immune system cannot 
completely fight off the invasion, the adaptive immune 
system kicks in, and a signal is sent to the bone marrow 
to create immature B cells. When B cells encounter an an-
tigen (the part of an invading pathogen recognized by the 
immune system) they undergo activation and differentia-
tion, transforming into plasma cells that 

secrete many antibodies that 
help eliminate the pathogen. 

The anatomy of an antibody consists of two heavy and 
two light chains bound together by disulfide bond to 
create a Y-shaped protein. The tips of the Y (otherwise 
known as the Fab region) have the highest affinity for 
antigens, and after binding can neutralize their attack.2

 
The immense depth of the adaptive immune system 
is dependent on a constant genetic rearrangement of 
numerous variable (V), diverse (D), and joining (J) genes 
at heavy and light chain gene loci.3 Many B cell receptors 
(BCRs) are generated via V(D)J recombination and some 
of which, through chance, will have a specific affinity for 
foreign pathogens and bind to them. By binding to the 
pathogen, these B cells are activated and can differentiate 
into either plasma cells or memory cells with the help of 
helper T cells. The specificity of the adaptive immune 
system establishes a vigorous defense against both 
current and recurring infections. Recently, the capacity to 
clone plasma cells and memory cells from other mam-
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mals has provided a powerful genetic tool for making 
more effective vaccines.4

 
The United States alone records approximately 24,000 
deaths from influenza infection each season, with an eco-
nomic loss of $87 billion.5 A universal influenza vaccine 
would eliminate some of the mortality, morbidity, and 
economic loss that influenza inflicts worldwide each year. 
The difficulty in creating a universal flu vaccine—one 
that induces long term protection against all influenza 
strains—lies in the virus’s nature to change its surface 
proteins responsible for binding human epithelial cells. 
This occurs through antigenic drift (gradual mutations in 
the genetic makeup) and antigenic shift (sudden changes 
to the genetic makeup resulting in new surface proteins, 
i.e. new viral subtypes). The protein on the surface of 
influenza that binds to host cells for entry is called hem-
agglutinin (HA), consisting of a constantly mutating head 
region and a conserved stalk region. Many vaccines are 
able to block this entry by binding to HA on the surface 
of the virus. However, influenza’s high mutation rate pre-
vents vaccines from recognizing mutated versions of HA.. 
This means that seasonal strains of influenza remain un-
detected by antibodies elicited against previous influenza 
vaccines. The virus continues to infect, unless the vaccine 
is continually reformulated to account for the mutating 
HA. Vaccines that elicit stem-specific antibodies are able 
to provide universal vaccine coverage, because influenza 
stem regions are generally more conserved, and can-
not alter their genetic sequences via antigenic shift and 
drift.6,7

 
The domestic ferret (Mustela putorius furo) has been 
considered the ‘golden standard’ for studying adaptive 
immune responses to influenza because their phenotypic 
response to respiratory viruses closely mimics that of 
humans. 8,9 The ferret is susceptible to human strains of 
influenza, which can be transmitted via respiratory drop-
lets to the ferret host, unlike the mouse model, which 
requires prior host adaptation of the human virus.10 On a 
molecular level, influenza HA binds the ferret’s respirato-
ry tract epithelial cells via an alpha-2,6 glycosidic 
linkage, as is the case in humans, whereas HA binds 
mouse epithelia via an alpha-2,3 glycosidic linkage. 
Additionally, because the ferret is larger than the mouse, 
researchers can collect ferret blood after repeated 

exposure to influenza which better mimics the human 
experience since humans are exposed to influenza con-
tinuously throughout their lifetime. However, the ferret 
model is limited by an incomplete ferret genome and 
sparsity of ferret-specific reagents. Peng et al. sequenced 
the current draft version of the ferret genome in 2014,11 
but the immunoglobulin annotations remain incorrect 
or incomplete. Though immunologist Kirchenbaum and 
Ross recently developed a chimeric human/ferret mono-
clonal antibody with ferret Fc components and human 
Fab sequences,12 and Wong et al. have made an initial 
attempt at ferret immunoglobulin gene discovery,13 the 
field of ferret immunogenetics remains largely unex-
plored, as does ferret immunoproteomics. The Georgio 
Lab at UT Austin specializes in describing both the B cell 
repertoire (BCR-seq) and the plasma repertoire (Ig-seq) 
in response to human vaccination and infection which 
are necessary to expand this area of research, specifically 
the ferret Immunoglobulin G repertoire. This study pro-
vides methods to translate Ig-seq experimental protocols 
previously designed for human specimens to now be used 
with ferret specimens. 

To complement ferret immunogenetics discovery work 
from Hebert et al. in our lab (manuscript in preparation), 
we optimized methods for immunoproteomics studies in 
the domestic ferret. The first step was purifying ferret IgG 
from plasma. IgG isolation was attempted using ammoni-
um precipitation methods published decades ago as well 
as more modern affinity chromatography techniques. 
Complete characterization of ferret IgG at the amino 
acid level requires digestion of the protein into peptides 
suitable for mass spectrometry analysis. A protocol for 
protease digestions was optimized to cut out the CDR-H3 
peptide from ferret immunoglobulins; this region can be 
used to describe antibody repertoires downstream. The 
CDR-H3 is the part of the antibody that binds antigen, 
i.e., has the greatest specificity for a given epitope on an 
influenza virus (or any invading pathogen). These proto-
cols will allow us to pair BCR-seq and Ig-seq techniques 
for use in the domestic ferret model, allowing a compre-
hensive description of ferret humoral responses following 
vaccine or infection. This is especially relevant
in the context of preclinical vaccine trials, most im-
portantly as we work to develop a universal influenza 
vaccine. 

texas-urj.org
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MATERIALS AND METHODS
3.1. Sample 
Ferret F5269 plasma was generously donated by the Ted 
Ross Lab at the University of Georgia (now at Cleveland 
Clinic). Ferret F2 PBMC (Peripheral Blood Mononucle-
ar Cells) were purchased from Marshall BioResources. 
The PBMC are pooled from multiple ferrets of unknown 
gender and infection status. Human plasma was isolated 
from whole blood from a volunteer donor. Blood was 
collected after obtaining informed consent at UT Health 
Services. 

3.2. Optimization of ammonium sulfate precipitation of 
immunoglobulins from ferret plasma 
An ammonium sulfate precipitation of antibodies from 
ferret plasma was performed using four concentrations of 
ammonium sulfate, to determine the optimal concentra-
tion to precipitate immunoglobulins without also pulling 
out contaminating plasma proteins. Ferret plasma was 
centrifuged at 4°C for 30 minutes at 3000 g to remove 
large particulates. The supernatant was split equally into 
four tubes. Cold, saturated ammonium sulfate (4.1M 
(NH4)2SO4) was added dropwise to the ferret plasma at 
the following plasma:ammonium sulfate ratios: 1:1, 1:2, 
1:3 and 2:1. Importantly, (NH4)2SO4 was added drop-
wise at 4°C with constant mixing and then incubated 
overnight at 4°C. Precipitated proteins were pelleted by 
centrifugation at 3000 g and 4°C for 30 minutes and each 
pellet was resuspended in PBS. Supernatant (containing 
all other plasma proteins) and pellet (containing ferret 
immunoglobulin) were analyzed on SDS-PAGE to iden-
tify the optimal concentration of ammonium sulfate to 
crudely isolate ferret immunoglobulin.

To confirm that the ferret IgG had completely precipitat-
ed, a second precipitation step was performed, as suggest-
ed in textbooks14. Using the supernatant from the first 
precipitation, 4.1M (NH4)2SO4 was added dropwise (1:1 
ammonium sulfate:plasma) at 4°C with constant mixing 
during an incubation overnight at 4°C. Precipitated 
proteins were pelleted by centrifugation at 3000 g and 
4°C for 30 minutes and the pellet was resuspended in 
PBS. Both the primary and secondary precipitants and 
supernatants were analyzed by SDS-PAGE. 

To remove the ammonium 

sulfate from crude immunoglobulin preparation, buffers 
were dialyzed against their downstream applications, 
namely 1X PBS or 10mM Tris, pH 8.5. Crude immuno-
globulin preparations were loaded into 10,000 MWCO 
dialysis cassettes (Thermo Scientific, 66380) and placed 
in 4 L of 1X PBS or 10mM Tris, pH 8.5 at 4°C with stir-
ring for 48 hours. After 24 hours, dialysis cassettes were 
transferred to a fresh 4 L buffer. 

3.3. Purification of ferret IgG using Protein A affinity chro-
matography 
Ferret IgG was further purified by affinity chromatogra-
phy using Protein A slurry (Thermo Fisher, 22811). To 
optimize a protocol for the isolation of IgG from ferret 
plasma, we used Protein A affinity columns to capture 
ferret IgG (1) directly from ferret plasma, (2) from a 
crude primary ammonium sulfate precipitation, or (3) 
from a crude secondary ammonium sulfate precipitation. 
Protein A slurry columns were created by adding 1.5 mL 
slurry to a 5 mL polypropylene column (Thermo Scien-
tific, 29922) between two frits. Ferret plasma was diluted 
1:1 in 1X PBS before added over the column, with crude 
ammonium sulfate precipitations having been dialyzed 
against 1X PBS as described above. Flow through was 
collected and saved (to confirm IgG was indeed captured 
in the Protein A resin). Columns were washed with 3 
column full volumes of PBS before eluting IgG from the 
column with 100mM Glycine, pH 2.7. Elutions were 
immediately neutralized with 1M Tris-HCl, pH 8.0. IgG 
concentrations were measured using a NanoDrop.

3.4. Purification of crude immunoglobulin using ion ex-
change chromatography 
To create a column for ion exchange chromatography, 
diethylaminoethyl (DEAE) was covalently cross linked to 
a sepharose matrix, which is positively charged at neutral 
pH. DEAE sepharose (Millipore Sigma, DCL6B100) 
columns were prepared by suspending the resin above a 
frit in a 5 mL polypropylene column (Thermo Scientific, 
29922). The resin was equilibrated with 0.5N HCl fol-
lowed by 0.5N NaOH. An additional 5 column volumes 
of 10mM Tris, pH 8.5 were then used to wash the resin. 
After equilibration, dialyzed solutions (crude Ig now in 
10mM Tris, pH 8.5) from the primary and secondary 
ammonium sulfate precipitations were added to the 
column. Negatively charged IgG should bind the posi-
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tively charged DEAE matrix. The column was washed 
with 10mM Tris pH 8.5. To optimize elution conditions, 
we eluted IgG from the column with 4 different concen-
trations of NaCl. IgG is eluted from the column when 
chlorine ions exchange places with the immunoglobulin 
by binding to the matrix. For human antibodies, 50 - 
100mM NaCl in 10 mM Tris is used for elution14. Ferret 
IgG also seemed to elute at around these concentrations, 
but we optimized further by eluting with 50mM, 60mM, 
70mM or 80mM NaCl. Elution solutions were concen-
trated using 100,000 MWCO Vivaspin Turbo 4 tubes 
(Sartorius, VS04T42) and the concentration measured 
using a NanoDrop. Each elution was run on SDS-PAGE.
 
3.5. SDS-PAGE 
Protein samples were prepared for SDS-PAGE in 4X LDS 
Sample Buffer (Life Technologies, B0008) at 98°C for 5 
min. SDS-PAGE was run using Bolt 4-12% Bis-Tris Plus 
gels (Invitrogen, NW04120BOX) bathed in 1X SDS Run-
ning Buffer at 200 V for 20 min. Gels were stained with 
Power Stain Solution (Thermo Scientific, 1902206) and 
Destain Solution (Thermo Scientific, 1902207) in a power 
stain machine at 25 V for 7 min. 

3.6. Next generation sequencing to generate proteomic 
search databases for ferret plasma antibody identification 
Next generation sequencing (NGS) has been used as a 
method to generate personalized human immunoglob-
ulin variable heavy chain (IGHV) gene databases used 
for proteomic searches15. Recently, these methods have 
been adapted for use in the domestic ferret (Hebert et al., 
manuscript in preparation). In brief, IGHV genes were 
amplified from ferret cDNA synthesized from whole 
RNA that had been isolated from ~6.5 x 106 peripheral 
blood mononuclear cells (PBMC). IGHV gene PCR am-
plicons were sequenced using a 2 x 300 paired-end Illu-
mina MiSeq platform. IgDiscover, a bioinformatics tool, 
was used to identify and annotate VH genes, including 
the framework (FR) and complementarity-determining 
regions (CDR)16. Importantly in the context of this study, 
IgDiscover can identify the FR3, which marks the start of 
the CDR-H3 region, and includes part of a variable gene 
(VH), a diversity gene (DH), and a joining gene (JH). 
Annotated IGHV genes from PBMC from ferret F5269 
were compiled into a database used to conduct proteomic 
searches. CDR-H3 peptide sequences identified from MS 

analysis will later be used to query the respective IGHV 
database in order to identify and quantitate the antibody 
proteins isolated from ferret plasma. 

3.7. Protease digestion optimization 
Ten different digestion conditions were tested using 
our isolated IgG, and complete digestion confirmed on 
SDS-PAGE. To open our immunoglobulin proteins to 
make them more available for protease digestion, we first 
denatured, reduced, and alkylated our samples. The pH 
8 of each different digestion tube was corrected to 7.5 
and then an equal volume 2,2,2-trifluoroethanol (TFE) 
was added. IgG aliquots were then reduced by adding 
5mM TCEP Bond-Breaker (Thermo Scientific, 77720) 
and heated to 55°C for an hour. Finally, 16.5mM iodo-
acetamide (IAM) was used to alkylate the samples in the 
dark for 30 minutes. Then each sample was diluted in 7 
volumes of appropriate dilution buffer (according to the 
manufacturer’s suggestions for each protease tested). We 
tested 4 different proteases alone and in combination to 
find the optimal digestion conditions to yield appropri-
ate CDR-H3 peptides. The proteases tested were AspN 
(Promega, VA1160), ProAlanase (Promega, VA217A), 
human neutrophil elastase (hNE, Athens Research & 
Technology, 16-14-051200) and trypsin (Promega, 
V5280). All proteases required different concentrations 
of Tris buffer, except ProAlanase which is active in 0.5M 
HCl. Proteases were added in a 1:50 protease:substrate 
ratio and incubated overnight at 37°C Digestions were 
stopped with 1% formic acid, except ProAlanase which 
required heating to 92°C for 10 minutes. If a second 
round of digestion was performed with trypsin, then 1M 
Tris, pH 8.5 was used to neutralize the solutions. After 
neutralization, trypsin was added in a 1:50 protease:-
substrate ratio and then incubated overnight at 37°C. 
Digestions were stopped with 1% formic acid. 

RESULTS
4.1. Isolation of ferret IgG 
Four different concentrations of ammonium sulfate 
were used to optimize isolation of crude IgG from ferret 
plasma. Precipitants were removed by centrifugation and 
immunoglobulin proteins resuspended in PBS and con-
firmed on SDS-PAGE. Assuming that ferret IgG is about 
150 kD (as is human IgG), a ratio of 1:1 ammonium sul-
fate to plasma gave the clearest and strongest IgG 
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band (Figure 1), consistent with literature and textbook 
protocols for isolation of mammalian IgG.12, 14

Protein A specifically binds to the Fc region of human 
IgG and we hypothesized that it would bind the Fc region 
on ferret IgG as well. Because it had been reported in the 
literature that crude ammonium sulfate precipitation was 
required prior to Protein A purification, 12 we optimized 
both protocols in parallel. Additionally, Antibodies: A 
laboratory Manual by Ed Harlow suggests a secondary 
ammonium sulfate precipitation may be necessary for 
isolating IgG from some species, 14 so this was tested as 
well. We confirmed, for the first time to our knowledge, 
that Protein A bound ferret IgG even without a prelimi-
nary crude ammonium precipitation. Ferret IgG, like hu-
man IgG, can be isolated directly from ferret plasma with 
negligent protein contaminants remaining in the elution 
fraction. Importantly, we successfully demonstrated the 
removal of albumin, a major plasma protein from plasma 
samples. 

DEAE ion exchange chromatography uses positive-
ly charged beads that can bind to negatively charged 
proteins in solution. Bound proteins are eluted with salt, 
as the salts exchange places with our proteins of interest 
on the beads. To test for the optimal concentration of 
NaCl to elute ferret IgG from a DEAE-sepharose resin, 
both 80mM NaCl and 60mM NaCl washes were tested 
following a single or double ammonium sulfate precipi-
tation step. It was confirmed via SDS-PAGE that 60mM 
NaCl best eluted IgG from the DEAE matrix with fewer 
contaminating proteins (Figure 1). 

We were able to isolate IgG from ferret plasma using 
both methods — crude ammonium sulfate precipitation 
followed by ion exchange chromatography with 60mM 
NaCl (Figure 1, lane 13), and Protein A affinity chroma-
tography from plasma (Figure 1, lane 10). However, ferret 
IgG purification using Protein A can also be achieved 
without a preliminary ammonium sulfate precipitation. It 
is unclear why Protein A purification alone has not been 
tried in the past to isolate ferret Ig,12 as a preliminary 
ammonium sulfate precipitation adds several days to the 
protocol.

Figure 1. Isolation of IgG from ferret plasma using am-
monium sulfate precipitation, Protein A affinityaf inity 
chromatography, and DEAE ion exchange chroma-
tography. (A) Process workflow for isolation of IgG from 
ferret plasma. Ferret plasma was centrifuged to remove 
particulates, then IgG isolated after two ammonium sulfate 
precipitation steps followed by Protein A 
chromatography (samples 1-4) or DEAE affinityaf ini-
ty chromatography (samples 15, 16, and 18); or a single 
ammonium sulfate precipitation followed by Protein A 
chromatography (samples 5-8), and DEAE affinityaf inity 
chromatography (13, 14, and 17); or purified directly from 
the plasma over a Protein A chromatography column (sam-
ples 9-12). (B) SDS-PAGE to illustrate protein components 
in each fraction after Protein A chromatography; sample 
numbers in parentheses in panel A correspond to sample 
numbers above each lane in panel B. Red arrows indicate a 
band at about 150 kD that we believe to be IgG. Note that 
this is two polyacrylamide gels that have been aligned and 
pasted together electronically. (C) SDS-PAGE to illus-
trate protein components in each elution after DEAE ion 
exchange chromatography; sample numbers in parentheses 
in panel A also correspond to sample numbers above each 
lane in panel C. Red arrows indicate a band at about 150 
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kD that we believe to be IgG. These figures were created at 
BioRender.com. 

4.2. In silico description of ferret IgG CDR-H3 
The variable region of an immunoglobulin’s heavy chain 
is encoded by the combination of an IGHV (Immuno-
globulin G Heavy Variable), IGHD (Diverse), and IGHJ 
(Joint) gene. Together, this gene combination is translated 
into a series of alternating conserved framework regions 
and contrastingly hypervariable complementarity-deter-
mining regions (CDRs). Some of the framework regions 
identify the IGHV’s evolutionary clan and family whereas 
the CDRs collectively determine an immunoglobulin’s 
epitope and binding affinity. There are three CDRs on the 
Ig heavy chain: from N-terminal to C-terminal, CDR-H1, 
CDR-H2, and CDR-H3 (Figure 2). CDR-H3 is the most 
diverse, a hot spot for somatic hypermutation, and the 
center of the antibody binding site. Because the CDR-H3 
sequence is so unique, we can use it to computationally 
distinguish antibody amino acid sequences from one 
another. This was done by digesting immunoglobulins 
isolated from human plasma with trypsin and then 
sequencing the resulting peptides using liquid chroma-
tography with tandem mass spectrometry (LC-MS/MS).15 

Peptide sequences obtained from LC-MS/MS are mapped 
back to personalized VH transcript sequence databases 
and the relative abundance of plasma antibodies contain-
ing each unique CDR-H3 describes the plasma response 
to a vaccine or infection, referred to as a plasma “anti-
body repertoire.” 

A critical step in this process is proteolytically excising 
the CDR-H3 peptide (the “fingerprint” of an antibody) in 
its entirety, to be identified by LC-MS/MS. Unfortunately, 
ferret CDR-H3 regions cannot be cleanly digested using 
only trypsin, as human CDR-H3s can. CDR-H3 lengths 
vary, but average at around 15 amino acids long17, which 
is an ideal length for sequencing by mass spectrometry. 
Figure 2 compares the ferret amino acid CDR-H3 length 
(red) to human (blue) and mice (yellow). The ideal prote-
ase should not cut within the CDR-H3, so it’s important 
to choose a protease that does not cut at an amino acid 
that is frequently found within CDR-H3 sequences, but 
does cut just outside the CDR-H3, yielding a peptide 
less than 25 amino acids in length that is appropriate for 
LC-MS/MS. Trypsin cleaves at conserved lysine (K) and 
arginine (R) residues at the C-terminal side, which are 
relatively uncommon in CDR-H3 sequences. However, 
unlike human IgG, it is believed that ferret IgG does 
not have a conserved lysine at the C-terminal end of the 
CDR-H3 (in the CH1 region). Therefore, other proteases 
are needed to cut a CDR-H3 peptide of suitable size for 
sequence identification via LC-MS/MS — either in addi-
tion to or in place of trypsin. 

We chose to test ProAlanase, AspN, and human neutro-
phil elastase (hNE) to cut the CDR-H3 from ferret IgG. 
ProAlanase cuts at alanine (A) and proline (P) residues, 
AspN cuts at aspartic acid (D) and cysteine (C) residues, 
and hNE cuts at valine (V) and alanine residues. Because 
ferret constant region sequences were unavailable, we es-
timated the suitability of these proteases to cut the flank-
ing CH1 using dog CH1 sequences (dog is the ferret’s 
closest related mammal for which detailed immunoglob-
ulin sequence information is available). Ferret framework 
sequences have been identified by us (unpublished) 
and others,13 so we used these sequences to estimate the 
suitability of our proteases to cut at the N-terminal side 
of the CDR-H3. 
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Figure 2. Characterizing the ferret IgG CDR-H3 and 
flanking regions. (A) Cartoon of IgG with a close-up of 
the heavy chain variable region, a representative Clan III 
IGHV gene sequence is shown. Framework (FR) regions 
are shown in black text and complementarity-determin-
ing regions (CDR) sequences are shown in red text. (B) 
The length of ferret CDR-H3 sequences is about 12 amino 
acids (red) compared to human (blue) and mouse (yellow). 
The average dog CDR-H3 length is indicated by the grey 
line. (C) The frequency of amino acids used in CDR-H3 
sequences in ferretsferret (red), humanshuman (blue), and 
micemouse (yellow). (D) To determine commonly used 
amino acids in ferret FR3 regions, a sequence logo was 
created at weblogo.berkeley.edu by aligning all FR3 in-silico 
translated amino acid sequences currently published for 
ferret. (E) To identify probable amino acid sequences at the 
N-terminal end of the IgG CH1 gene, CH1 sequences from 
dogsdog were obtained from IMGT. Constant region genes 
from the ferret are currently unknown, Canis lupus famil-
iaris is the most closely related mammal to the domestic 
ferret for which immunoglobulin sequence information is 
available. This figure was created at BioRender.com. 

4.3. In silico protease digestion modeling to generate 
CDR-H3 peptides for identification via mass spectrometry 
Our lab developed an in silico bioinformatics tool to 
estimate the length of a CDR-H3 peptide generated by 
using a single protease or combination of multiple prote-

ases to simulate digestion of 
ferret IgG (unpublished). The 

tool utilizes immunoglobulin-encoding nucleotide data 
and protease specificities for its predictions. It allows us 
to estimate the lengths of ferret CDR-H3-containing 
products remaining after a theoretically complete 
digestion. Our nucleotide data consisted of Illumina-se-
quenced cDNA from ferret PBMCs; our PCR primer pool 
targeted IGHV genes (forward primers) and IGHJ genes 
(reverse primers), consequently amplifying the CDR-H3 
sequences which could then be computationally translat-
ed to amino acid sequences. Representative examples of 
the outputs are presented as histograms in Figure 3, with 
the number of transcript sequences plotted on the y-axis 
and the amino acid distance (or length) plotted on the 
x-axis. Note that for this in silico experiment, we chose 
to simulate digestion of the C-terminal side’s FR4 instead 
of the downstream CH1 sequences. The ferret IgG CH1 
amino acid sequence, published in 2020 by Wong et al.13, 
is inconsistent with the most recent version of the ferret 
genome (ASM1176430v1.1). Though we would ideally 
like to obtain both VH and isotype data from MS, we 
have chosen to use FR4 as the C-terminal flanking region 
for this simulation because we have amplified ferret 
FR4 transcript sequences in-house (unpublished). Most 
CDR-H3 peptides generated are of an appropriate length 
for identification via mass spectrometry, however cutting 
with only trypsin or only ProAlanase also yields peptides 
that would likely be too long (Figure 3, yellow boxes). 

An in silico digest found that the combination of ProAla-
nase followed by trypsin digestion is the optimal proteo-
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lytic strategy for precise cleavage at the N and C termini, 
generating CDR-H3 peptides shorter than 25 amino 
acids. Based on the in silico digestion of the ferret sample 
used for simulation, we would expect the majority of 
CDR-H3 peptides to be 16-17 amino acids long (figure 3, 
graph column 2 row 3). In contrast, using ProAlanase or 
trypsin alone would result in many longer CDR-H3 pep-
tides that wouldn’t be recognized by mass spectrometry 
(Figure 3, graph in column 2, row 1 and 2: yellow boxes 
indicate peptides that will not be recognized by MS).

Figure 3. In silico digestion of ferret IgG with trypsin 
and/or ProAlanase. A cartoon of IgG with a close-up 
of the heavy chain variable region, a representative Clan 
III IGHV gene sequence is shown in the upper left cor-
ner. Framework (FR) regions are shown in black text and 
complementarity-determining regions (CDR) sequences are 
shown in red text. The purple, red, and green boxes corre-
spond to the FR3, CDR-H3, and FR4 histograms, respec-
tively, shown in the table below. To amplify IGHV genes 
from ferret F2, RNA was isolated from PBMCs and reverse 
transcribed to make cDNA, which was used as a template 
to amplify IGHV genes. PCR products were sequenced 
using a 2 x 300 paired-end Illumina MiSeq platform. N = 
the total number of transcript sequences used for in silico 
digestion. FR3 and FR4 histograms show distances from 
the CDR-H3 (in number of amino acids) plotted on the 
x-axis and number of transcript sequences with cut sites 
at those locations plotted on the y-axis. CDR-H3 histo-
grams have the predicted lengths of peptides containing the 

CDR-H3 (in number of amino acids) plotted on the x-axis 
and number of transcript sequences on the y-axis. Yellow 
boxes highlight CDR-H3 peptide lengths that will likely be 
too long for identification with mass spectrometry. *The 
most likely peptide length is listed, defined as the greatest 
number of CDR-H3 peptides predicted at any one length 
for each protease or protease pair simulated. 

4.4. Protease optimization with human IgG 
Proteases cleave proteins at certain amino acids, ulti-

mately creating smaller polypeptides 
that can be identified by mass spec-
trometry. Based on our in silico analyses 
and in silico digestion of ferret IgG, 
four different proteases (ProAlanase, 
trypsin, hNE, and AspN) were chosen 
for optimization of wet lab protocols. 
Purified human IgG was used to opti-
mize digestion buffers, pH, and incuba-
tion times to achieve optimal protease 
activity. Optimized digestion buffers 
ensured that each protease held their 
confirmation with correctly protonat-
ed and deprotonated side chains. Each 
protease individually or in combination 
with trypsin (either simultaneously or 
subsequently), except for ProAlanase + 

trypsin, completely digested human IgG, at least as is vis-
ible on SDS-PAGE (Figure 4). ProAlanase is only active at 
very acidic pH while trypsin is optimally active at neutral 
pH, so simultaneous digestion using these two proteas-
es was not expected to be complete. All other protease 
protocols completely digested human IgG, and because 
our in silico double digests show promise with ferret IgG, 
we expect complete digestion thereof with our optimized 
wet lab protocols. 

As predicted, IgG digested with trypsin followed by Pro-
Alanase is not visible by SDS-PAGE indicating successful 
cleavage of the antibody (see Figure 4C). It remains to be 
confirmed that the CDR-H3 peptides were digested as 
expected, peptide mapping back to BCR-seq VH databas-
es is currently underway. Digesting IgG with ProAlanase 
alone resulted in the appearance of two bands on our gel, 
indicating incomplete digestion of the antibody, empha-
sizing the necessity to combine ProAlanase with 
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trypsin. Though the trypsin digest also looks complete 
in the gel, we know from our in silico digestion analysis 
(refer to Figure 3) that CDR-H3 peptides likely exceed 
optimal lengths for mass spectrometry (though those 
peptides are probably still too small to be visible by SDS-
PAGE). This gel validation roughly confirms that the in 
silico analysis can accurately predict wet lab digestion re-
sults. Consequently, we can proceed with confidence that 
we have isolated ferret CDR-H3. We also want to point 
out that proteases aren’t always 100 percent accurate, and 
errors in the cleavage sites could have occurred. We need 
to sequence our peptides and align them with our VH 
genes from BCR-seq (unpublished, in progress) to con-
firm that we have properly cleaved all our CDR-H3, as 
this level of confirmation cannot be obtained from a gel.

Figure 4. Protease digestion of purified IgG. (A) Work-
flow diagram: Cartoon of IgG with a close-up of the heavy 
chain variable region, a representative Clan III IGHV gene 
sequence is shown. Framework (FR) regions are shown 
in black text and complementarity-determining regions 
(CDR) sequences are shown in red text. Amino acids cut 

with the proteases trypsin, 

ProAlanase, AspN, and human neutrophil elastase (hNE) 
are shown in green, orange, grey, or purple, respectively. 
The top light grey panel illustrates the process to prepare 
purified IgG for digestion: denaturation, reduction, and 
alkylation. The lower light grey panel and table describe 
protease digestion and the protease combinations tested in 
the wet lab. Column numbers correspond to lane numbers 
in panels B and C. (B) SDS-PAGE of human IgG digested 
with trypsin, ProAlanase, AspN, hNE, or combinations 
thereof. Lane numbers correspond to column numbers 
from Panel A. Red arrows indicate intact IgG, i.e., the 
digestion was not successful or complete. *Indicates uncut 
human IgG. Note that this is two polyacrylamide gels that 
have been aligned and pasted together electronically. (C) 
SDS-PAGE of ferret IgG cut with trypsin, ProAlanase, or 

combination thereof. *Indicates uncut 
ferret IgG. This figure was created at 
BioRender.com. 

DISCUSSION
In this study we adapted a technique 
pioneered by the Georgio Lab at UT 
Austin over a decade ago to describe 
the human antibody response in the 
plasma,15 for use in the domestic ferret 
model, Mustela putorius furo. We opti-
mized ferret IgG isolation and protease 
digestion, in preparation to ultimately 
sequence ferret IgG using mass spec-
trometry. Downstream applications in-
clude combining Ig-seq with BCR-seq 
and describing the plasma and cellular 
repertoires in the domestic ferret for 
the first time, to our knowledge. Little 
is known about ferret immunoglobu-
lins, save a pioneering study by Wong 
et al.,13 which relied on an incomplete 
version of the ferret genome.11 Our lab 
is currently working to comprehensive-

ly describe the ferret immunoglobulin loci and the B cell 
repertoire in response to influenza infection (Hebert et 
al., unpublished). 

The methods we have described here are specific to IgG, 
but can be adapted to purify and analyze other immu-
noglobulin isotypes such as IgM and IgA, especially if 
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using ammonium sulfate precipitation and ion exchange 
chromatography. These methods are cheap and easily 
adaptable for use with other immunoglobulin isotypes.14 
Though ammonium sulfate precipitation has been per-
formed for decades as a preliminary or crude method to 
isolate human and murine immunoglobulins,14 protocols 
available in textbooks and in the literature12 have not 
been optimized for use with ferret plasma proteins. We 
followed crude immunoglobulin precipitation with either 
affinity chromatography using Protein A slurry or ion 
exchange chromatography using DEAE resin to isolate 
IgG fully. Here, we were particularly concerned with 
confirming the removal of albumin, which is the most 
abundant plasma protein in mammals. The molecular 
weight of albumin is about 70 kD and that of IgG is 150 
kD, so IgG can be clearly distinguished from albumin 
with SDS-PAGE. 

We used SDS-PAGE consistently throughout this proj-
ect to monitor our optimization steps. Sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
is a method used to separate proteins by mass. Polyacryl-
amide-based discontinuous gel is sandwiched between 
two glass sheets with wells at the top into which a protein 
sample can be loaded. This cassette is placed into a box 
that has a positive cathode at the top and a negative 
anode at the bottom. The cassette is bathed in a 10% SDS 
running buffer. The running buffer acts like a surfactant 
by unfolding and enveloping the proteins with a negative 
charge. An electric charge is applied to the box which 
pushes negatively charged proteins towards the cathode. 
Larger proteins travel slower through the polyacrylamide 
matrix. A protein ladder is loaded alongside protein sam-
ples as a molecular weight marker reference. 

Protein A is a 42 kD surface protein originally found in 
the cell wall of the bacteria Staphylococcus aureus. It has 
been shown to bind to the Fc portion of IgG antibodies 
in humans and other mammals. Though Protein A can 
be used to isolate IgG directly from human plasma, in 
the literature Protein A has only been used to isolate IgG 
from crude ammonium sulfate preparations of ferret 
IgG12. In our hands, Protein affinity chromatography 
alone—without the crude ammonium sulfate precipita-
tion step prior—was sufficient to isolate IgG from ferret 
plasma with few contaminating proteins. Importantly, 

albumin is completely removed and appears only in the 
Protein A flow through (Figure 1B). DEAE ion exchange 
chromatography is an extremely simple yet effective 
method to isolate immunoglobulin proteins. When the 
pH of the starting antibody solution is raised above
its pI, the antibody loses its hydrogens and becomes more 
negatively charged which makes it available for anion 
exchange chromatography; this method has been used 
to isolate antibodies for decades14. We were also able to 
isolate ferret IgG using ion exchange chromatography 
following ammonium sulfate precipitation. This method 
does require the initial ammonium precipitation step, but 
only a single precipitation step (the double precipitation 
did not increase our yield). Protein A affinity chroma-
tography can be used to isolate IgG from ferret plasma 
in under an hour. DEAE ion exchange chromatography 
following ammonium sulfate precipitation also yields a 
clean IgG sample (Figure 1C), but takes about a week. 
However, DEAE ion exchange chromatography is cost 
efficient compared to Protein A affinity chromatography. 
In low resource settings or projects with smaller budgets 
or larger scales, the former is a suitable substitute for the 
latter. 

The next step in adapting our Ig-seq protocol for use with 
the ferret is digesting whole IgG into peptides suitable for 
mass spectrometry analysis. Mass spectrometry (MS) is 
an analytical tool that measures the mass-to-charge ratio 
of a protein or molecule in a sample. It can be used to 
determine the amino acid sequences of peptides. MS is 
very sensitive to other macromolecules in solution, such 
as albumin, so purification of isolated immunoglobulin is 
critical before MS analysis. We use the CDR-H3 sequenc-
es to distinguish VH genes from one another. Because the 
CDR-H3 is a uniquely diverse region of an antibody, it 
allows us to quantify plasma antibodies by the number of 
unique CDR-H3 peptides. Also, it is relatively short, so 
we can use proteases to cut out complete CDR-H3 pep-
tides—located between the FR3 and CH1—that are not 
more than 25-30 amino acids long and can be identified 
via MS. However, unlike human CH1 sequences, ferret 
IgG CH1 exons do not have a tryptic site at the N-termi-
nus. Therefore, it was necessary to optimize additional 
proteases for preparation of our IgG peptides for mass 
spectrometry. This was the first time these proteases had 
been in our lab for excising CDR-H3 peptides. 
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In silico, we determined that ProAlanase, AspN, and 
human neutrophil elastase would potentially cleave ferret 
IgG to yield the maximum number of intact CDR-H3 
peptides. Experimentally, we found that trypsin and 
ProAlanase cut within the FR3 and FR4 while also min-
imizing cleavage within the CDR-H3. We optimized a 
subsequential digest protocol, with trypsin and then Pro-
Alanase, first using purified human IgG as a test control 
and then confirming in purified ferret IgG. 

Ideally, IgG isolation will be followed by isolation of hem-
agglutinin-specific IgG prior to protease digestion. This 
will allow us to describe, for the first time to our knowl-
edge, the influenza-specific plasma antibody repertoire 
in the domestic ferret model. The next step will be to se-
quence these peptides with mass spectrometry, map these 
amino acid sequences to personalized VH gene databases 
generated using BCR-seq (Hebert et al., unpublished), 
and then cluster the CDR-H3 peptides to describe the 
relative abundance of each cluster in the ferret plasma. 

The advent of B cell repertoire sequencing has greatly 
advanced our understanding of the human adaptive 
immune response.4,18 Advances in next generation se-
quencing (NGS) and the development of multiplex PCR 
primers allowed for an enormous growth in the number 
of BCR (B cell receptor) sequences available for analysis. 
The advantage of BCR repertoire analysis aided in closing 
the gap between BCR sequences in immature B cells from 
the bone marrow, and antigen-specific B cell receptors 
that develop into either plasma cells or memory cells.16 It 
is now critical for the field to understand repertoire data 
in the context of the domestic ferret model. A deeper 
understanding of ferret immunogenetics and the ferret 
adaptive immune system is lacking. This is especially 
surprising as ferrets have been the model organism for 
studying influenza transmission and pathogenesis for 
nearly a century.19 To date, few ferret-specific
immunological reagents exist, prohibiting expansion of 
the model, though it appears to be superior to the mouse 
as a preclinical model for influenza.20

The HA reactivity of ferret immunoglobulins will give us 
great insight into the development of a universal influen-
za vaccine21. Paired ferret BCR-seq and Ig-seq data will 

allow us to identify HA-spe-

cific, paired VH:VL sequences present in ferret plasma. We 
can use these sequences to clone monoclonal antibodies 
(mABs). Characterizing these mAbs to determine epitope 
specificity and virus neutralization capacity will inform 
vaccine design. It’s important to note that sequence alone 
does not govern binding properties. Additional assays 
will be required to detect where specifically a mAb binds 
HA. The HA stem mutates infrequently which means 
that a mAB bound to the HA stem would potentially 
neutralize more strains, and would ultimately be a better 
option for human influenza vaccines.22 Using the ferret as 
a preclinical influenza vaccine model could help vac-
cine designers pinpoint vaccine antigens that elicit high 
anti-stem titers before bringing the vaccine to the clinical 
trial stage in humans. 

ACKNOWLEDGEMENTS
This project was funded by NIAID/NIH Contract 
Number 75N93019C00050. 23	

REFERENCES
1The innate and adaptive immune systems. in InformedHealth.
org [Internet] (Institute for Quality and Efficiency in Health 
Care (IQWiG), 2020). 

2Antibodies: Definition, Types & Function. Cleveland Clinic 
https://my.clevelandclinic.org/health/body/22971-antibodies.

3Jr, C. A. J. et al. Immunobiology. (Garland Science, 2001). 
Marks, C. & Deane, C. M. How repertoire data are changing 
antibody science. J. Biol. Chem. 295, 9823–9837 (2020). 

4Krammer, F., García-Sastre, A. & Palese, P. Is It Possible to 
Develop a ‘Universal’ Influenza Virus Vaccine? Potential Target 
Antigens and Critical Aspects for a Universal Influenza Vaccine. 
Cold Spring Harb. Perspect. Biol. 10, a028845 (2018). 

5CDC. How Flu Viruses Can Change. Centers for Disease 
Control and Prevention https://www.cdc.gov/flu/about/viruses/
change.htm (2022). 

6Andrews, S. F., Graham, B. S., Mascola, J. R. & McDermott, A. 
B. Is It Possible to Develop a ‘Universal’ Influenza Virus Vaccine? 
Immunogenetic Considerations Underlying B-Cell Biology in 
the Development of a Pan-Subtype Influenza A Vaccine Target-
ing the Hemagglutinin Stem. Cold Spring Harb. Perspect. Biol. 
10, a029413 (2018). 

7Enkirch, T. & Von Messling, V. Ferret models of viral pathogen-
esis. Virology 479–480, 259–270 (2015). 

8Wong, J., Layton, D., Wheatley, A. K. & Kent, S. J. Improving 
immunological insights into the ferret model of human viral 
infectious disease. Influenza Other Respir. Viruses 13, 535–546 
(2019). 



 19 19

9Ferrets as experimental models of influenza in humans. 
https://www.ecdc.europa.eu/en/news-events/ferrets-experimen-
tal-models-influenza-humans (2012). 

10Peng, X. et al. The draft genome sequence of the ferret (Mustela 
putorius furo) facilitates study of human respiratory disease. Nat. 
Biotechnol. 32, 1250–1255 (2014). 12.

11Kirchenbaum, G. A. & Ross, T. M. Generation of Monoclonal 
Antibodies against Immunoglobulin Proteins of the Domestic 
Ferret (Mustela putorius furo). J. Immunol. Res. 2017, 5874572 
(2017). 

12Wong, J. et al. Sequencing B cell receptors from ferrets (Mustela 
putorius furo). PLOS ONE 15, e0233794 (2020). 

13Harlow, E. & Lane, D. Antibodies: A Laboratory Manual. (Cold 
Spring Harbor Laboratory, 1988). 

14Lavinder, J. J., Horton, A. P., Georgiou, G. & Ippolito, G. C. 
Next-generation sequencing and protein mass spectrometry for 
the comprehensive analysis of human cellular and serum anti-
body repertoires. Curr. Opin. Chem. Biol. 24, 112–120 (2015). 

15Corcoran, M. M. et al. Production of individualized V gene da-
tabases reveals high levels of immunoglobulin genetic diversity. 
Nat. Commun. 7, 13642 (2016). 

16Zemlin, M. et al. Expressed Murine and Human CDR-H3 
Intervals of Equal Length Exhibit Distinct Repertoires that Differ 
in their Amino Acid Composition and Predicted Range of Struc-
tures. J. Mol. Biol. 334, 733–749 (2003). 

17García-Valiente, R. et al. Understanding repertoire sequencing 
data through a multiscale computational model of the germinal 
center. Npj Syst. Biol. Appl. 9, 8 (2023). 

18Laidlaw, P. P. EPIDEMIC INFLUENZA: A VIRUS DISEASE. 
The Lancet 225, 1118–1124 (1935). 

19Basu Thakur, P., Mrotz, V. J., Maines, T. R. & Belser, J. A. Ferrets 
as a Mammalian Model to Study Influenza Virus-Bacteria Inter-
actions. J. Infect. Dis. jiad408 (2023) doi:10.1093/infdis/jiad408.

20Collaborative Influenza Vaccine Innovation Centers (CIVICs) 
| NIAID: National Institute of Allergy and Infectious Diseases. 
https://www.niaid.nih.gov/research/civics (2023).

21Aartse, A. et al. Primary antibody response after influenza virus 
infection is first dominated by low-mutated HA-stem antibodies 
followed by higher-mutated HA-head antibodies. Front. Immu-
nol. 13, 1026951 (2022).



20 20 ||  Texas URJTexas URJ,,  Spring 2025Spring 2025

SIGNIFICANCE

INTRODUCTION
TAs North American and European nations have seen a 
massive influx of Muslim migrants within the last centu-
ry, Muslims have needed guidance on how to maintain 
their faith in a way that is flexible with their new environ-
ment. Minority fiqh, also known as fiqh al-aqalliyyat in 
Arabic or Muslim minority jurisprudence in English, is a 
new term developed in the 1990s by two prominent Mus-
lim scholars: Shaykh Dr. Taha Jabir al-Alwani (d. 2016) 
and Shaykh Dr. Yusuf al-Qaradawi (d. 2022). It refers to 
a framework within Islamic legal theory with the goal of 
Muslim jurists interpreting Islam to address the unique 
needs and concerns of Muslims in non-Muslim countries. 
While this doctrine is influenced by modernism, minori-
ty fiqh is not1 meant to be anything outside the bounds of 
Islamic orthodoxy. Minority fiqh is a continuation of the 
Islamic legal tradition in response to the newly globalized 
world. However, as with anything new, minority fiqh has 
been met with a great deal of criticism and debate among 
Islamic scholars. 

In direct response to critics of minority fiqh, this thesis 
argues that minority fiqh is a justified and necessary 
branch of Islamic law. The aim is to examine and defend 

minority fiqh amidst three 

of the most contentious issues surrounding the new legal 
doctrine: the issue of emigrating Muslim territory (dar 
al-Islam), the issue of dual allegiance, and the issue of 
innovating Islamic tradition. The methodology behind 
minority fiqh will first be explained. Then, the three 
aforementioned issues will be examined, arguing in 
support of minority fiqh amidst its controversies raised 
by critics. Finally, the key points of the arguments will be 
summarized in the conclusion.

The Methodology of Minority Fiqh
One needs to understand Islamic jurisprudence before 
one can understand the methodology of minority fiqh. 
Commonly, the term ‘shariah’ is associated with Islam-
ic law; however, shariah (literally ‘path to water’) more 
accurately denotes Islam’s overarching morals and ethics. 
In contrast, fiqh (literally ‘understanding’) pertains to the 
human interpretation of shariah into law, both in theory 
(usul al-fiqh) and in practice (furu al-fiqh). The primary 
and divine sources of fiqh are the Quran and the Sunnah. 
The Quran refers to the holy text of Islam, believed to be 
the direct word of God, and Sunnah refers to the moral 
example and practical teachings of the Prophet Muham-
mad as known through hadiths (historical reports of the 
Prophet’s sayings and actions).2
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When these primary sources do not provide direct 
answers or require further interpretation, the secondary 
and human-derived process of ijtihad is employed. This 
involves qualified Islamic jurists using reason to find 
solutions to problems that are not immediately answered 
by common Islamic knowledge. It is worth highlighting 
that rulings based on ijtihad are not binding in the same 
way as those that are explicitly derived from the Quran 
and Sunnah. In other words, rulings that arise out of 
ijtihad do not carry an obligation or incur sin if followed 
or not. This is the case unless a ruling out of ijtihad gains 
universal and unanimous agreement3 among all scholars, 
leading to ijma (juristic consensus), which makes the 
resulting ruling binding upon all Muslims. The opposite 
of ijma is ikhtilaf (juristic disagreement). Where there4 
is ijtihad, juristic disagreement naturally follows. These 
disagreements have led to the development of the four 
orthodox schools of Sunni fiqh: Hanafi, Maliki, Shafi, and 
Hanbali. It is important to note that, despite differences 
of opinion in fiqh, these four schools considered each 
other equally valid and jurists are not obliged to follow 
one school exclusively.5

In modern contexts, ijtihad is used for either legisla-
tion in Muslim countries, fatwas (personal advice on 
issues given by legal scholars), or academic writings. The 
application of 6 minority fiqh operates primarily through 
fatwas. In practice, minority fiqh has been institutional-
ized by organizations like the European Council for Fat-
wa and Research (ECFR) and the Fiqh Council of North 
America (FCNA), founded by al-Qradawi and al-Alwani 
respectively, which deliver fatwas on guiding Muslims 
in their respective non-Muslim lands. Minority fiqh still 
follows all of the aforementioned principles of Islamic 
jurisprudence, but a key difference between the meth-
odology of minority fiqh and the methodology of tradi-
tional or conservative fiqh is that the ijtihad of minority 
fiqh assumes greater importance when considering these 
four sources of ijtihad: urf (cultural customs), maslahah 
(public interest), taysir (leniency), and darura (necessity). 
An example of a fatwa from the ECFR that utilizes urf, 
maslahah, and taysir 7 was a fatwa that allowed a Euro-
pean woman who converted to Islam to remain married 
to her non-Muslim husband. While this relationship 
would be considered unlawful in ordinary fiqh, this fatwa 
made an exception by taking European cultural norms 

into account, the broader public interest, and a lenient 
approach. That is, the relationship was permitted for the 
sake of keeping European women from being afraid of 
Islam as well as making Islam easier to practice for mar-
ried women interested in the religion. Another example 
of a fatwa that utilized taysir as well8 as darura comes 
from al-Qardawi in which he permitted the burial of a 
Muslim in a Christian cemetery if there was absolutely no 
way for the Muslim to be buried in a Muslim cemetery. 
In9 this case, al-Qardawi made an exception by granting 
ease to Muslims who may have no choice in where they 
can bury Muslims in a non-Muslim area. As evident by 
these fatwas, jurists often use these sources of ijtihad 
interconnectedly. It is important to note that the practice 
of these four sources of ijtihad has always been accepted 
in Islamic law but their use has typically been limited to a 
mere last resort. However, the methodology of minority 
fiqh gives these sources higher importance and pushes for 
their further use.10

The Issue of Emigrating Muslim Territory (Dar al-Islam) 
Traditionally in Islamic political thought, the world was 
divided into three categories: dar al-Islam (Muslim na-
tions), dar al-ahd (non-Muslim nations with treaties with 
Muslim lands), and dar al-harb (non-Muslim nations 
without such treaties). A historically prevailing view held 
that Muslims who found themselves in a non-Muslim na-
tion (dar al-harb) would be obligated to move or migrate 
back to a Muslim nation (dar al-Islam). If one adheres 
to the11 belief that it is unlawful for Muslims to reside 
outside Islamic territories, then this perspective would 
put the entire legitimacy of minority fiqh into question. 
As such, it is typical for both supporters and critics of 
minority fiqh to spend a great deal of deliberation on this 
issue. This section will first examine the scriptural debate 
on this issue, followed by a discussion on proponents 
against Muslims residing outside dar al-Islam, and then a 
discussion on proponents in support of allowing Muslims 
to reside outside dar al-Islam. 

Those who argue that Muslims are obligated to leave 
non-Muslim nations often cite verse 4:97 from the 
Quran which states, “When the angels take the souls of 
those who were wronging themselves, [the angels] say, 
‘In what state were you?’ They say, ‘We were weak and 
oppressed in the land.’ [The angels] will say, ‘Was 

texas-urj.org
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not God’s earth vast enough that you might have migrat-
ed therein?’ These shall have their refuge in Hell—what 
an evil journey’s end!”12 However, it is also widely held 
by traditional interpreters of the Quran that this verse is 
specifically in reference to the early Meccan Muslims who 
did not migrate to Madinah with Muhammed and stayed 
loyal to the idolaters of Mecca, even fighting alongside 
the Meccan idolaters against the Muslims in the Battle 
of Badr. Further considering the fact that this verse can 
grammatically be read in the past tense in Arabic would 
also substantiate the argument that this verse can be read 
as a historical injunction and not just a universal injunc-
tion.13 Additionally, many scholars will cite a hadith from 
Sahih Bukhari, which Muslims consider to be one of the 
most authentic and reliable of hadith compilations. The 
hadith reports that Prophet Muhammed has stated that 
“There is no more migration after the Conquest,” and this 
has often been interpreted to mean that the obligation of 
migrating as described in 4:97 has been abrogated.14 Some 
scholars such as al-Munawī (d. 1621) and al-San’ani (d. 
827) have counter-argued that this abrogation is specific 
rather than general, applying only to the allowance for 
Muslims to return to Mecca, which had become a part of 
dar al-Islam. However, this perspective is undermined15 
when considering the words of Lady Aisha, the wife of 
Muhammad. On this very subject, she explained, “But as 
for today, Allah has made Islam manifest and today the 
servant worships his Lord wherever he wishes.”16

Scholars examining the history of this issue frequently 
note that the Malikis have been the most staunchly op-
posed to Muslims residing in non-Muslim lands. Imam 
Malik (d. 795) himself, the eponym of the Maliki school, 
was not fond of the idea of Muslims subjecting them-
selves to non-Islamic law. As the Maliki Muslims faced 
increasing territorial losses to the Christian17 Reconquis-
ta, their views on this matter grew stricter over time. This 
trend reached its zenith with the Maliki jurist, Ahmad 
al-Wansharisi (d. 1508), who represented the most ex-
treme of these views. Following the fall of Islamic Spain 
to the Christians, al-Wansharisi demanded all Muslims 
leave the Christian territory immediately and any Muslim 
who refused to do so was effectively a heretic. The anger 
expressed in Al-Wansharisi’s fatwas towards Muslims, 
and his even greater animosity towards Christians, whom 

he deemed dishonorable, 

reflects the bitter relations between the Iberian and North 
African Muslims and Christians of that era. However, 
it is important to recognize the great diversity that has 
always been present within Maliki jurisprudence. For 
instance, Ali al-’Adawi al-Sa’idi (d.1775) viewed Muslims 
residing in non-Muslim lands as sinful but not heretical. 
Conversely, Ibn ‘Abd al-Barr (d. 1071) allowed Muslims 
to stay in non-Muslim lands, albeit only if their stay was 
temporary. While opinions18 among Maliki jurists varied 
in their strictness, a general trend in the history of fiqh 
has been their disapproval of Muslims living outside dar 
al-Islam. It is worth noting that this trend for Malikis has 
declined. This is especially evident with the contempo-
rary Maliki jurist, Abdullah Bin Bayyah, whose support-
ive views on minority fiqh will be elaborated on later in 
this section. 

In the modern period, it seems that most criticisms 
against Muslims living in non-Muslim countries come 
from conservative Salafis. Salafism refers to a puritanical 
movement that arose in the 19th/20th century which 
sought to return Islam to the practices of the earliest 
Muslims. Shaykh al-Albani (d. 1999), a prominent 
figure in the Salafi movement, criticized Muslims living 
in non-Muslim countries, arguing that they are either 
ignorant of fiqh rulings or are unwilling to forsake the 
material luxuries offered by the West. Similarly, another 
current Salafi19 scholar, Abu Khadeeja, has expressed 
criticism of Muslims residing in the West. He contends 
that Muslims will never be fully accepted by Westerners, 
as evidenced by criticism against Islam from both liberals 
and conservatives alike. He also highlights the prevalence 
of sins such as illicit sex, drugs, and violence in Western 
societies which make it a harmful environment for Mus-
lims to inhabit.20

However, these views face several counterarguments. 
First, it appears that al-Albani himself was ironically the 
one who has ignored fiqh rulings. Numerous esteemed 
jurists in the Islamic tradition have maintained that mi-
gration from non-Muslim lands is not obligatory, a point 
elaborated upon in the following paragraphs. Second, the 
assumption that Muslim countries are free from materi-
alism, sexual immorality, drugs, and violence is simply 
untrue. All of these things considered sin in the West can 
be found in Saudi Arabia, Pakistan, Qatar, and so forth. 
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Lastly, while it is true that Islam faces criticism from 
both Western liberals and conservatives, the concept of 
minority fiqh addresses this challenge. It aims to bridge 
the gap in knowledge for Muslims in minority settings so 
that they may be better integrated and accepted in West-
ern societies. Muslims cannot expect to isolate them-
selves indefinitely, rather they need to understand how to 
coexist and contribute positively in diverse environments. 
Many contemporary and traditional experts on fiqh have 
given compelling arguments for alternative concep-
tions of dar al-Islam which favor permitting Muslims to 
reside in non-Muslim nations. Al-Alwani, the pioneer of 
minority fiqh and founder of the Fiqh Council of North 
America, argues that dar al-Islam can be any nation in 
which a single Muslim can freely and fully practice their 
religion, which would include most Western countries 
due to their religious freedom laws. He would define 
dar al-harb as any nation where Muslims cannot safe-
ly practice their religion, regardless of whether or not 
Muslims make up the majority population. This21 view is 
by no means an innovation as many of the most histori-
cally renowned jurists of the Shafi and Hanbali schools, 
such as Imam an-Nawawi (d. 1277), Ibn Hajar (d. 1449), 
Ibn Qudamah (d.1223), and Ibn Taymmiyah (d. 1328), 
did not oblige Muslims to migrate to dar al-Islam from 
a non-Muslim land so as long they were able to practice 
their religion freely. Al-Alwani also uses22 the renowned 
traditional exegesis of Fakr al-Din al-Razi (d. 925) to 
offer another territorial division. This view divides the 
world into dar al-Islam and dar al-dawah (land of invita-
tion). In other words, rather than thinking of the world 
as consisting of those who are Muslim and those who 
are not, Muslims can instead think of the world as those 
who are already Muslim and those who can be invited to 
Islam. This distinction would alleviate the obligation of a 
Muslim to live in a Muslim nation since they have the re-
sponsibility to invite others to Islam and universalize the 
religion. A leading Shafi jurist shared this sentiment on 
Muslims spreading dawah, Shams23 al-Din al-Ramli (d. 
1597), who went as far as to forbid the Aragon Muslims 
from leaving the Christian Kingdom as he argued that 
their presence was the only thing that might allow Islam 
to spread there.24

Contemporary European scholars such as Tariq Ra-
madan, Abdullah Bin Bayyah, and al-Qaradawi have 

also shared similar views to al-Alwani. Tariq Ramadan 
employs the term dar al-shahadah (land of the testimo-
ny of faith) which is similar to al-Alwani’s definition of 
dar al-Islam in that it encompasses any land in which a 
Muslim can adhere to his or her faith. Although, Ra-
madan takes it a step further than al-Alwani in that he 
argues that virtually the entire world would fall under dar 
al-shahada. Abdullah Bin Bayyah believes that there is 
absolutely no reason to adhere to these concepts at all as 
they are not grounded in scripture or scholarly consen-
sus, but nonetheless offers the idea that Muslims in the 
West are in dar al-aman (land of trust) as these countries 
offer Muslims security, religious freedom, and the right to 
spread Islam. In a similar manner, al-Qaradawi gives the 
argument that even if Muslims were to25 adhere to the tra-
ditional conception of dar al-Islam, dar al-harb, and dar 
al-ahd, the vast majority of nations would fall under dar 
al-ahd anyway in which Muslims are not obliged to emi-
grate from. Qaradawi’s view is corroborated by tradition 
as well since the Hanafi school of26 law considered dar 
al-ahd to merely be another part of dar al-Islam, mean-
ing they too held that Muslims were permitted to live as 
minorities in non-Muslim nations. All of these views,27 
traditional and contemporary, substantiate the argu-
ment that Muslims being obliged to only live in Muslim 
countries was never a unanimous ruling. The notion that 
it is permissible for Muslims to reside in non-Muslim 
countries is not new and has only become more vital for 
Muslims in this globalized world.
 
The Issue of Dual Allegiance 
Minority fiqh has been criticized for opening up the issue 
of dual allegiance for Muslims, namely their allegiance 
to the laws of Islam and the laws of their host nation. As 
contemporary jurist, Khalid Abou el Fadl, posits the is-
sue, “To what extent are Muslims residing in non-Muslim 
territory bound by Islamic law, and how does that affect 
their obligations to their country of residence?” Although 
jurists have articulated different ways in which Muslims 
can abide28 by both legal systems, the crux of this issue 
arises when the two systems are at odds with each other. 
As al-Alwanani summarizes, those who argue against 
Muslim involvement in Western politics do so on the 
basis that Muslims are allied with individuals who oppose 
Muslim interests and promote the acceptance of a politi-
cal status quo that devalues the religion. This29 dis-
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course also manifests through the controversy of allowing 
Muslims to serve in non-Muslim militaries. This section 
will first go over the extent to which Muslim minorities 
must be loyal to30 Islam, then it will hold a discussion in 
support of Muslim minorities being politically active in 
their host nation, and lastly, it will give a discussion on 
Muslim minorities in military service. 

Virtually all Islamic jurists agree that Muslims are bound 
not only to each other through their sacred bond of 
brotherhood but also to divine shariah law. Even though 
this assertion is unanimously agreed upon, its ambiguity 
lends itself to be open to further interpretation as to what 
extent Muslims have responsibilities to each other and 
to what extent shariah law is applicable outside Muslim 
nations. For example, despite their disapproval of Muslim 
minorities being in non-Muslim countries, the Malik-
is still argued that Muslim minorities had legal rights 
to protection by surrounding Muslim states. Likewise, 
Shafi and Hanbali jurists argued that Muslim states have 
responsibilities towards non-Muslim states if there is a 
Muslim population present in that state. These responsi-
bilities included protecting the property rights of Mus-
lims as well as prosecutorial duties since they held that 
Muslims who committed crimes were liable in shariah 
courts, no matter their location. The Hanafis were unique 
in that they held that legal protection and proceedings 
are based on territory, not religion, and therefore shariah 
courts have no jurisdiction over non-Muslim lands.31 

It would be helpful for this discussion to examine the dis-
tinction between the legal and moral aspects of shariah. 
Bin Bayyah explains that the pillars of Islam are univer-
sally binding but the rules of governance (ahkam al-sul-
taniyyah) are not. He argues through social contract 
philosophy that Muslim immigrants, no different than 
someone natively born in a secular nation, have a duty 
to abide by the laws of that nation in exchange for the 
security and benefits of that nation. Bin Bayyah com-
pares this approach to Islam to the approach of Prophet 
Muhammed when he first migrated to Mecca, making no 
claims to governmental authority and abiding by the law 
of the land while maintaining his own faith. Relatedly, 
Dr. Mohammed Hashim Kamali32 explains that shariah 
can be broadly divided into two categories: muamalat 

and ibadat. These refer to 

interpersonal civil obligations and religious obligations 
respectively. The matters of muamalat (which included 
things like the exchange of goods, matrimonial law, and 
civil litigation) were under the jurisdiction of the govern-
ment, whereas matters of ibadat (which included things 
like prayer, fasting, and alms-givings) were still obligatory 
upon Muslims but outside governmental jurisdiction.33 
For minority fiqh, it seems best to follow the Hanafi 
school’s line of reasoning which would argue that Mus-
lims are not necessarily bound to all of the legal aspects 
of shariah depending on their location. Muslims in 
secular nations ought to focus on using fiqh for maintain-
ing their essential Muslim identity rather than applying 
governmental fiqh which would not only be unnecessary 
but would go against the public interests of Muslims by 
causing social disruption. 

As Muslims have no obligation to turn Western countries 
into shariah states, proponents of minority fiqh main-
tain that Muslims can (and should) be active in their 
host nation’s politics. While critics may argue that it is 
like treason for a Muslim to participate in the politics 
of non-Muslims, other scholars have argued that it is 
not only permissible but also within the spirit of Islam 
to do so. In regards to the issue of Muslims voting in a 
non-Muslim state, The ECFR outlines three points. First, 
the ECFR divides loyalty for Muslims into two parts: loy-
alty to the tenets of faith in Islam and loyalty to worldly 
matters, where social contracts with non-Muslims are 
permissible. Secondly, the ECFR cites several examples 
of Prophet Muhammad politically aiding non-Muslims, 
such as defending Mecca in the Fujjar conflict and aiding 
oppressed Meccans (regardless of their religion) through 
the Fudul alliance. And thirdly, the ECFR references 
Muhammed’s Constitution of Madinah which established 
a religiously pluralistic society. From this, the ECFR not 
only permits Muslims to be politically active but actually 
encourages them to enjoin in the development of their 
wider society. Bin Bayyah is in agreement that Muslims 
exerting political influence in a positive34 way would be 
beneficial for everyone, Muslims and non-Muslims alike. 
Islamic ethics and values are meant to be universal, not 
exclusive. As Ramadan stipulates, Islamic morals may 
originate from scriptural sources, but they can be trans-
lated into secular values. This is not to undermine Islam 
as a religion but rather to better share good morals in 
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a secular state which is still very much in the spirit of 
Islam. Indeed, Islam’s messages of love, justice, and altru-
ism are values that everyone favors and Muslims should 
strive to implement these values into their society. A 
similar view is held by a prominent jurist of the 14th cen-
tury, Ibn Qayyim35 al-Jawziyya, who argued that even if 
something is not specifically from Islamic law but is used 
to deliver the path of justice, it should still be followed by 
Muslims because, in actuality, the essence of shariah and 
the path of justice are inseparable.36

Perhaps the most pressing topic within this issue is the 
topic of military service. Especially since America’s war 
on terror, a great number of Muslims have questioned if 
military service for non-Muslim nations is truly accept-
able if it means being involved in the killing of other 
Muslims. According to Kahlid Abou el Fadl, traditional 
Hanafi jurists held that Muslim minorities are to “main-
tain a rule of strict neutrality, even in situations where the 
host state is engaged in war with a Muslim state. Muslims 
may, however, join in the defense of their host state if it is 
attacked by another non-Muslim country.” Hyder Gulam, 
the honorary solicitor for37 the Australian National Imam 
Council (ANIC), also argued that it should be permis-
sible for Muslims to serve in non-Muslim militaries be-
cause within the Prophet Muhammed’s lifetime, Muslims 
fought under the Christian Ethiopian king in exchange 
for the king’s protection. But beyond38 neutrality or 
fighting non-Muslims, the question would still remain of 
whether it is acceptable for Muslims to actively partici-
pate in a war against their fellow Muslims. This concern 
has reached far beyond American Muslims as Luke 
Wessel, an Islamic scholar and Australian Infantry officer, 
notes that the low Muslim participation in Australia’s 
defense force can have long-term negative effects. Wessel 
urges Australian Muslim leaders to address this con-
cern if they do not wish for the reputation of Australian 
Muslims to be jeopardized. Indeed,39 while it may be easy 
for a Muslim jurist to forbid fighting one’s own brothers, 
this prohibition may only lead to more harm for Muslims 
by making Western powers question the loyalty of their 
Muslim populace. This has already been a huge issue in 
America due to the Patriot Act, which has wrongfully 
detained roughly 1,200 individuals who were suspected 
to be terrorists. It was precisely40 because of this fear of 
greater harm that al-Qaradawi permitted American Mus-

lims to fight against Afghanistan in a controversial fatwa 
in 2001. Although, in 2003, al-Qaradawi issued 
another fatwa encouraging American Muslim soldiers to 
request leave or temporary exemption. However, if they 
are still forced to fight their fellow Muslims then an effort 
should be made to minimize direct confrontation as 
much as possible. Critics of this fatwa, like the conserva-
tive41 Salafi scholar Salah al-Sawi, have attacked this fatwa 
on the grounds that it is a wrongful justification for the 
attack on Afghanis. However, as Dr. Basheer Nafi ex-
plains, these criticisms fail to understand the nuances and 
purposes behind this fatwa. Al-Qardawi’s fatwa was not 
an edict in support of U.S. foreign policy or a condem-
nation. Rather, al-Qaradawi issued this fatwa as a way of 
giving aid to the needs of Muslims struggling to figure 
out how to normalize their lives in a difficult situation.42 
Whether a Muslim individual should or should not serve 
in a non-Muslim military will need to be judged on a 
case-by-case basis, but at the very least, it should not be 
declared to be forbidden so as to prevent greater harm to 
Muslims in Western nations. 

The Issue of Innovating the Tradition 
Beyond just examining minority fiqh in theory, the 
applied practice of minority fiqh has garnered serious 
criticism, especially through the charge that this legal 
doctrine has made way for bid’ah (an innovation or 
alteration in the religion). For example, the traditionalist 
scholar Said Ramadan Al-Bouti condemns minority fiqh 
based on his worldview that Islamic law should remain 
constant regardless of socio-political circumstances. He 
criticizes al-Alwani and the ECFR for using ijtihad to 
satisfy personal desires by permitting what is traditional-
ly forbidden. While it is undeniable that bid’ah is a grave 
sin in Islamic law, scholars have43 always debated as to 
what exactly constitutes something to be bid’ah. Many 
scholars hold the opinion that bid’ah can exist as either 
praiseworthy bid’ah or blameworthy bid’ah. Imam al-Shafi 
(d. 820), the eponym of the Shafi school, explained that 
any new practice that is in opposition to the Quran and 
Sunnah is a blameworthy bid’ah, and any new practice in 
line with the Quran and Sunnah is a praiseworthy bid’ah. 
However, some Muslim jurists hold very44 conservative 
views on bid’ah. Some jurists even went as far as to forbid 
television, photography, and kitchen utensils, merely on 
the grounds that these things were not utilized 
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by the Prophet Muhammed and the earliest generation 
of Muslims. Though as Dr. Mohammed Hashim Kamali 
explains, these extreme conservative views from 19th and 
20th-century jurists are the product of Muslims cop-
ing with Western cultural and territorial colonialism.45 
Nevertheless, these conservative criticisms still persist 
and they have since latched onto the doctrine of minority 
fiqh. One of the most common manifestations of said 
conservative criticisms has been through the controver-
sy of proponents of minority fiqh issuing fatwas which 
permit interest-based mortgages. This section will give a 
brief overview of the topic of permitting interest-based 
mortgages and will then explain why minority fiqh can-
not be considered an innovation of any sort. 

In traditional Islamic law, any form of interest was strictly 
prohibited and was considered a grave sin. However, 
since Muslims have been subject to non-Muslim econ-
omies, in which the use of interest is nearly inescapable, 
many—especially those struggling to buy homes without 
an interest-based loan—have sought guidance on this 
matter. Australia’s Darulfatwa Islamic High Council ruled 
that it is unlawful for Australian Muslims to take out a 
loan to buy a house on the grounds that usury is tradi-
tionally forbidden in Islam. This ruling gained a lot of 
attention and left many Australian Muslims unsatisfied, 
especially since this ruling did not elaborate past a liter-
alist reading of scripture and offered no other alternatives 
for Australians struggling to buy a home. Similar strict 
positions have been shared by other Islamic institutions 
such as the46 Academy of Muslim World League, the 
Second Conference of Islamic Banks, and the Organiza-
tion Islamic Conference. Much more favorable towards 
Muslim minorities, The European Council for Fatwa 
and Research (ECFR) and the Sharî‘a Scholars Associa-
tion of North America (SSANA) ruled that if there are 
no alternatives available then it is permissible to take an 
interest-based loan for a mortgage on the grounds that 
housing is a necessity (darura). This view is corroborated 
by Imam Abu Hanifa (d. 767), the eponym of the Hanafi 
school, who stated that “Muslims are not responsible for 
changing economic and political rules in non-Muslim 
countries, and their subsequent economic vulnerability 
which contradicts the objectives of Sharî‘a.” Additionally, 
fiqh commentator Adil Salahi reinforces this ruling by47 

mentioning that the owner-

ship of property is considered one of the essential values 
of Islamic law (alongside life, religion, intellect, and fam-
ily). Lastly, al-Alwani argues that minority fiqh is48 not 
utilizing darura simply to change the ruling on interest, 
but rather it should be understood that the traditional 
understanding of interest in Islam is not applicable to the 
way interest is used in Western economies. Al-Alwani 
argues that interest as it is used in the West is used as a 
justified countermeasure for inflation in an economy in 
which the value of money is constantly changing, and not 
the exploitation of a borrower as forbidden by Islam.49

Indeed, this allowance for Muslims to pay interest is a 
radical departure from the traditional norm. However, to 
use a departure from the norm to constitute bid’ah would 
be a failure to have a holistic understanding of Islamic 
law and ethics. Islamic law has always been susceptible to 
flexibility and change. Al-Alwani supports this notion by 
citing the hadith in which the Prophet Muhammed said, 
“I used to forbid you from visiting graves, but now visit 
them; and I used to forbid you to keep sacrificial meet 
for more than three days, but now keep whatever you see 
fit; and I used to forbid you to drink nabīdh except from 
waterskins, but now drink it from all kinds of vessels, 
but do not drink any intoxicant.” He goes on to explain 
that since the Prophet’s time, fatwas have always been 
based on the surrounding circumstances and needs of 
Muslims. For al-Alwani, minority fiqh is not a means to 
permit what is ordinarily unlawful simply for the sake 
of it, but rather to continue to implement fiqh in such a 
way that applies to the current circumstances of Muslims, 
just as it always has been done. The50 contemporary jurist 
Muhammad al-Mukhtar al-Shinqiti directly states that 
minority fiqh is not a bid’ah. He mentions that the earliest 
books of jurisprudence have addressed these same issues 
of Muslims living as minorities in non-Muslim lands. The 
only thing innovative about minority fiqh is its name but 
“there is nothing wrong in changing terms.”51

Al-Alwani also defends minority fiqh by citing the 
Quranic injunctions which call for Muslims to be rep-
resentative of the best nation for mankind. Any sort of 
humiliation or negative social clash with others would go 
against this Quranic principle. Minority fiqh is a means 
to52 uphold this Quranic principle, taking advantage of 
the flexibility of fiqh for the sake of the greater good of 
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Muslims. Al-Alwani believes that minority fiqh serves to 
make Islam more accessible to the wider world and gives 
Muslims the power to interact with non-Muslims so that 
Islam can further spread. Recall that Imam al-Shafi con-
sidered innovations in line with the53 Quran and Sunnah 
to be a good bid’ah. Support for minority fiqh would be 
well in the interests of all Muslims worldwide. 

CONCLUSION 
Minority fiqh is a legal doctrine that utilizes the flexible 
nature of fiqh to give guidance to Muslims in non-Mus-
lim environments. While this branch of fiqh gained 
traction only within the last couple of decades, the idea of 
utilizing fiqh to address the needs of Muslims in unique 
situations has been a concept for over a thousand years. 
The modern application of minority fiqh has been mostly 
through fatwas given by al-Alwani and al-Qaradawi, 
as well as their respective councils: the ECFR and the 
FCNA. Their approach to fiqh is characterized by their 
elevated considerations of cultural customs (urf), pub-
lic interest (maslahah), leniency (taysir), and necessity 
(darura). Utilizing these sources of ijtihad to a greater 
extent allows jurists to give much more dynamic and 
practical solutions to the concerns of Muslim minorities. 
Yet, this approach has not been exempt from criticism, 
mostly from more conservative-minded Muslims. The 
three most contentious debates surrounding minority 
fiqh are on the issues of emigrating from Muslim territo-
ry, dual allegiance, and innovating the tradition. 

The issue of emigration was addressed by proving two 
key points: firstly, there is a lack of scriptural basis for 
the argument that it is unlawful for Muslims to reside 
outside dar al-Islam; secondly, a great number of jurists 
throughout history have held that Muslims are permit-
ted to reside in any nation so as long as they can adhere 
to their faith there. Indeed, it is not the land that makes 
a Muslim but their deeds. The issue of dual allegiance 
was addressed by explaining that Islamic scholars make 
a distinction between obligations in religious affairs and 
obligations in civil affairs, in which the latter falls un-
der the social contracts of the governments which they 
reside under. Political participation for Muslims, even for 
non-Muslim governments, ought to be encouraged since 
it gives an opportunity for Muslims to spread altruism 
and justice. As for military service, while it may not be 

morally encouraged, it still ought to be made legally per-
missible on the grounds that forbidding Muslims from 
serving in the military could cause much greater harm to 
Muslims by putting their loyalty into question. Lastly, the 
accusations of minority fiqh being an innovation as well 
as the controversy of permitting usury were addressed 
by explaining that fiqh has always been flexible based on 
surrounding circumstances. The adaptation of fiqh to 
meet the necessities of contemporary Muslims, as seen 
in the case of interest-based mortgages, is in line with 
the spirit of Islam, which takes into account the realistic 
conditions and circumstances of its followers. Not only 
has minority fiqh always existed in the conceptual sense, 
but currently it stands to aid Islam by giving it a much 
wider positive image and practice which is encouraged by 
the Quran and therefore cannot be considered a blame-
worthy bid’ah. 

As it has been demonstrated, the arguments on view-
ing minority fiqh as anything less than a legitimate and 
needed branch of fiqh are inconclusive. It is imperative 
that this legal doctrine be accepted if the fiqh tradition is 
to survive in this rapidly changing world. Minority fiqh 
allows Muslims to adapt to a pluralistic and globalized 
world while still respecting the core principles of Islam. 
Minority fiqh stands as a testament to the dynamism of 
Islamic jurisprudence, ensuring that Muslims can adhere 
to their faith regardless of their time and place.
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INTRODUCTION
Urban Ecosystems 
Urbanization, although a sign of development and 
growth, can also bring forth many environmental and 
health implications. Not only can it fuel socioeconomic 
inequalities,1 urbanization can also transform the 
landscape in a number of ways by introducing more 
impervious surface cover, altering both the natural 
stream habitat and the hydrology and geomorphology 
of urban greenspaces.2 Aside from impervious surface 
cover, other consequences include an increased discharge 
of waste and pollutants from urban activities, which also 
contribute to environment degradation.3 
The resulting runoff, more specifically through either 
sewage or industrial, domestic, hazardous, municipal, 
medical, or manufacturing waste,4 can lead to an 
increased loading of nutrients, metals, pesticides, and 

other contaminants to urban 

waterways.2 

Over time, these different forms of pollution can there-
fore develop into a decline in the richness of algal, inver-
tebrate, and fish communities’ health.2 Since the health of 
these communities are vital factors within stream health 
and the ecosystem as a whole, urbanization ultimately 
can be seen as the cause of this chain of events. 

Waller Creek, located in central Travis County, is a fully 
urbanized creek whose entire length runs through the 
city of Austin, including the eastern side of the UT Austin 
campus. Due to its positioning which cuts through the 
inner city, an academic medical center, a large stadium, 
and more, Waller Creek has been subjected to many 
changes throughout its history, including but not limited 
to having its route modified through forceful removal of 
trees and building of impervious covers and sidewalks to 
make room for new infrastructures and expansion of the 
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texas-urj.org UT Austin campus. Despite active restoration efforts, 
this urban watershed still encounters severe flooding, 
sewer leakage, and elevated levels of various pollutants, 
which are essential to both aquatic and human health and 
should be addressed. 

Heavy Metals Pollution 
Heavy metals are well known environmental pollutants 
due to their toxicity, persistence, and bioaccumulative 
nature, and can often be found along water sources or 
soil.5 Prior research has found that heavy metal pollut-
ants most common in the environment include Cr, Mn, 
Ni, Cu, Zn, Cd, and Pb.6 Because heavy metals are so 
persistent in the environment, they can contaminate the 
food chains and cause different health problems to hu-
mans as well as fishes, invertebrates, and other 
organisms within urban waterways. Additionally, it has 
been found that chronic exposure to heavy metals in the 
environment poses a serious threat to living organisms.5 

Aside from effects on humans, in regards to plants and 
green spaces, heavy metals above a certain threshold can 
also affect the microbiological balance of soils and reduce 
their fertility,5 therefore can directly influence the quality of 
trees and their abilities to conduct photosynthesis and 
normal respiration. 

Several locations along Waller Creek on the UT Austin 
campus have been found to have elevated levels of some 
heavy metals, which is cause for concern about possible 
effects on students and individuals residing near these 
creek sites. More specifically, when this project was being 
planned in Spring of 2022, elevated Pb levels had been 
observed. Since then, although the Pb has reduced to 
normal levels, the Heavy Metals team within the Urban 
Ecosystems research stream has found elevated levels 
of Cd and Ag at their four regular campus sampling 
sites in their most recent samples collected in March 
and April of 2023, which suggests an upward trend that 
should be monitored closely. The level of Cd detected has 
exceeded the Environmental Protection Agency (EPA) 
recommended criterion continuous concentration (CCC) 
threshold of 0.72 ppb, while the level of Ag is also close to 
exceeding the CCC threshold of 3.2 ppb.7 

Therefore, active effort is needed to investigate ways to 
remediate this problem. 

Fungi and Mycoremediation 
In combating different forms of pollution, past 
researchers have investigated algae, bacteria, and plants 
bioremediation. The natural ecological relationships 
between algae and bacteria have been investigated in 
the removal and conservation of wastewater nutrients 
through creating a symbiotic system. Additionally, a 
genus of algae, Chlorella spp., and bacteria, Pseudomonas 
spp., have been found to be able to form a symbiosis that 
can bioremediate heavy metals.9 In this research, fungal 
remediation of heavy metals is investigated, by 
determining which species of fungi present in Waller 
Creek may be capable of tolerating heavy metals. 

Mycoremediation is a term used to describe the 
bioremediating effects performed by fungi. Because fungi 
produce a variety of metabolites while their sporulation 
characteristics allow for easy propagation and 
distribution, they are known to be good bioremediators.10 
They can modify their structure, appearance, and genetic 
makeup11, 12 to allow for tolerance of pollutants like heavy 
metals. Fungi can remediate by retaining pollutants by 
either active bioaccumulation13 or passive biosorption. 
Fungi can to perform biosorption efficiently because of 
their high surface area, due to the filamentous nature of 
their mycelium.10 Biosorption is a physical process that 
is achieved through ion exchange, surface complexation, 
and precipitation, which includes passive uptakes of 
pollutants and can be present in both living and dead 
fungal cells.14 More specifically, cells can bioaccumulate 
heavy metals pollutants until a certain point when the 
cells cannot handle the toxicity anymore and turn into 
dead biomass. This works in cells regardless of their 
living state, because toxicants are transported across the 
cell membrane into cells through the cell metabolic cycle 
and accumulate intracellularly until the level of pollutant 
exceeds a threshold where the organism’s metabolism is 
interrupted, leading to cell death.14 The biosorption 
process involves a solid phase biosorbent, the material 
doing the biosorption, and a liquid phase solvent 
containing heavy metal ions (sorbate) to be sorbed.14 
Because of the initial difference in concentration of heavy 
metals present inside and outside of the biosorbent, in 
this case the fungal cell, metal ions are driven to move 
along the concentration gradient into the cell until an 
equilibrium is reached, at which point the ions 
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become adsorbed onto the surface of the biomass.
 enriching the biosorbent with metals.14 The mechanisms 
for this process are generally based on the 
physicochemical interactions between the metal sor-
bate and functional groups present on the cell surface, 
whereas the biosorbent properties of biomaterials are 
dependent upon the make-up of their cell walls.14 The 
carboxylate, hydroxyl, amine, and phosphoryl functional 
groups present within the polysaccharides, lipids, and 
proteins that make up the cell wall interact with metal 
ions and result in electrostatic interactions, ion exchange, 
and metal-ion chelation or complexation.14

 
Biosorption includes both the adsorption and 
absorption of heavy metals by fungal species, where 
adsorption involves the adhesion of heavy metals onto 
the fungal hyphae and absorption involves the fungi 
actively soaking up the heavy metals found in its 
surrounding environment by mass transfers through the 
fungal chitin and cell wall. Previous studies exploring 
mycoremediation have determined adsorption, which 
involves the process of ion-exchange to allow for 
adhesion, as the primary bioremediation mechanism for 
fungi.10 Because the binding process in biosorbent is 
independent of metabolism, this reaction is reversible 
and allows for the cell to desorb in order to be 
regenerated and reused to biosorb more heavy metals 
pollutants.14

Mycoremediation is especially valuable because of fungi’s 
high metal sequestration ability. Chitin in the fungal cell 
walls consists of many functional groups capable of
 binding metal ions, although the specific ratios depend 
on the individual fungal species.14 The additional strength
 introduced by the thick chitin wall also allows for the 
fungi to take up more pollutants while still retaining 
structure integrity. Finally, another advantage is that 
fungi can be easily grown on multiple different media 
(e.g., Potato Dextrose, Czapek Dox, Sabouraud 
Dextrose, Corn Meal agar, and more) and can be incubat-
ed at around room temperature with high yield rates and 
short growth times. Essential factors that can influence 
the effectiveness of fungal adsorption of heavy metals 
include pH, metal-ion to biomass ratio, cell-wall fraction, 
presence of ligands, and temperature variation.10

Many species of fungi have been found to be able to 
perform bioremediation of heavy metals extremely well, 
especially the Aspergillus genus, more specifically, 
Aspergilllus piperis, which has been proven to be capable 
of remediating Pb experimentally.10 Additionally, 
Aspergillus terreus, Trichoderma longibrachiatum, 
Aspergillus niger, and Aspergillus flavus are successfully 
biosorbent of heavy metals within water,15 while 
Penicilium chrysosporium is able to accumulate Cr and 
Ni.16 Aspergillus versicolor was found to have the 
ability to bioaccumulate over 7 mg of cadmium per 1 g of 
mycelium, followed by 5.878, 5.243, and 5.075, 4.557 by 
Paecilomyces sp., Aspergilus fumigatus, Microsporum sp. 
and Terichoderma sp., respectively.13 Symbiotic systems 
of fungi and bacteria have also been investigated, which 
show an intricate feedback system between microbial 
metabolisms and metal mobility and therefore were able 
to create synergistic bacteria-fungal pairs that can be 
more tolerant to Cadmium pollution than either 
organism on their own.12 

These various species of fungi create countless 
possibilities for the development of natural alternatives to 
combat heavy metals pollution within urban water 
sources instead of expensive chemical sterilization 
processes. The identification of fungal species present 
along heavy metals contaminated sites in urban 
waterways can contribute to the understanding of which 
genus of fungi are more likely to be able to tolerate a high 
amount of heavy metals. In understanding which species 
are more effective in remediating which types of heavy 
metals, methods to introduce these species into the 
environment through waterway systems can be designed. 

Because of their natural characteristics and the fact that 
the fungi species used within this research were all taken 
from the local Waller Creek, the use of microorganisms 
like these in decontaminating the environment through 
biosorption can be considered a good option for 
bioremediation throughout the Austin’s urban core.16 
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Hypothesis 
Since many species of fungi have been previously found 
to be able to bioremediate heavy metals, it is 
hypothesized that species of fungal spores found at sites 
along Waller Creek where there is a high amount of 
heavy metals pollution should also be able to perform 
biosorption successfully.

METHODOLOGY
Experimental Approach Summary 
Water samples from sites with a high amount of heavy 
metals contamination will be collected and filtered to 
collect fungal spores. Spores will be cultured on Potato 
Dextrose Agar (PDA) media, incubated in a dark 
environment at room temperature. After cultures have
 matured, the mycelium and spores will be observed un-
der the microscope to perform species identification. 
Identified species will then be re-cultured on PDA to 
ensure they are individual species, and then cultured 
on heavy metals spiked PDA. Their spores would then 
be dried and ashed to remove biomass, leaving behind 
any biosorbed heavy metals. The resulting ashes will be 
dissolved in HNO3 and analyzed using ICPMS. 

Sample Collection 

Figure 1: Sampling sites on Waller Creek, with locations 
marked in red diamonds (left) and a more general map of 
the area (right). 

Samples were collected at four sites along Waller Creek: 

AC (Alumni Center), CS (Creekside Dorm), SB (Service 
Building), and TT (Twenty-Third St.) as shown in Figure 
1. These four sites have been previously determined by 
the Heavy Metals research team within Urban Ecosys-
tems FRI stream to have elevated concentrations of heavy 
metals pollution, especially Pb, during the spring of 2022. 

Water sample collection was performed using 500 mL 
amber bottles rinsed with 10% (v/v) HCl acid. Each 
bottle was rinsed with sample water three times before 
a final sample was taken, by collecting a small amount 
of water upstream, then capping and shaking the bottle 
before disposing of the rinse downstream. Bottles were 
then submerged under water facing upstream against the 
direction of water flow for sample collection. The samples 
were collected near soil and tree roots on the creek bank 
where there is a steady and gentle flow of water to allow 
for more variation in fungal spores. The samples were 
stored in a refrigerator until filtration and spore elution.
 
Sample Processing and Separation of Spores 
Sample processing and elution techniques involve 
protocols based on the work of Grabinska-Loniewska 
et al.17 A solution of 0.28% pyrophosphate was prepared 
by dissolving 0.28 g solid sodium pyrophosphate in 

~10 mL of DI water, before bringing it to a final 
volume of 100.00 mL with DI water. Each sample 
was filtered through a 0.22 μm Millipore paper 
membrane (Sigma Aldrich, 25mm in diameter) 
placed in a Buchner funnel connected to a vac-
uum manifold using a funnel adaptor. A plastic 
volumetric pipette with a pipette pump was used 
to transfer each sample onto the filter paper in 10 
mL increments until liquid could no longer pass 
through the membrane, and the final amounts of 
water sample passed through the membrane was 
recorded. Each filter membrane, with retained bio-
mass was transferred using a clean pair of tweezers 
washed with DI water and cleaned with 70% eth-
anol solution into a 0.28% sodium pyrophosphate 

solution. Each filter was submerged in either a 50 mL 
beaker containing 30 – 40 mL of 0.28% sodium pyro-
phosphate or a 15 mL plastic centrifuge tube containing 
10 mL of 0.28% sodium pyrophosphate and placed on 
a shaker at 80 rpm for 30 – 90 minutes to elute fungal 
spores. After that, the sodium pyrophosphate bio-
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mass suspension was disrupted in an ultrasound disinte-
grator UD 20 with vibration amplitude A=20 µm for 40 
seconds. Each suspension was then transferred onto the 
surface of an agar plate to start the culturing process. 

Media Preparation and Initial Culturing Process 
Potato Dextrose Agar (PDA) media was prepared by 
dissolving 24 g of broth PDA powder (Difco) and 15 g 
agar powder into 1 L of DI water in a 1 L glass bottle. This 
bottle was then placed on a stirring plate with medium 
heat, and a magnetic stir bar was used to mix the media. 
Media bottles were autoclaved at 121°C for ~1 hour using 
the autoclave’s liquid cycle. 1 mL of Chloramphenicol (25 
mg/mL) was added per 1L of PDA media using a p1000 
micropipette, either before or after autoclaving as Chlor-
amphenicol is heat stable. PDA plates were made under 
a biohood and the work surface was sprayed with 70% 
ethanol for sterilization purposes. To make PDA agar 
plates, ~ 25 mL of autoclaved PDA media was trans-
ferred to each empty plastic petri dish (100 mm diameter, 
15 mm thick) using a plastic volumetric pipette with a 
pump. After the media solidified, either 100 or 200 μL of 
biomass elution in 0.28% sodium pyrophosphate solu-
tion was transferred onto the center of each agar plate 
using a 200 μL micropipette and sterilized tips. Control 
plates with only PDA and Chloramphenicol were made 
to check sterilization of the culturing process and con-
ditions. Finally, plates were wrapped with parafilm and 
labeled based on sample collection sites. These fungal 
cultures were incubated at room temperature in a dark 
environment within a desk drawer for 7 – 21 days, and 
growth was recorded every 1 to 4 days. Out of these cul-
tures, fungal colonies which occupied a large surface area 
of each plate or have not been dried up yet were chosen 
to be re-cultured onto more agar plates for replicates. 
 
Re-culturing and Transferring of Replicates 
Because the initial fungal plates were cultured from a 
general biomass elution, these plates contained a variety 
of fungal colonies of different species and at times some 
bacterial contamination. When choosing fungal colonies 
for re-culturing to make replicates, only colonies that 
were larger than ~30 mm in diameter, and that allowed 
for an agar square to be cut out without including any 
bacterial colonies or contamination due to other fungal 

species’ spores were chosen. 

The purpose of this elimination process is to result in 
pure fungi cultures with only one type of fungal species 
per petri dish. The re-culturing of fungi colonies was 
performed under the biohood with the work surface be-
ing sprayed with 70% ethanol for sterilization. A scalpel 
washed with DI water, then sprayed with 70% ethanol 
and dipped into a glass bead sterilizer at 265°C for 10 
– 30 seconds was used to cut out 5 – 8 mm side length 
cubes of fungi cultures from agar plates. Agar squares 
were placed face-down on the center of fresh PDA plates, 
prepared as described previously, and then each plate was 
sealed with parafilm and incubated again for 1 – 3 weeks 
until fungi colonies filled the entire plate surface. Cul-
tures were monitored every 1 – 4 days. 

Identification of Fungi 
Only replicates/ re-cultures showing pure fungi samples 
with one species per agar plate were used for species 
identification and heavy metals bioremediation analyses. 
Fungal species were identified both through physical 
properties like the overall shapes, colors, and textures of 
the mycelium and hyphae characteristics like branching, 
fruiting bodies, filaments, and whether they are septate 
or non-septate. Fungal identification keys, online fun-
gal databases, and previous research articles containing 
fungal species were used to identify species.17,18,19, 20, 21, 22, 23, 

24, 25, 26, 27 

A scalpel was sterilized by first washing with DI water, 
then sprayed with ethanol and dipped into a glass bead 
sterilizer at 265°C for 10 – 30 seconds, and then used to 
pick up small amounts of fungal spores off the surface of 
agar plates to prepare glass microscope slides for identifi-
cation purposes. Spores were transferred onto the center 
of each microscopic slide and covered with a plastic cover 
slip. Fungal spores were viewed under the microscope at 
40× and 100× total magnifications. Pictures of each type 
of fungi species spores were taken by aligning a phone 
camera with either one of the eyepieces for documenta-
tion, and agar plates were wrapped again with parafilm 
for storage. 

Heavy Metals Standard Dilutions in Media Cultures 
When working with heavy metals, all glassware was 
rinsed with nitric acid to remove all trace metal ions 
that can bind to glass surfaces. To perform acid rinsing, 
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pipette tips were submerged in 50% (v/v) HNO3 for 1 – 2 
hours, then rinsed with DI water twice while finishing off 
with a final rinse of nanopure water, before drying for 24 
hours. For the source of heavy metals, a 25-element en-
vironmental calibration stock solution in 5% (v/v) HNO3 
was used (IV-Stock-50, Inorganic Ventures). Of the 25 
elements contained in this solution, this stock contains 10 
μg/ mL concentration (10000 ppb) of each of the seven 
heavy metals of environmental pollution interest (Ag, As, 
Cd, Cr, Cu, Pb, and Zn). A calibration curve was made by 
diluting this heavy metals standard to different concen-
trations using volumetric pipettes. To make a series of 
heavy metal spiked PDA agar plates, a 50 ppb dilution 
was prepared by transferring 50 μL of the stock into a 
10 mL volumetric flask, then filling to the line with 5% 
(v/v) HNO3. PDA agar plates were prepared as described 
previously; however, Chloramphenicol was not added 
to these plates. Instead, after transferring exactly 25 mL 
of PDA onto new petri dishes, 1 mL of the 50 ppb heavy 
metal stock solution was added to the dish, then stirred 
into the PDA agar media using a sterilized scalpel before 
the media solidified. These heavy metal-spiked PDA 
plates were then used to re culture all the pure fungal 
species replicates. 

Ashing Samples 
When fungal colonies have covered the entire agar 
surface, plates were ready to be processed for ICPMS 
analysis. A small section of fungi was scraped off first for 
microscopic observation, while the rest of the fungi were 
scraped onto pre-combusted glass fiber filter paper with 
a sterilized scalpel. Because each agar plate was covered 
with a large number of fungal spores, three filter papers 
were needed to accommodate all of the fungi from a 
single plate. Each filter was placed inside a crucible and 
placed in a drying oven at 65˚C for 72 hours to evapo-
rate all the water from the fungi. The initial mass of wet 
samples were recorded and measured again once every 
24 hours. At the 72 hours mark, when the samples were 
completely dry, the dried fungal samples on filters were 
ashed by placing the filter-containing crucibles in a fur-
nace at 500˚C for an hour to combust all organic matter, 
leaving only trace amounts of heavy metals behind. The 
ashed filters were reweighed and then submerged in 10 
mL centrifuge tubes of 5% (v/v) trace metal grade HNO3. 
After samples were vortexed for a minute each, they were 

centrifuged at 2000 rpm for 6 minutes in 24˚C to pellet 
out the filters. Finally, the supernatant (8.5 mL) were 
transferred to new clean centrifuge tubes via a 10 mL 
glass syringe with a 0.2 μm nylon filter to remove partic-
ulates before being diluted 5× and 100× for the detection 
of As, Ag, Cd, Cr and Cu, Pb, Zn metals respectively. The 
nylon filters were changed after filtering materials from 
different agar plates to avoid cross contamination. 

Inductively-Coupled Plasma Mass Spectrometry 
The method of choice for detecting heavy metals is in-
ductively-coupled plasma mass spectrometry (ICPMS), 
which is able to detect meals at very low concentrations. 
An inductively coupled plasma is used to ionize samples 
prior to performing mass analysis. The ICP uses Ar-
gon (Ar) gas, heated by an inductive coil to the point of 
forming a plasma.28 A liquid sample introduced into this 
high-temperature plasma will be atomized into its con-
stituent elements, and then ionized.29 These ions will be 
extracted through the interface region and into electro-
static lenses, called ion optics,30 which will guide the ions 
into the MS part of the analyzer. Mass spectrometry sep-
arates the ions by mass through its magnetic sector, using 
the mass-to-charge ratio of each element.29The ICPMS 
measures intensity values derived from the electrical 
signals of the detector, and so calibration curves need to 
be made using known concentrations of specific metals 
of interest, so that these intensities can be converted into 
concentrations in unknown samples. 

Calibration curves for each metal were made by dilut-
ing the heavy metals standard from the original 10000 
ppb into 0.05, 1, 5, 8, and 10 ppb. A calibration curve 
was graphed for each individual metal with the intensity 
values measured in relation to each known concentra-
tion, and the equations of the lines of best fit for each 
calibration curve could then be used to determine the 
concentration of metal in each fungal sample. When 
diluting samples, two replicates were performed to ensure 
accuracy. 5% trace metal grade HNO3 was used as a blank 
for these runs, and contamination between samples were 
minimized not only by a 5% trace metal grade HNO3 
wash every 6 samples, but also by running the ICPMS 
from most diluted samples to least. 
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RESULTS 
Fungal Growth and Variety 

Table 1: Number of fungal species identified at four sample 
sites along Waller Creek known to have measurable heavy 
metals contamination. 

Table 2: Fungal species identified from cultures of sites AC, 
TT, SB, CS. 

Table 1 shows a comparison of fungal richness – the 
number of different species of fungus identified, over the 
course of five different culturing batches, which involved 
slightly different sample processing and culturing tech-
niques. Non-processed samples were cultured by spread-
ing several dots of creek water sample evenly spaced 
across a petri dish and one in the center so that the total 
amount of sample used for culturing is 1 mL, while pro-
cessed sample first trial involves spreading of only 200 μL 
across 3 dots in a straight line. Processed sample second 
and third trials involve only using 100 μL of sample and 
placing it directly in the center of the dish, as it has been 
discovered over previous trials that the amount of sam-
ple used did not affect fungal growth speed, while also 
making it harder to monitor the spread of spores. Table 
2 shows a general listing of fungal species identified over 
these four heavy metals contaminated sites along Waller 
Creek. 

Figure 2:  Growth for unprocessed sample collected on 
10/27/2022 and cultured on 11/14/2022

Figure 2 shows the first batch of fungal cultures from 
unprocessed samples on PDA and Chloramphenicol, 
where it is evident that fungal spore growth was limited 
by multiple bacterial colonies. 

Figure 3:  Unprocessed sample collected on 12/1/2022 and 
cultured on 12/2/2022 

In Figure 3, the second batch of cultures from unpro-
cessed samples were separated by sample sites, where it 
can be seen that orange and yellow jelly-like bacterial 
colonies sometimes are located right inside or on top of a 
fungal colony. Fungal colonies can be distinguished from 
bacterial colonies through their fuzzy or powdery nature, 
due to fungal spores. A dish with many bacterial cultures 
can interfere with fungal growth by either taking up 
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some of the growth area or limiting or decreasing fungal 
growth rate. This is especially clear in Figure 3 on the CS 
#4 plate located at the bottom right corner, where the nat-
ural circular spread of fungal spores was blocked by the 
presence of bacteria in the center of the plate, causing the 
white fuzzy spores to only exist on one half of the agar 
plate. 

Figure 4:  Processed sample collected on 12/1/2022 and 
cultured on 12/3/2022, photographed on 12/12/2022

It was observed that processed samples fared better than 
unprocessed samples in terms of fungal yield, variety of 
species, and reduced bacterial contamination. Processed 
samples were plated using cultures made from sodium 
pyrophosphate suspensions, as seen in Figure 4, which 
shows the first batch of samples processed on 12/3/2022, 
around ten days after culturing. In this third culturing 
trial, all four images representing four different sites ex-
hibit clear and normal circular growth. We see variety in 
species of fungi present within the CS site and a consis-
tent species was detected at the TT sampling site. Cul-
tures from AC and SB sites also exhibit uncontaminated 
and proficient growth at the early stages.

Figure 5:  Processed sample collected on 12/1/2022 and 
cultured on 12/3/2022, photographed on 1/9/2023 

Unfortunately, one of the main limitations of this study 
was the multiple periods during the fungi incubation 
process where culture conditions could not be monitored 
as frequently, which occurred over Thanksgiving, winter, 
and spring breaks. Due to this, the promising cultures 
seen in Figure 4 used up all the nutrients present within 
the media and either dried or died before they could be 
processed. The conditions of dried fungal colonies can be 
seen in Figure 5, where dried colonies were not able to 
retain their original colors and properties, and also made 
it more difficult to be examined under the microscope.

Figure 6: Processed sample collected on 1/25/2023 and 
cultured on 2/10/2023, photographed on 3/1/2023 

For this reason, another batch of fungi cultured from 
processed samples collected on 1/25/2023 were 
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made on 2/10 (Figure 6). This fourth batch (Figure 6) of 
cultures experienced slightly less species variation than 
the previous batch seen through Figure 5, although the 
colonies that were able to grow stayed consistent between 
sites, as Aspergillus spp. was seen in AC site cultures, and 
Penicillium spp. was still seen in CS site cultures. 

Figure 7:  Growth of Penicillium spp. started on 2/10, tak-
en on 2/14, 2/16, 2/20, 2/23, 3/1, from left to right and top 
to bottom, respectively. A detailed view/growth rate moni-
tor of fungal species identified from CS site from Figure 6, 
since this is the only species that survived the spiked metal 
PDA media. This figure, however, shows the natural growth 
of this species without any metals being introduced yet. 

Figure 8: Two replicates of Penicillium spp. from Figure 7 
re-cultured in PDA without antibiotics and without spiked 
metals. 

One or two fungal species which exhibited the most 
persistent growth and were large enough (~ 3 cm in 
diameter) were selected from each site to be re-cultured 
for replicates. An example is Figure 7, a circular colony 
without bacterial contamination that fills a majority of 
the petri dish surface. Figure 8 is an example of re-cultur-
ing of the fungi shown in Figure 7, showing pictures of 
two replicates based on one species. After replicates have 
grown and covered the entirety of the agar surface, from 
those replicates, agar squares containing spores were 
re-cultured one more time, this time in PDA spiked with 

50 ppb heavy metals standard 

in HNO3.  

Figure 9:  Cultures of Penicillium spp. On heavy metals 
(50 ppb) spiked PDA from CC site, started on 4/10, taken 
on 4/11, 4/12, 4/13, 4/14, 4/17, from left to right and top to 
bottom, respectively

Figure 10:  Growth of fungi on heavy metals (50 ppb) 
spiked PDA from AC, SB, and TT sites started on 4/10 and 
taken a week after. 

Penicillium spp. from CS site was observed to grow well 
in media spiked with 50 ppb metals (Figure 9); howev-
er, other fungi colonies which belong to the three other 
sampling sites exhibited only some condensation but no 
growth on the heavy metal media (Figure 10). 

Figure 11:  Graph showing the estimated growth of Peni-
cillium spp. from CS site in PDA spiked with 50 ppb heavy 
metals standard, made from the images in Figure 7
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The growth rate of the culture shown in Figure 7 is rep-
resented by surface area, and then plotted in Figure 11, 
where the total increase in surface area is graphed against 
time in days, showing a continuous and gradual growth 
rate. 

Figure 12: Microscopic observations of Penicillium spp. 
from CS site on PDA with heavy metals 
cultures, showing an aerial hyphae connected by vegetative 
hyphae, followed by finger-like branching at the ends of 
aerial hyphae and chains of fungal spores called Conidia at 
the tip

Figure 13: Microscopic observations of Penicillium spp. 
from CS site on PDA with heavy metals cultures, 
showing an aerial hyphae connected by vegetative hyphae, 
followed by finger-like branching at the ends of aerial hy-
phae and chains of fungal spores called Conidia at the tip

Figures 12 and 13 show microscopic observations of the 
Penicillium spp. fungus shown in Figure 7 – 9, which 
contain aerial hyphae connected by vegetative hyphae, 
followed by finger-like branching at the ends of aerial 
hyphae and chains of fungal spores called conidia at the 

tip. Due to colony characteristics like blue spores and 
clear round projections organized in a ring shape outside 
of the center, the species was determined to belong to 
Penicillium spp, which can be found in decaying matter 
or compost. 

Figure 14: Microscopic observations of Trichoderma spp, 
bright green colony (cannot be seen here but can be seen in 
Figures 6 and 10, with repetitively branched conidiophore 
structure)

Figure 15: Microscopic observations of Alternaria spp. 
known for their production of melanin, black in color, with 
elongated spores forming long chains) 

Figure 16: Microscopic observations of Aspergillus spp. 
spore suspension (round conidia forming long chains, yel-
low-green colonies, large branches of conidiophores which 
cannot be seen here as this slide only consists of conidia 
shapes) 

Figure 17: Microscopic observations of Paecilomyces 
spp (septate hyphae, irregularly branched conidiophores, 
cylindrical phialides and conidia, colonies with wooly or 
powdery texture). 
Figures 14 – 17 show microscopic observations of 
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other fungal species Trichoderma spp. (bright green colo-
ny with repetitively branched conidiophore structure, can 
be found in plant roots or rotting wood), Alternaria spp 
(known for their production of melanin, with elongated 
spores forming long chains)., Aspergillus spp. (round 
conidia forming long chains, yellow-green colonies, large 
branches of conidiophores), Paecilomyces spp. (septate 
hyphae, irregularly branched conidiophores, cylindrical 
phialides and conidia, wooly or powdery texture) respec-
tively, which did not successfully survive on the 50 ppb 
heavy metals-spiked PDA. As a trend that was observed, 
Aspergillus spp. was more common at the AC sampling 
site, while Penicillium spp. was more common at the CS 
sampling site. Aspergillus fumigatus, typically found in 
soil and organic matter, was common at all four sampling 
sites. 

Ashing and ICPMS 

Table 3: Initial crucible information 
The initial mass of each pre-combusted glass fiber filter 
and its sample can be found in Table 3. Because there 
were two cultures of Penicillium spp. grown on 50 ppb 
metals PDA, one petri dish was labeled as “1” or “A” and 
the second was labeled as “2” or “B”.
Table 4: Mass data during oven drying

Table 4 shows the mass of 
each filter after having been 

dried in the oven to remove any excess water for 0, 24, 
48, and 72 hours respectively. It was observed that Days 
2 and 3 showed little to no change in mass of each filter, 
meaning the filters only took around 48 hours to dry 
off completely instead of the expected 72 hours. This is 
not surprising as our protocol is typically used for algae, 
which is much more moist than fungus. 

Table 5: Weight retained in each crucible and filter after 
ashing

Table 5 shows the mass of combusted filters and metal 
after being in the 500˚C furnace for an hour. Because dry 
fungal spores were scraped directly onto filters, not all of 
them were able to stay adhered to the filter surface during 
the combustion process, leading to the crucibles being 
stained black with metal at the bottom. 5% trace metal 
grade HNO3 was poured into each crucible, and a spatula 
had to be used to scrape off these metal stains to perform 
dilutions. 

Table 6: ICPMS measurements of intensity for calibration 
curve dilutions

Table 6 shows the data obtained from the ICPMS runs for 
the calibration curve dilutions.
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Silver (Ag) Detection

Figure 18: Silver calibration curve

Table 7: Silver concentration, where “Conc.” is the amount 
of Ag detected in each filter sample after taking into ac-
count the 5× dilution factors, “Actual conc.” corrects for the 
concentration of Ag before dilution factors, “Average conc.” 
averages each pair of replicates, and Metal/Fungus corrects 
for the mass of dried fungus on that filter so that values can 
be directly compared between samples. 

The calibration curve used for Ag detection is shown 
in Figure 18, represented by the equation Intensity = 
727233x[Ag] + 44468. This curve had an R2 value of 
0.999. The equation of the line of best fit to the calibration 
curve can be used to convert the ICPMS Ag signal from 
each sample into a concentration in ppb of Ag (Table 7). 
After correcting for the dilution of each sample, the two 
diluted replicates for each filter were averaged. The ash 
from each filter was dissolved in 10 mL nitric acid before 
being divided into two replicates, and we can use this 
volume to convert the average [Ag] ppm into the mass 
of silver found on each filter. This can be divided by the 
dry mass of fungus that had been ashed on that filter to 
calculate the mass of Silver per mass of dry fungal mass. 
Five of the six samples were below the limit of detection 
of Silver, and the sixth sample detected showed 3.346 ng 
Ag per gram of dried fungus. 

Arsenic (As) Detection  

Figure 19: Arsenic calibration curve 

Table 8: Arsenic concentration, where Conc. is the amount 
of As detected in each filter sample after 5× dilution, Ac-
tual conc. corrects for the dilution factor, Dry Fungal mass 
is the amount of dry fungus sample in each crucible, and 
Metal/Fungus uses the mass of dried fungus on that filter 
so that values can be directly compared between samples. 

The calibration curve used for As detection is shown 
in Figure 19, represented by the equation Intensity = 
81903[As] + 5006. This curve had an R2 value of 0.9998. 
The calculations described for the silver data were re-
peated with the Arsenic data (Table 8). No data can be Q 
dropped as outliers. Once dry fungal mass has been used 
to convert to ng/g, results from both plates were com-
pared by a t-test to confirm that there is no statistically 
significant difference between the replicates from each 
plate, meaning all data can be combined and using stan-
dard error for the uncertainty (=standard deviation
/√n, where n=12 replicates), we report detection of 290 ± 
20 ng Arsenic per gram of dried fungus, which indicates 
that the fungi was able to biosorb Arsenic. 
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Cadmium (Cd) Detection 

Figure 20: Cadmium calibration curve 

Table 9:  Cadmium concentration, where Conc. is the 
amount of Cd detected in each filter sample after 5× 
dilution, Actual conc. corrects for the dilution factor, Dry 
Fungal mass is the amount of fungus sample in each cru-
cible, and Metal/Fungus uses the mass of dried fungus on 
that filter so that values can be directly compared between 
samples.

The calibration curve used for Cd detection is shown 
in Figure 20, represented by the equation Intensity = 
117740[Cd] + 289. This curve had an R2 value of 0.99998. 
Repeating the previous calculations with the Cadmium 
data (Table 9). No data can be Q-dropped as outliers. We 
detected 246 ± 8 ng Cadmium per gram of dried fungus 
which means that the fungi’s ability to biosorb Cd is sim-
ilar to that of As.

Chromium (Cr) Detection 

Figure 21: Chromium cali-
bration curve 

Table 10: Chromium concentration, where Conc. is the 
amount of Cr detected in each filter sample after 5× 
dilution, Actual conc. corrects for the dilution factor, Dry 
Fungal mass is the amount of fungus sample in each cru-
cible, and Metal/Fungus uses the mass of dried fungus on 
that filter so that values can be directly compared between 
samples. 

The calibration curve used for Cr detection is shown 
in Figure 21, represented by the equation Intensity = 
64222[Cr] + 44582. This curve had an R2 value of 0.9996. 
Repeating the previous calculations with the Chromium 
data (Table 10). No data can be Q-dropped as outliers. 
We detected 4.6 ± 0.3 μg/g of chromium. This species 
of fungi has shown over an order of magnitude higher 
biosorption of Cr as compared to other metals measured 
so far. 

Copper (Cu) Detection 

Figure 22: Copper calibration curve 
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Table 11: Copper concentration, where Conc. is the 
amount of Cu detected in each filter sample after 100× 
dilution, Actual conc. corrects for the dilution factor, Dry 
Fungal mass. corrects for the amount of fungus sample in 
each crucible, and Metal/Fungus uses the mass of dried 
fungus on that filter so that values can be directly com-
pared between samples.

The calibration curve used for Cu detection is shown 
in Figure 22, represented by the equation Intensity = 
323604[Cu] + 2.37*106. This curve had an R2 value 
of 0.973. Repeating the previous calculations with the 
Copper data (Table 11). The majority of readings below 
the limits of detection. Only one replicate each of filters 
B1 and BP saw copper signal, one of which was abnor-
mally high in intensity (B1-1). The B1-1 data point can 
be Q-dropped with over 95% confidence. We will see that 
all B1-1 filter samples that underwent 100× dilution have 
abnormally high readings, which leads us to suspect that 
there might have been human error during the making 
of this particular dilution replication. That leaves a single 
Cu reading of 74 μg/g. Given that all other samples were 
nondetects, it is hard to put much faith in this reading. 
However, since fungi were scraped onto each filter by 
moving towards the center of the petri dish gradually 
from the outer edges, this detection might have been 
from fungal spores in a specific area of the plate, leading 
to the question of which part of a fungal culture can bio-
sorb more metal ions. 

Lead (Pb) Detection

Figure 23: Lead calibration curve 

Table 12:  Lead concentration, where Conc. is the amount 
of Pb detected in each filter sample after 100× dilution, Ac-
tual conc corrects for the dilution factor, Dry Fungal mass 
corrects for the amount of fungus sample in each crucible, 
and Metal/Fungus uses the mass of dried fungus on a filter 
so that values can be directly compared between samples. 

The calibration curve used for Pb detection is shown 
in Figure 23, represented by the equation Intensity = 
1.5*106[Pb] + 1.71*106. This curve had an R2 value of 
0.9994. Repeating the previous calculations with the Lead 
data (Table 12). The majority of readings were below the 
limits of detection. The B1-1 (100× dilution) data point 
discussed previously can be Q-dropped with over 95% 
confidence. That leaves four Pb readings, all from Petri 
dish A, that yield a detection of 4.0 ± 0.9 μg/g of lead. 
It is not clear why there was no lead detectable in any 
of the Petri dish B samples. The ability of this fungus in 
bioremediating Pb still has to be investigated more due 
to these uncertainties, but it seems that this fungus has 
similar high biosorption properties for Pb and Cr.
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Zinc (Zn) Detection 

Figure 24: Zinc calibration curve 

Table 13:  Zinc concentration, where Conc. is the amount 
of Zn detected in each filter sample after 100× dilution, Ac-
tual conc. corrects for the dilution factor, Dry Fungal mass 
corrects for the amount of fungus sample in each crucible, 
and Metal/Fungus uses the mass of dried fungus on a filter 
so that values can be directly compared between samples.

The calibration curve used for Pb detection is shown 
in Figure 24, represented by the equation Intensity = 
77271[Zn] + 1.47*106. This curve had an R2 value of 
0.951. Repeating the previous calculations with the Zinc 
data (Table 13). The B1-1 (100× dilution) data point 
discussed previously can be Q-dropped with over 95% 
confidence. The amount of detected Zinc was 110 ± 30 
μg/g. Compared to the other five metals this is the high-
est amount of heavy metal adsorbed to the surface of this 
fungi.

Results Overview
Of the various fungi isolated from Waller Creek site 
samples, only Penicillium spp, isolated from Waller Creek 
site CS was successfully cultured on heavy metal spiked 
agar. Twelve replicate samples of fungal spores collected 
from Penicillium spp,, cultured on heavy metal spiked 

agar, were analyzed for heavy 
metal content using ICPMS 

(Table 14). 

Table 14:  Summary of quantities of heavy metal biosorbed 
to Penicillium spp, isolated from Waller Creek site CS, 
cultured on heavy metal spiked agar

Figure 25:  Summary of quantities of heavy metal bio-
sorbed to Penicillium spp, isolated from Waller Creek site 
CS, cultured on heavy metal spiked agar 

A plot of this data, using standard error to show uncer-
tainty is shown in Figure 25. The majority of heavy metal 
data has excellent uncertainty, giving us confidence in 
these results. We found that Penicillium spp. from Waller 
Creek site CS was able to best biosorb Zn (110 μg Zn/g 
fungal dry mass), while also performing well with Cr and 
Pb (4.6 and 4.0 μg/g, respectively) and having detectable 
levels of As and Cd (0.3 and 0.2 μg/g, respectively). Ag 
and Cu were only detected in single replicates, and so are 
not reliable data, although the amount of copper detected 
in that single replicate was at the high end of the range, 
comparable to Zn biosorption.

DISCUSSION
Despite limitations, positive results were obtained. Pen-
icillium spp. isolated from Waller Creek site CS was able 
to be cultured on heavy metal spiked agar and was seen 
to bioabsorb all seven heavy metals investigated. It was 
able to best biosorb Zn (110 μg Zn/g fungal dry mass), 
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while also performing well with Cr and Pb (4.6 and 4.0 
μg/g, respectively) and having detectable levels of As and 
Cd (0.3 and 0.2 μg/g, respectively). Ag and Cu were only 
detected in single replicates, and so are not reliable data. 
Previous research has found that Penicillium chrysoge-
num was able to biosorb 96 mg Pb/g of fungal biomass, 
21.5 mg Cd/g, 13 mg Zn/g, and 11.7 mg Cu/g, with 
optimum pH for Cd, Zn, and Cu biosorption at around 
7 while that of Pb was around 6.31 The biosorbed metal 
quantities found here fall well below the amount reported 
in this previous research. 

Additionally, during the incubation process when fungi 
isolates were grown on PDA spiked with 50 ppb heavy 
metals standard, other than Penicillium spp., all other 
fungi species including Aspergillus spp. experienced 
difficulty thriving and growing in the presence of heavy 
metals. This result was unexpected, because previously, 
Aspergillus spp. like Aspergillus terreus, and other com-
mon fungal species have been found to be able to tolerate 
up to 400 ppm of heavy metals.15 Additionally, Aspergillus 
terreus has been observed to be able to remove sub-
stantial amount of heavy metals, particularly Pb (59.67 
mg/g)15, but Aspergillus niger and other Aspergillus spp. 
taken from Waller Creek’s AC site were not able to even 
grow in the presence of heavy metals. Possible expla-
nations for these observations include the following 
issues. As mentioned previously, breaks in time during 
the incubation process might have contributed. Sec-
ondly, although most fungi grow in mildly acidic envi-
ronments,32 the 5% (v/v) nitric acid used to dilute the 
heavy metals solution used to spike the plates might have 
affected the fungal spores negatively, as nitric oxide has 
been previously found to be able to inactivate Aspergillus 
flavus spores.33 In this current research, the pH of fungal 
cultures were also not monitored, other than knowing 
they were acidic due to the heavy metal standard solution 
used to spike the PDA. To remedy this, future replica-
tions should replace nitric acid solvent with high purity 
water for dilutions and involve pH monitoring. 

The re-culturing technique also might not have been 
the most effective, because agar cubes were placed on 
new petri dishes face-down in order to allow for growth, 
however, the spatula used to cut out these fungal con-
taining agar cubes were first sterilized with the glass bead 

sterilizer and was still hot when used to cut into the agar. 
The heat from the spatula might have killed the spores 
around the edges of the agar cube, thereby slowing down 
and halting any further growth. To remedy this in future, 
the spatula should not be used until it has cooled down, 
and instead of cutting agar cubes, you could instead 
slightly scrape the surface of each fungal cultures without 
needing to pick up any agar. Then, a small amount of DI 
water can be added to the surface of the plate to create 
spore-infused water that can be used to inoculate PDA 
plates.34 

Other limitations of the study include bacterial con-
tamination and incubation temperature. Although the 
optimum incubation temperature for fungi falls between 
25 – 30˚C, fungi cultures were left to incubate at room 
temperature ~ 22˚C, which is a bit lower than the ideal 
temperature range for growth. Additionally, in earlier 
plating processes, sample solutions were placed on petri 
dishes in 5 or more spots with only around 1 - 1.5 cm 
of space between them, which proved to have not been 
enough room and therefore might have stifled some 
growth of less persistent species. 

For the ICPMS procedure to quantify the amount of 
heavy metal biosorbed to fungi, fungi had to be scraped 
off each agar plate onto filters. Although most of the fun-
gal spores were located on the surface or each agar plate, 
there were some hyphae that were embedded within 
or had adhered tightly to the agar, therefore in order to 
avoid accidentally picking up some of the heavy met-
al-spiked medium and skewing the results, not all parts 
of the fungi were able to be transferred to the filters. To 
remediate this problem, an alternative culturing meth-
od involving an overlay of a nylon membrane has been 
developed. This method is superior to others because it 
allows for the production of large amounts of biomass 
and easier harvesting of fungal mycelia.35 Future replica-
tions using this method would reduce the possibility of 
contamination from the metal-spiked media and poten-
tially increase yield. Another alternate approach would be 
to grow the fungi in spiked liquid media, instead of upon 
spiked solid agar. This would allow for comparison of the 
initial concentration of metals in the media before cultur-
ing to the final concentrations of metals after the addi-
tion of fungal biomass, assuming that the missing 
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heavy metal has all been biosorbed. This would lead to 
a different way to report biosorption: the proportion of 
heavy metal contaminant that is adsorbed by the fungus, 
rather than the amount adsorbed per mass of fungus. We 
have listed a number of ways to improve this experiment. 
Although our data was not at the level of detection of 
previous work; ultimately, it can still be concluded that 
Penicillium spp. is a strong bioremediator of Zn, Cr, and 
Pb, while also being a good choice for remediating Cd 
and As at a lower level as well.
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ABSTRACT

INTRODUCTION
One of the many ways climate change threatens biodi-
versity is through increasing the frequency and intensity 
of extreme conditions (Bellard et al., 2012). Stressors like 
drought can decrease species richness by driving plant 
species to local extinction, slowing their recolonization 
rates, and shifting their range distributions (Tilman & El 
Haddi, 1992; Bellard et al., 2012). Changes in vegetation, 
in turn, may disrupt trophic interactions, such as be-
tween plants and insect herbivores (Bellard et al., 2012), 
thus setting off bottom-up extinction cascades. 

Since biodiversity is positively correlated with a wide 
range of ecosystem functions and services, ecologists 
must quantify the effects of its loss in a realistic man-
ner (Balvanera et al., 2006; Zavaleta et al., 2010). For 
instance, species loss tends to occur in closely related 
groups (Willis et al., 2008), so studying plant-insect inter-

actions across a gradient of 
species relatedness may yield 

relevant findings that can be used to inform conserva-
tion policies. Given that models project plant extinctions 
under climate change are more likely to trigger animal 
coextinctions than vice versa (Schleuning et al., 2016), 
investigating how changes in plant diversity affect these 
interactions is fundamental. 

One area of investigation within this topic is the effect 
of insect herbivory on ecosystem functioning and vice 
versa across plant diversity levels. While past studies 
have found that plant diversity has as significant of an 
impact on ecosystem functioning as herbivory does 
(Tilman et al., 2012), the interactions between plant 
diversity, productivity, and herbivory have yet to be fully 
explored. Previous biodiversity research has found a 
positive correlation between diversity and productivity 
(Tilman et al., 2001; Balvanera et al., 2006), but the exact 
mechanisms behind what species diversity variables 
affect what ecosystem functions and how are unclear. 
Regarding the relationship between plant diversity and 
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Conflicting ecological hypotheses exist on whether increasing plant species richness increases or decreases insect 
herbivory. However, there is a lack of research into how insect herbivory may be impacted by another metric of 

diversity: phylogenetic diversity, a measure of how closely related the species in a community are to each other. This 
study investigates whether insect herbivory differs across plant species richness and phylogenetic diversity and if these 
differences are affected across plant density levels within a biodiversity-ecosystem functioning experiment in Austin, 
Texas. Individuals of five focal species within plots of varying plant diversity and density values were sampled for 
leaf herbivory. Then, potential relationships between plant diversity, plant density, and herbivory damage were found 
using linear mixed-effect and regression models. Findings indicate that plant diversity has a variable effect on insect 
herbivory but most strongly support a negative correlation between plant phylogenetic diversity and insect herbivory. 
Additionally, conspecific percent cover exhibits a generally positive correlation with insect herbivory, which is consis-
tent with the Janzen-Connell hypothesis, where individuals in areas of high conspecific density are more likely to be 
targeted by specialist herbivores. These results suggest that plant diversity has a complex effect on damage by insect 
herbivores of functionally distinct plant species, which differences in plant density levels may further complicate.
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texas-urj.org herbivory, past studies have yielded conflicting results 
over whether insect herbivory increases or decreases 
across species richness (Dinnage, 2013; Loranger et al., 
2013; Root, 1973). Notably, species richness is often used 
as the metric of diversity within experiments, but it may 
be an oversimplification that fails to consider the effects 
of the evolutionary relationships within a community on 
ecosystem resilience and resistance (Bellard et al., 2012; 
Tucker & Cadotte, 2013). 

Instead, one hypothesis is that productivity is positively 
correlated with phylogenetic diversity—a measure of how 
closely related the species in a community are to each 
other—because plots of distant relatives exhibit more 
complementarity than plots of monocultures or close 
relatives due to reduced niche overlap (Cadotte, 2013). 
These findings indicate that a deeper understanding of 
the relationship between biodiversity and productivity 
may be found by studying plant communities of varying 
levels of both species richness and phylogenetic diversity. 
The value of phylogenetic diversity has been demonstrat-
ed by Dinnage (2013), who found that herbivory was 
highest in plots that were high in species richness but low 
in phylogenetic diversity, which suggests that insects are 
phylogenetically specialized to feed on close plant rela-
tives. Although this trend was found under an observa-
tional study of an old field habitat (Dinnage, 2013), it has 
yet to be found in an experiment that explicitly manip-
ulates plant diversity levels. Such an experiment would 
strengthen the evidence indicating a predictable relation-
ship between plant diversity and insect herbivory.

To address this gap, this study investigates insect herbivo-
ry damage changes along plant species richness and phy-
logenetic diversity gradients using an experiment. Hy-
potheses are based on two assumptions: insect herbivores 
are phylogenetically specialized to consume plants closely 
related to each other due to coevolution from long-term 
trophic interactions (Dinnage, 2013), and phylogenetic 
diversity is a suitable proxy for the plant functional traits 
that insect herbivores are targeting (Moreira et al., 2016). 
Under these assumptions, it is expected that increasing 
phylogenetic diversity will cause a decrease in herbivory 
because, according to the model of optimal foraging, 
insects would exert more time and energy searching for 
their preferred hosts in areas of high phylogenetic diver-

sity than in areas of low phylogenetic diversity. If true, the 
results should show that plants in communities of high 
phylogenetic diversity experience less herbivory damage 
than those in communities of low phylogenetic diversity.
	 Furthermore, species richness and phylogenet-
ic diversity are expected to have a negative interaction, 
causing plants in communities of high species richness 
and low phylogenetic diversity to experience the most 
herbivory damage. Again, if insect herbivores are spe-
cialized to consume a selection of closely related plants 
(Dinnage, 2013), then according to the model of opti-
mal foraging, they will face reduced searching time for 
optimal hosts in plant communities of low phylogenetic 
diversity. When factoring in species richness, herbivory 
estimates are expected to be higher in polycultures of 
high species richness and low phylogenetic diversity than 
in monocultures since herbivores can more easily access 
a broader range of nutritional resources in the former 
(Dinnage, 2013).

Additionally, when exploring how plant community 
characteristics affect insect herbivory, plant density must 
also be considered as a variable due to the Janzen-Con-
nell hypothesis. According to the hypothesis, plant 
individuals in areas of high conspecific density are likely 
to face increased herbivory by specialist herbivores 
(Janzen, 1970; Connell, 1971). As to how it relates to this 
experiment, communities with low species richness may 
be more attractive to specialist herbivores if they exhibit 
high conspecific percent cover. Thus, contrary to the pre-
vious hypothesis, if communities of low species richness 
experience the highest herbivory damage, then plant 
density may be a stronger predictor for herbivory than 
phylogenetic diversity. Following this logic, communities 
of low total percent cover, or the percentage of a defined 
area that is covered by plants regardless of species, would 
be expected to experience low herbivory damage since it 
would be more time-intensive for herbivores to search for 
sparsely distributed individuals. 

Hence, this study aims to find whether species richness, 
phylogenetic diversity, and plant density influence insect 
herbivory. Ultimately, the results of this study may con-
tribute to efforts toward accurately predicting how bio-
diversity loss, specifically phylogenetic diversity loss in 
plants, affects ecosystem functioning and trophic 
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interactions.

METHODS
Experimental Setup
This study was conducted at a pre-existing biodiversi-
ty-ecosystem functioning experiment at the Brackenridge 
Field Laboratory in Austin, Texas. The experiment aims 
to study the effects of phylogenetically structured biodi-
versity loss on ecosystem functioning in a grassland. The 
experiment consists of 2m x 2m plots of one, two, four, 
six, and twelve native local Texan species. The phyloge-
netic diversity of the total pool of twelve species was cal-
culated based on the distances between the species’ nodes 
on the phylogenetic tree (Figure 1). The plots are seeded 
to form gradients of species richness and phylogenetic 
diversity (Figure 2). As species richness increases, the 
proportion of seeds sowed from each species is reduced, 
so the communities are controlled for abundance. Con-
sequently, the monocultures have the minimum values 
for both diversity metrics, the twelve species plots have 
maximum species richness, and the two- to six-species 
polycultures have low, medium, or high phylogenetic 
diversity values. Altogether, plots of each level of species 
richness and phylogenetic diversity are replicated three 
times.

Figure 1:  Phylogenetic tree of the twelve species within the 
biodiversity-ecosystem functioning experiment with photos 
of the five focal species (https://www.wildflower.org/). 

Figure 2:   Overview of how the plots are organized by 
plant diversity and insect 
treatments.

Furthermore, the plots have been designed with abo-
veground insect reduction treatments so that 25% of the 
area within the plots is wholly covered in nets and 50% of 
the area is not; the remaining 25% of the area is covered 
in half-nets that allow for insect exposure to account for 
any confounding variables that may arise from net pres-
ence such as differences in light (Figure 3). It is of note 
that while these nets reduce flying insects, they do not 
necessarily reduce crawling or burrowing ones. Although 
the experiment also contains watering treatments, these 
will not be used within this study due to time constraints. 

Figure 3:  Example of a plot with a 25% full net, 25% half 
net, and 50% no net cover.

The five species out of the species pool that will be used 
for this study are Lupinus texensis, Centaurea americana, 
Gaillardia pulchella, Phacelia congesta, and Monarda 
citriodora (see Figure 1). These five species were chosen 
because they are functionally distinct from each other 
(e.g., annual vs. biennial, nitrogen fixer vs. non-fixer) and 
because different species combinations create varying 
levels of phylogenetic diversity values.

Data Collection
To study differences in herbivory damage across plant 
diversity levels, three individuals of each of the five focal 
species were sampled in the in-net and half-net treat-
ments across the one, four, six, and twelve-species plots 
that they are present in (two-species plots were excluded 
from data collection since not all five of the focal species 
were present within them). These plots represent a gradi-
ent of species richness and phylogenetic diversity values, 
while in-net treatments represent environments with 
greatly reduced exposure to insect herbivory. Whenever 
possible, individuals were arbitrarily selected for sam-
pling so that they were not directly adjacent to each other 
within the plots to mitigate proximity-related effects on 
herbivory damage (Kim, 2017). 
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From March 27, 2023, to May 5, 2023, in-field data 
collection for herbivory damage, plant percent covers, 
and plant height occurred across sampled individuals. 
The Herbivory Variability Network’s primary protocol 
(https://herbvar.org/) was used to estimate random leaf 
sample herbivory damage and whole plant herbivory 
damage; the former was found by randomly subsampling 
five leaves from an individual. By collecting herbivory 
damage estimates on both a finer and coarser scale, a 
more accurate representation of individuals’ overall her-
bivory damage was assessed. Herbivory damage was ap-
proximated through in-field visual estimation since this 
method allows more data to be collected within a limited 
time constraint than in-lab digital methods. Measure-
ment error from visual estimation was minimized by re-
cording herbivory damage estimates at a high resolution 
of a tenth of a percentage (0-100%) and by the weekly 
calibration of the data collector using the ZAX Herbivory 
Trainer (Xirocostas et al., 2022). Conspecific and total 
percent cover within the in-net and half-net treatments 
were also visually estimated. Additionally, vegetative and 
reproductive height was measured with meter tape to 
account for differences in herbivory exposure caused by 
insect herbivores being attracted to taller plants (Kim, 
2017) and by varying germination times. 

Statistical Analysis
Individual-level herbivory, the percentage of a plant’s 
total leaf area lost to herbivory, was first calculated for 
each individual as an additional variable using the data 
collected in the field. This calculation was done by mul-
tiplying an individual’s average random leaf sample her-
bivory damage by the number of its leaves with herbivory 
damage, then dividing that value by the individual’s total 
number of leaves. Anecdotally, variability in leaf-level 
herbivory seemed different between the five focal species, 
so this calculated variable was used within the analyses 
because it considers variability in leaf herbivory. 

To determine whether the in-net treatments effectively 
reduced insect herbivory, insect herbivory damage be-
tween the individuals sampled within the in-net and half-
net treatments was compared using two-sample t-tests. 
Five two-sample t-tests were run separately for each of 
the five species.

Next, since individuals within the half-net treatments 
experienced ambient levels of insect exposure, herbivory 
values from the half-net samples were used to evalu-
ate the relationship between plant diversity and insect 
herbivory. First, to identify broad trends, the effect of 
species richness on herbivory across the five focal species 
was found with a linear mixed-effect model. Given that 
herbivory varies among plant species (Bröcher et al., 
2023), the differences between the species groups were 
accounted for by setting herbivory as the response vari-
able, species richness as the fixed effect, and species as a 
random effect. Second, to identify trends for each focal 
species, the effect of species richness on herbivory within 
each species was found by running five separate linear 
regressions. These steps were then repeated, with phylo-
genetic diversity as the fixed effect, to find the effect of 
phylogenetic diversity on herbivory across and within the 
focal species; phylogenetic diversity was quantified as the 
sum of the distances between the nodes of all the species 
present within a phylogenetic tree. 

Finally, linear regressions were run to determine if con-
specific and total percent cover were significant explana-
tory variables for insect herbivory. All statistical analyses 
were performed in R 4.3.0. 

RESULTS
Differences in Insect Herbivory within the In-Net and Half-
Net Treatments
Across the five focal species, L. texensis was the only 
one to exhibit significantly less insect herbivory within 
the in-net treatments than within the half-net treat-
ments as expected (in-net: M = 0.9798738; half-net: M 
= 2.8516548; p = 0.0008946), although C. americana 
exhibited a similar trend as well (in-net: M = 0.3859050; 
half-net: M = 0.6960819; p = 0.07634). However, there 
was no significant difference in insect herbivory between 
the two net treatments for G. pulchella, P. congesta, and 
M. citriodora (G. pulchella: p = 0.2554972; P. congesta: p = 
0.2437; M. citriodora: p = 0.4965) (Figure 4). 
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Figure 4: Insect herbivory within the in-net treatments vs. the half-net treatments across the five focal species. “LUTE” 
refers to L. texensis, “CEAM” to C. americana, “GAPU” to G. pulchella, “PHCO” to P. congesta, and “MOCI” to M. citri-
odora.

Effects of Plant Species Richness on Insect Herbivory 
There is no clear trend between plant species richness and insect herbivory. Given species as a random effect, there is a 
negative, albeit insignificant, relationship between species richness and herbivory across the focal species (p = 0.149). 
When comparing trends between the focal species, while L. texensis, G. pulchella, and P. congesta demonstrate a neg-
ative relationship between plant species richness and insect herbivory damage (L. texensis: R2 = 0.05275, p = 0.06346; 
G. pulchella: p = 0.3448; P. congesta: R2 = 0.04359, p = 0.1717), insect herbivory damage for C. americana and M. 
citriodora seem to increase or stay the same, respectively, with plant species richness (C. americana: R2 = 0.005324, p = 
0.2797; M. citriodora: p = 0.6259). Overall, the correlation between plant species richness and insect herbivory seems 
weak. (Figure 5).

Figure 5: Insect herbivory within the half-net treatments across the five focal species vs. plant species richness.

Effects of Plant Phylogenetic Diversity on Insect Herbivory 
Similar to the results above, there is no clear trend between plant phylogenetic diversity and insect herbivory. Giv-
en species as a random effect, there is a marginally significant negative relationship between phylogenetic diversity 
and herbivory across the focal species (p = 0.0565). When comparing trends between the focal species, L. texensis 
exhibits a significant negative relationship between the plant phylogenetic diversity of the plots it was present in and 
insect herbivory damage that is also demonstrated to a lesser extent in G. pulchella and P. congesta (L. texensis: R2 = 
0.1024, p = 0.01518; G. pulchella: R2 = 0.02883, p = 0.1797; P. congesta: R2 = 0.07429, p = 0.1112). C. americana and M. 
citriodora, on the other hand, demonstrate a positive trend between phylogenetic diversity and insect herbivory (C. 
americana: p = 0.3328; M. citriodora: p = 0.4544). However, the species with negative trends demonstrate a stronger 

correlation between phylogenetic diversity and insect herbivory than those with positive 



 53 53

trends (Figure 6).

Figure 6: Insect herbivory within the half-net treatments across the five focal species vs. plant phylogenetic diversity.
 
Effects of Conspecific Percent Cover on Insect Herbivory 
For most of the focal species, conspecific percent cover seems to have a positive correlation with insect herbivory (Fig-
ure 7). For L. texensis and G. pulchella, increasing conspecific percent cover is significantly correlated with increased 
insect herbivory damage (L. texensis: R2 = 0.151, p = 0.00369; G. pulchella: R2 = 0.1116, p = 0.03719). This pattern is 
demonstrated to a lesser extent by P. congesta and to a nearly negligible extent by C. americana (P. congesta: p = 0.3511; 
C. americana: p = 0.7969). Conversely, although very weak, M. citriodora is the only species displaying a negative 
trend between conspecific percent cover and insect herbivory (M. citriodora: p = 0.7029). 

Figure 7: Insect herbivory within the half-net treatments across the five focal species vs. conspecific percent cover. 

Effects of Total Percent Cover on Insect Herbivory 
The trend between total percent cover and insect herbivory seems variable across the focal species (Figure 8). Here, 
the insect herbivory damage experienced by L. texensis increases significantly with total percent cover (L. texensis: R2 
= 0.1098, p = 0.01227). M. citriodora and C. americana also exhibit positive relationships between total percent cover 
and insect herbivory, although this is near negligible for the latter (M. citriodora: p = 0.4097; C. americana: p = 0.781). 
A negative relationship between total percent cover and insect herbivory, on the other hand, was found for G. pulchel-
la, and to a nearly negligible extent, P. congesta (G. pulchella: R2 = 0.0136, p = 0.2441; P. congesta: p = 0.7928).
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Figure 8: Insect herbivory within the half-net treatments 
across the five focal species vs. total percent cover.

DISCUSSION
This study aimed to determine if and how insect her-
bivory correlated with species richness, phylogenetic 
diversity, and plant density. Identifying the relationships 
between these variables may strengthen the accuracy of 
a framework that can predict how biodiversity loss will 
impact ecosystem functioning in real-life environments. 
Thus, random plant individuals from five focal species 
within an experimental setup of plots seeded across gra-
dients of plant diversity were sampled for insect herbivo-
ry. Overall, this study found that, although the indepen-
dent variables affecting insect herbivory varied across 
the five focal species, some broad trends still emerged. 
Namely, insect herbivory generally displayed a stronger 
correlation with phylogenetic diversity than with species 
richness, and negative correlations between insect her-
bivory and plant diversity were generally stronger than 
positive correlations. Additionally, analyses indicated 
that insect herbivory generally increased with conspecific 
percent cover but that this trend did not necessarily hold 
with total percent cover. 

When insect herbivory was compared between the net 
treatments, it was found that L. texensis was the only fo-
cal species to exhibit significantly less herbivory damage 
within the in-net than within the half-net treatments. 
While C. americana exhibited a marginally significant 
difference between the net treatments, this was not the 
case for the other three focal species. Since the purpose 
of the net treatments is to modify the insect community 

without complete exclusion, 
it is possible that these differ-

ences in herbivory damage were due to the focal species 
being targeted by different proportions of 
above-ground and below-ground insects. Although be-
low-ground herbivory damage was not measured as part 
of this study, past research has found that root herbivory 
may reduce a plant’s nutritional quality and thus affect 
leaf herbivory (Soler et al., 2005). Hence, it is possible 
that in-net G. pulchella, P. congesta, and M. citriodora 
individuals were targeted by a higher proportion of root 
herbivores, which triggered increased leaf herbivory as 
above-ground insects needed to consume more leaf area 
to receive sufficient nutrition. Alternatively, it is possible 
that in-net L. texensis and C. americana individuals were 
targeted by a higher proportion of root herbivores, which 
triggered decreased leaf herbivory as insects preferred 
to target host plants that yielded more nutrition. The 
relationship between root herbivory and leaf herbivory 
is further complicated since root herbivory’s effect on an 
individual’s above-ground growth may be mediated by 
its conspecific and heterospecific density (Muller-Scha-
rer, 1991). Investigating differences in above- and be-
low-ground herbivory and how they interact with plant 
diversity and density may reveal the rationale behind 
trends regarding in-net leaf herbivory damage.

When insect herbivory in the half-net treatments was 
compared across gradients of species richness and phylo-
genetic diversity, plant diversity seemed to have an incon-
sistent relationship with insect herbivory across the five 
focal species. However, negative correlations between the 
variables, particularly between phylogenetic diversity and 
insect herbivory, were stronger than positive correlations. 
Previous studies have yielded conflicting findings re-
garding how species richness impacts insect herbivory, 
resulting in a lack of consensus on whether herbivorous 
generalists are more attracted to communities of high 
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species richness or if herbivorous specialists are more 
attracted to communities of low species richness (Din-
nage, 2013). Thus, species richness was expected to have 
a weak negative correlation with insect herbivory. This 
expectation was supported by the results, which found 
that, across the focal species, species richness had a 
weak negative effect on herbivory when accounting for 
variations in herbivory across species. The trends found 
between each species were also weak. Even so, L. texensis 
displayed a near-significant negative relationship between 
species richness and insect herbivory. This result supports 
the resource concentration hypothesis, which states that 
increasing species richness while keeping plant density 
constant reduces the chances of a specialist herbivore 
finding and consuming their preferred hosts (Moreira et 
al., 2016), which may result in reduced herbivory damage 
for these hosts.

Phylogenetic diversity followed similar trends to species 
richness in explaining insect herbivory across the focal 
species. However, in this case, phylogenetic diversity 
had a marginally significant negative effect on herbivory 
when accounting for variations in herbivory across spe-
cies. Furthermore, the three species that exhibited weak, 
negative relationships between phylogenetic diversity and 
insect herbivory still demonstrated stronger relationships 
than the two species that exhibited positive ones. This 
observation is further substantiated by L. texensis, the 
only species with a significant correlation between the 
variables. If insect herbivores are indeed phylogenetically 
specialized (Dinnage, 2013), it would follow that they 
would find several viable hosts present in their greatest 
densities within plots of low phylogenetic diversity. Ac-
cording to the dietary mixing hypothesis, these plots may 
be preferable to forage in as they provide a wide variety of 
nutritional resources within close proximity and, there-
fore, would experience more insect herbivory damage 
(Moreira et al., 2016). Hence, the negative correlations 
between phylogenetic diversity and insect herbivory sup-
port the hypothesis. However, the positive correlations 
between phylogenetic diversity and insect herbivory that 
were displayed by C. americana and M. citriodora, albeit 
relatively weak, may be evidence of an alternate result of 
the resource concentration hypothesis where generalist 
herbivores prefer foraging in diverse plots due to nutri-
tional advantages (Dinnage, 2013). 

Regarding plant density, conspecific percent cover had a 
more consistent relationship with insect herbivory across 
the five species than total percent cover. Insect herbivory 
increased with conspecific percent cover for four of the 
five focal species, and conspecific percent cover explained 
15% and 11% of the variation in insect herbivory for 
L. texensis and G. pulchella, respectively. This positive 
trend is consistent with the Janzen-Connell hypothesis, 
which explains that individuals are more likely to be 
found and targeted by specialist herbivores if they are 
adjacent to others of their species (Janzen, 1970; Con-
nell, 1971). Since the plots within this experiment were 
seeded so that species were roughly equal in abundance, 
the communities of low species richness and, thus, higher 
conspecific percent cover per species may have been 
more vulnerable to insect herbivory by specialists. If so, 
then specialists may have also targeted adjacent plants if 
they were phylogenetically close to their original hosts, 
thus augmenting the effect of phylogenetic diversity on 
herbivory (Downey et al., 2018).

A trend is less clear for total percent cover, which was 
positively correlated with insect herbivory for three 
species, significantly so for L. texensis, and negatively cor-
related with insect herbivory for the other two. Natural 
enemies shared between plant species may prefer forag-
ing in plots exhibiting higher total percent cover because 
they contain more food sources in less space, hence lead-
ing to a positive correlation between total percent cover 
and insect herbivory. In this case, the total percent cover 
would mainly influence the recruitment of generalists 
and phylogenetically specialized herbivores in plots of 
low plant diversity. Meanwhile, other factors may cause 
total percent cover to have a negative effect on insect 
herbivory. For instance, if total percent cover is positively 
correlated with the complexity of vegetative structures 
within a community, and if said complexity is positively 
correlated with the recruitment of insect predators (Mo-
rante-Filho et al., 2016), then insect herbivory damage 
may be higher in plots of low total percent cover due to 
a lack of predation to control for herbivore populations. 
With these various effects in mind, investigating how 
plant density interacts with other community variables 
may reveal what indirect factors should be accounted 
for to accurately estimate plant density’s effect on insect 
herbivory.
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Notably, the only species to consistently show significant 
or marginally significant relationships between plant 
diversity and plant density on insect herbivory was L. 
texensis. This pattern may occur because nitrogen fixers 
are more attractive to insect herbivores than non-fixers 
for their high foliar nitrogen content (Barker et al., 2022). 
Thus, as the only nitrogen fixer of the five focal species, 
L. texensis may be more sensitive to the effects of plant 
diversity and plant density on insect herbivory. Studying 
functionally distinct plant species may provide insight 
into how different plant traits may make a species more 
or less vulnerable to changes in community composition 
that affect insect herbivory (Moreira et al., 2016).
How plant density interacts with plant diversity’s effect 
on plant resource allocation should also be studied. Cur-
rently, it is unclear whether competition due to high plant 
density would pressure individuals to invest in growth 
over defense, or if increased herbivore recruitment due 
to high plant density would pressure individuals to invest 
in defense over growth (Moreira et al., 2016). Addition-
ally, studying insect herbivore traits such as diet breadth 
and foraging behavior may clarify how insect herbivory 
differs across plant diversity and whether changes in 
top-down feedback, like predator abundance across plant 
diversity, may contribute to differences in herbivory dam-
age (Moreira et al., 2016).

As biodiversity loss ensues at an increasing rate due to 
climate change (Bellard et al., 2012), it is vital to under-
stand how changes in community compositions will 
impact interactions across trophic levels. This research 
sought to understand how insect herbivory is affect-
ed across plant diversity gradients and found that the 
relationships between plant species richness, plant 
phylogenetic diversity, and other environmental factors 
explaining differences in herbivory damage, such as plant 
density, are complex. These findings may inform the 
development of a model that can accurately predict how 
plant-insect interactions would change due to plant ex-
tinctions, thus allowing for effective conservation practic-
es. By reaching a more comprehensive understanding of 
the mechanisms behind ecosystem functioning through 
additional research, ecologists will continue to improve 
such models and, ultimately, further mitigate biodiversity 
loss.

LIMITATIONS
This study has potential limitations. First, there is a lack 
of literature on the insects that target the five focal species 
used in this experiment. Understanding the above- and 
below-ground herbivores that target the species may 
explain why four of the species, excluding L. texensis, 
experienced no significant differences in herbivory in the 
half-net and in-net treatments. Additionally, the varied 
relationships between plant diversity and herbivory be-
tween each species may be clarified by understanding the 
dietary breadth of their natural enemies. Future studies 
may reach novel interpretations on how plant diversity 
and plant density affect herbivory by conducting a census 
of the insects within the plots.

Second, the sample size used in this study was limited 
due to time constraints. Since herbivory data is highly 
variable, a limited sample size may have obscured trends 
between plant diversity, plant density, and herbivory. 
Thus, it is recommended that future studies collect a 
greater sample size of plant individuals.
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ABSTRACT

INTRODUCTION
The contributions from the fields of electrical engineering 
and physics have been instrumental for bringing solar 
power generation to grid-scale and a chemistry perspec-
tive can be applied to develop surfaces that build on these 
previous achievements to improve solar power genera-
tion. Present technologies, such as photovoltaic cells, for 
converting solar energy to direct current are throttled 
on average at 21% with the most expensive and efficient 
systems still at only 40%.1 Modifying surfaces to change 
the energy landscape can push these energy efficiencies 
higher and curtail energy wasted to thermalization or 
reflection. Here, the advantages of chemical reasoning 
can be leveraged to develop novel surface modifications 
using organic functionalizations on inorganic surfaces. 
To broaden this molecular toolkit, a series of organic 
chemical synthesis schemes involving 1,8-halogenated 

anthracene derivatives are 
explored in order to con-

struct the target molecule [1a]. 1,8-halogenated an-
thracene derivatives are a class of anthracene structures 
with halogens covalently bound at the 1 and 8 positions. 
Critically, these derivatives offer an array of attractive 
synthetic features such as distinct identifiable proton 
environments equipped with a backbone that can support 
larger molecular scaffolds. Halogenated anthracene de-
rivatives are particularly useful as synthetic intermediates 
in synthesis schemes for performing organic substitu-
tions and surface attachments. The anthracene backbone 
in 1,8-halogenated anthracene derivatives provides 
structural stability while possessing discrete reaction sites 
offering controlled, predictable opportunities for per-
forming synthetic chemistry. The symmetry and inherent 
planar structure of these species enable the synthesis 
of organometallic Pincer complexes with square planar 
coordination geometries.2 In these configurations, the 
delocalized electronic structure of the anthracene abuts 
the electron density of platinum-group metal centers. The 

texas-urj.org

Synthetic Approaches to Prepare and Isolate 
Halogenated Anthracene Derivatives

Benjamin Rogers
The University of Texas at Austin

In this laboratory research, 1,8-dichloroanthraquinone from Sigma-Aldrich was used to generate 1,8-diiodoan-
thraquinone through a single-step halogen-exchange reaction. Experimental yield of the 1,8-diiodoanthraquinone 

product was improved from 19 % to 45 % by removing water from the reaction vessel. Optimal conditions for the 
separation of unreacted 1,8-dichloroanthraquinone from 1,8- diiodoanthraquinone product were testedtesting using 
silica-column chromatography with several different solvent compositions of toluene, dichloromethane (DCM), and 
hexanes. Experimentally synthesized 1,8- diiodoanthraquinone was sequentially reduced first generating 1,8-diio-
doanthrace-9-none, then reduced once again to generate 1,8-diiodoanthracene with a percent yield of 34 %. A set 
of viable resonance structures of 1,8-diiodoanthraquinone are proposed for the experimentally-observed selective 
activation of the oxygen site at the 9-position thus making the isolation of 1,8-diiodoanthracene-9-one possible. It was 
found that 1,8-diiodoanthracene could be successfully brominated by n-bromoorosuccindamide (NBS) generating 
10-bromo-1,8-diiodoanthracene. Although the bromination was successful, the percent mass yield was low at only 
18%. The synthesis of each product was confirmed with 1H NMR Agilent 400 MHz. This research will be useful for 
both enhancing existing synthetic reaction paths and for developing novel chemical synthesis pathways. This synthetic 
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texas-urj.org expanded delocalization of the electron density expands 
the opportunities of molecular interactions with incident 
solar energies that are currently inaccessible in traditional 
photovoltaic systems. 

Photoelectrochemistry offers a venue to harness abun-
dant solar radiation in semiconductors in order to 
generate more accessible forms of energy such as driving 
a direct current. In 2021, Boucher et al. identified distinc-
tive trends in onset potential and differential capacitance 
demonstrating that the polarizability of surface attach-
ments indeed tunes the photovoltage of the silicon p(111) 
surfaces.3 

Ultimately, this project aims to study the effect of polar-
izability on the band gap of silicon semiconductors by 
analyzing the surface coupling between surficial organic 
moieties and bulk silicon. In particular, interest in explor-
ing how an organometallic complex with significant elec-
tron density and polarizability affects the electrochemical 
properties of Si p(111). Figure 1 shows the target mole-
cule for surface attachment on Si p(111). The brominated 
target molecule prior to surface attachment [1a] is shown 
with its corresponding surface attachment [1b]. A key 
feature of the target molecule is the planar backbone 
structure between the metal coordinating center, anthra-
cene moiety, and phosphine. The planar backbone struc-
ture may be optimal for maximizing electronic coupling 
between the organic-inorganic interface. 

Figure 1: Target Molecule for surface functionalization of 
Si p(111) where M = Pt, Ni, or Pd

Experimental

I. 1,8-diiodoanthraquinone

Scheme 1: Iodination Reaction Setup with 4 eq. Sodium 
Iodide

In a 50 mL round bottom flask, 2.0818 g of 1,8-dichlo-
roanthraquinone (7.513 mmol) was added with 4.3754 
g NaI (29.19 mmol, 4 molar eq.), and 0.1362 g of CuI 
(0.715 mmol, 0.1 molar eq.) dissolved in 8 mL of nitro-
benzene and stirred. The round bottom flask was then 
placed on a heating mantle connected to an autovari-
ac-transformer. A water-free condenser was affixed to 
the round-bottom flask. The mixture was refluxed for 
17 hours with the autovariac power level set to 40% to 
achieve a steady, stable reflux. The product material was 
washed with 50 mL of diethyl ether and extracted into 
dichloromethane. An aqueous liquid-liquid extraction 
was performed with excess sodium sulfite to reduce 
iodine generated as a byproduct. The organic layer was 
rotary-evaporated resulting in the recovery of 1.3477 
g of material. A 1H NMR spectrum showed a 1:1 ratio 
of product to reactant indicating a 19% yield. 1H NMR 
(CDCl3): δ1 = 7.34 (t, 2 H), 8.27 (dd, 2 H), 8.38 (dd, 2 H); 
Agilent 400 MHz system. 

Scheme 2: Iodination Reaction Setup with 8 eq. Sodium 
Iodide

The iodination reaction was performed with a doubled 
quantity of NaI and a steam distillation to improve the 
conversion and purity of the reaction. A 50 mL round 
bottom flask was set up with 2.0227 g of 1,8-dichloroan-
thraquinone (7.300 mmol), 8.6572 g NaI (57.76 mmol, 
8 molar eq.), 0.1372 g of CuI (0.7204 mmol, 0.1 
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molar eq.), 8 mL nitrobenzene and stirred. A steam 
distillation was performed on the mixture at 100 ºC 
for 30 minutes in order to remove residual water from 
the mixture. The round bottom flask was placed on a 
heating mantle connected to an autovariac transformer 
and connected to a water free condenser. The autovari-
ac-transformer power level was set at 40%. After 17 hours 
of reflux the product material was washed with 50 mL 
of diethyl ether. The product material was extracted into 
dichloromethane and an aqueous liquid-liquid extraction 
was performed on the mixture. The organic layer was 
collected and rotary-evaporated resulting in a mass yield 
of 1.9353 g. A 1H NMR spectrum showed a 99:1 ratio of 
product to reactant indicating an overall 45% yield. 1H 
NMR (CDCl3): δ1 = 7.33 (t, 2 H), 8.27 (dd, 2 H), 8.38 
(dd, 2 H); δ2 = 7.63 (t, 2 H), 7.78 (dd, 2 H), 8.19 (dd, 2 H) 
Agilent 400 MHz system.

II. 1,8-diiodoanthracene

Scheme 3: First Sequential Reduction forming 1,8-diiodo-
anthracen-9-one

Scheme 4: Second Sequential Reduction forming 1,8-diido-
anthracene

In a 100 mL round bottom flask 1.363 g of 1,8-diiodo-
anthraquinone was dissolved in 26.3 mL of methanol 
and stirred. At t = 0 minutes, the flask was placed in an 
ice bath and stirred for five minutes. At t = 5 minutes, 
0.3284 g of NaBH4 was added to the reaction flask. At t 
= 15 minutes, a second addition of 0.3284 g of NaBH4 
was added to the reaction mixture. At t = 25 minutes, a 
third addition of 0.3284 g of NaBH4 was added to reac-
tion mixture. At t = 35 minutes, the round bottom flask 

was removed from the ice 
bath and left to stir at room 

temperature for 3 hours. After the 3 hours of stirring, 
the mixture was placed on an ice bath and 4.5 mL of 
36% – 38% HCl was added dropwise. The round bottom 
flask was then moved to a heating mantle and refluxed 
for 17 hours with a water-free condenser. The reaction 
vessel was removed from reflux and passively cooled to 
room temperature. The mixture was washed with 50 mL 
of chilled distilled water and poured over a fritted-glass 
Büchner funnel with a one-inch thick layer of lightly 
compressed diatomaceous earth. The material was ex-
tracted into 65 mL of dichloromethane. A liquid-liquid 
extraction was performed on the organic mixture with a 
saturated Na2SO3 aqueous phase in a 250 mL separatory 
funnel. The organic phase was transferred to a round 
bottom flask and rotary evaporated. 

The product material was then dissolved and stirred 
in 3 mL of methanol and 21 mL of 2-propanol in a 50 
mL round bottom flask. At t = 0 minutes, the flask was 
placed in an ice bath and stirred for five minutes. At t = 
5 minutes, 0.2135 g of NaBH4 was added to the reaction 
flask. At t = 15 minutes, a second addition of 0.2135 g 
of NaBH4 was added to the reaction mixture. At t = 25 
minutes, a third addition of 0.2135 g of NaBH4 was added 
to the reaction mixture. At t = 35 minutes, the round 
bottom flask was removed from the ice bath and left to 
stir at room temperature for 3 hours. After 3 hours of 
stirring, the mixture was placed on an ice-water bath 
and 4.5 mL of 36% – 38% HCl was added dropwise to 
the reaction vessel. The round bottom flask was then 
moved to a heating mantle and refluxed overnight with a 
water-free condenser. The mixture was then filtered and 
rotary-evaporated and approximately 0.7135 g of material 
was recovered. A 1H NMR spectrum showed a 3:2 ratio 
of product to reactant indicating an overall 34% yield. 1H 
NMR (CDCl3): δH = 7.184 (t, 2 H); 8.000 (dd, 2 H); 8.139 
(dd, 2 H); 8.305 (s, 1 H); 8.939 (s, 1 H); Agilent 400 MHz 
system.

III. 10-bromo-1,8-diiodoanthracene

Scheme 5: Bromination of 1,8-diiodoanthracene
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A 50 mL round-bottom flask was prepared with 0.990 
g of 1,8-diiodoanthracene, 12 mL of DCM, 0.3831 g of 
n-bromosuccinimide (2.15 mmol, 1 mol eq.), and 0.6 
mL of glacial acetic acid. The mixture was refluxed in 
the dark at 40 ºC for two hours. After passive cooling to 
room temperature, excess sodium sulfite was added to 
the mixture and an aqueous extraction was performed. 
The organic layer was collected and rotary evaporated, re-
coveringevaporated recovering 0.3860 g of solid 10-bro-
mo-1,8-diiodoanthracene. An 1H NMR spectrum showed 
approximately a 1:1 ratio of product to reactant indicat-
ing an 18% yield. 1H NMR (CDCl3): δH = 7.302 (t, 2H); 
8.139 (d, 2H); 8.543 (d, 2H); 9.099 (s, 1H); Agilent 400 
MHz system. 

DISCUSSION
The first step to construct the target molecule for sur-
face attachment [1a] was the synthesis of 1,8- diio-
doanthra-9,10-quinone [2b] from 1,8-dichloroan-
thra-9,10-quinone [2a]. Since the iodination was the 
first step in the overall synthesis scheme, optimization 
of the procedure for the highest yield possible was vital 
so the reaction was attempted under multiple reaction 
conditions. The conditions of the iodination reaction 
were previously reported by Lovell et al. demonstrating 
the utility of the coupled halogen exchange with iodine.4 
Goichi et al. provided additional findings in 2005 that 
enhanced the yield by highlighting the importance of the 
steam distillation prior to refluxing the mixture.5 Addi-
tionally, yields were increased by doubling the quantity 
of excess sodium iodide from 4 molar equivalents to 8 
molar equivalents. 

Figure 2:  General Overview of Iodination Substitution 
Reaction

Although the reaction successfully produced the desired 
iodinated quinone, the 1H NMR spectrum revealed that 
some 1,8-dichloroanthraquinone remained unreacted in 
most trials. The integrations of the resonances indicated 
that the material had a 10:4 ratio of 1,8-diiodoanthraqui-

none to 1,8- dichloroanthraquinone without the steam 
distillation. However, when a steam distillation was 
performed prior to refluxing the mixture, the overall ratio 
of product material was greater than 99% 1,8- diiodo-
anthraquinone and less than 1% 1,8-dichloroanthraqui-
none. Furthermore, the improved yield observed under 
the conditions presented here uses a shorter reaction 
time (17 hours) compared to those established by Goichi 
(43 hours), suggesting there may be kinetic influences at 
play.6 Overall, the preparation of 1,8-diiodoanthraqui-
none from commercially available 1,8-dichloroanthra-
quinone was achieved with a straightforward and repro-
ducible method requiring a shorter reaction time and 
attaining a higher yield than previously reported. 

Figure 3: 1H NMR spectrum of product mixture from the 
iodination reaction with original and improved methods 
for comparison, zeroed with TMS reference. 

The improved method with water removed from the re-
action vessel shows significantly sharper magnetic shifts 
and a smaller reactant signal relative to the product. 
Though the mass yield was improved through the re-
moval of water prior to initiating the iodination reac-
tion, some reactant still remained. In order to maximize 
purity, additional workup steps were tested, however, no 
column or recrystallization conditions showed successful 
separation of the 1,8- diiodoanthraquinone and 1,8-di-
chloroanthraquinone species. Thin-layer chromatogra-
phy successfully yielded spot separation of material, but 
scaling to column chromatography resulted in excessive 
streaking so separation was infeasible. Thin-layer chro-
matography was performed on the product in several 
ratios shown in Table 1. Toluene was thought to disrupt 
intermolecular π–π stacking interactions between 
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anthranoids, so it was used to spike the solvent and it 
greatly increased the resolution of the spot separation, 
thus mitigating the significant streaking previously ob-
served. Volumetric ratios of DCM to hexanes all showed 
multiple band separations with varying resolution. All 
showed more than 2 distinct bands, inconsistent with the 
separation of pure 1,8-diiodoanthraquinone and 1,8-di-
chloroanthraquinone. The 70:30 DCM to hexanes TLC 
plate appeared to have the best band separation, so col-
umn chromatography was performed with the 70:30:10 
solvent blend of DCM to hexanes to toluene. Multiple 
columns appeared to yield distinct band separations, but 
1H NMR spectra consistently indicated that the distinct 
bands did not represent separation of pure 1,8-diiodo-
anthraquinone and pure 1,8-dichloroanthraquinone. In 
fact, the band separation did not appear any purer than 
the crude material. 

Table 1: Comparison of Volumetric Solvent Ratios used in 
Chromatography. 
Prior to observing the quantitative conversions provided 
by the steam distillation for the iodination, other reac-
tions were explored to quantitatively convert 1,8-dichlo-
roanthraquinone to 1,8- diiodoanthraquinone. Klapars 
et al. investigated the halogen exchange conversions of 
bromobenzene to iodobenzene, utilizing three organic 
vicinal diamino compounds as catalysts.7 From Klapars’ 
reported success, a similar reaction was attempted for 
the chloro-iodo substitution where trans-1,2- diamino-
cyclohexane was utilized as a catalyst to recreate Klapars’ 
quantitative conversion, in the same molar ratio, at a 2 
g scale, under air-free conditions. However, attempts at 
performing the iodination with 10% molar eq. of the 
catalyst trans-1,2-diaminocyclohexane in dioxane failed 
to generate any 1,8- diiodoanthraquinone, verified by 1H 

NMR. 

Figure 4: Overview of Sequential Reductions 

Lovell et al. previously discussed the synthesis of 1,8-diio-
doanthracene from 1,8- diiodoanthraquinone.1 Figure 3 
shows the reaction scheme for the sequential reductions 
of 1,8- diiodoanthraquinone [3a] to 1,8-diiodoanthra-
cene [3c] with an isolable, stable, intermediate: 4,5- diio-
doanthracen-9(10H)-one [3b]. The sequential reduction 
conditions employed a dilution of methanol 
with 2-propanol in the second reduction because 2-pro-
panol has a more stabilized transition state providing 
stronger protonating conditions. The stronger protonat-
ing conditions are not needed in the first reduction due 
to the activated carbonyl depicted in Figure 4 partici-
pating in resonance.8 Since 2-propanol can stabilize a 
transition state in the reduction of the anthrone, the 
second reduction requires a lower molar ratio of sodium 
borohydride. An ancillary singlet upstream was observed 
in each 1H NMR of 1,8- diiodoanthracene that accounted 
for discrepancies in integrations. 

Figure 5: Contributing Resonance Structures of 1,8-diiodo-
anthraquinone

Figure 6: 1H NMR of product mixture from the sequential 
reduction reactions, zeroed with TMS 
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The bromination reaction generated a 34 % yield of 
10-bromo-1,8-diiodoanthracene, after accounting for the 
presence of unreacted starting material with 1H NMR. 
On the benchtop exposed to light, 10-bromo-1,8-diio-
doanthracene changed color from fluorescent yellow to 
brown. Due to degradation of 10-bromo-1,8-diiodoan-
thracene under environmental light, the bromination was 
performed in the dark. 

Additionally, TLC spots with 10-bromo-1,8-diiodoan-
thracene changed color from pale yellow to brown within 
hours. When the bromination was performed in the dark, 
yields were found to be less than 5% and the 1H NMR 
spectra were excessively noisy. The bromination reaction 
was subsequently attempted with 1 molar equivalency of 
Br2 instead of NBS and the 1H NMR spectra of the prod-
ucts were notably similar. 

Figure 7: 1HNMR of brominated 1,8-diiodoanthracene, 
zeroed with TMS reference.

A solubility test was performed on the brominated 
1,8-diiodoanthracene species. Chloroform solubilized the 
species the best, whereas dichloromethane took approxi-
mately double the volume of solvent and toluene required 
roughly quadruple the volume for each to dissolve 10 mg 
of 1,8- diiodoanthracene. The results of this solubility test 
can be useful for preloadingpre-loading the species onto 
silica to perform column chromatography in the future.
 
CONCLUSION
We significantly improved the yield of 1,8-diiodoanthra-
quinone from 1,8-dichloroanthraquinone from 19% to 
45% by boiling off residual water via steam distillation 
prior to refluxing. The steam distillation also enabled 
the recovery of pure product, alleviating the need to 
separate unreacted starting material from the product. 
After performing a DCM wash and aqueous extraction, 

the presence of 99% pure 1,8-diiodoanthraquinone was 
confirmed via 1H NMR. Two sequential reductions were 
performed to synthesize 1,8-diiodoanthracene with an 
overall 34% yield. Subsequently, 1,8-diiodoanthracene 
was brominated to produce 10-bromo-1,8-diiodoanthra-
cene with an 18% yield. Brominating at the 10 position 
is vital to attaching the aforementioned target molecule 
to the surface of Si p(111) and further opens the door 
for future organic synthesis by using the bromine as an 
aromatic director or leaving group. Many additional 
strategies worth exploring to improve the isolation of 
10-bromo-1,8-diiodoanthracene in future synthesis. The 
next step will be to substitute the iodine groups with 
biphenylphosphine groups to synthesize (10-bromo-
anthracene-1,8-diyl) bis(diphenylphosphane) 10-bro-
mo-1,8-diiodoanthracene. Once the ligand scaffold is 
phosphinated, the metalation of the compound can be 
performed to generate the target molecule for surface 
attachment. 
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