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Since our inception in 2013, Fine Focus has utilized a double-
blind peer review system for submitted manuscripts, ensuring 
that the most objective recommendations are made by 
members of our Editorial Board. Your submitted manuscripts 
are redacted of all identifiers (including names, affiliations, 
and acknowledgements) before they are made available to 
2-3 reviewers. This approach is unusual in scientific journals. 
Etkin and colleagues (2017) have reported that for one well-
known academic journal publisher, 95 percent of physical 
science and health science journals operate single- blind 
peer review while 72 percent of life sciences journals are 
single blind. In fact, I am not aware of any journals in the 
fields of microbiology or science education other than Fine 
Focus which utilize a double-blind review process. Data to 
substantiate the claim that double-blind minimizes bias in 
scientific review does vary according to what is specifically 
being measured, and by what methods. However, the general 
consensus viewpoint, reflected in several studies indicates 
that double-blind manuscript review effectively reduces 
or eliminates nepotism, gender bias, geographic bias, and 
personal bias against (or in favor of ) specific research groups, 
laboratories, and/or PIs (Thomkins et al., 2017; Okike et al., 
2017), and that most scholars prefer it over a single-blind 
review process (Ware, 2008). 

The purpose of this writing is not to explore the topic 
comprehensively, but rather to inform and justify to 
our readers as to why the first international journal in 
undergraduate microbiology research, Fine Focus, has opted 
to use double-blind review over the traditional single –
blind process. No system is perfect, but thus far, no more 
suitable manuscript review system has been adopted that 
has enjoyed any degree of practicality and persistence above 
that of single- or double-blind peer-review. The reason that 
the single-blind approach remains dominant in the sciences 
(but not in social sciences and humanities journals, where 
only 15% use single-blind review according to Etkin et al., 
2017) is unclear, but change comes very slowly in the global 
community of scientists and educators, where collaboration 
and information-driven action can generate a myriad of 
opinions and arguments with little hope of decisive action 
and fundamental change in this regard.

Arguments against double-blind peer review in the sciences 
include the notion that preparation of manuscripts with 
redacted identifiers (or blinding the papers by editorial 
staff after authors have submitted them) would be overly 
burdensome or too complicated. However, as any active 
author, or a managing or section editor for an academic 
journal could attest, this process is quite straightforward and 
certainly not as time-consuming or technically challenging 
as most of the other actions necessary during the manuscript 
submission/uploading process. Critics of double-blind review 
also indicate that reviewers could probably guess the authors 
identity and/or affiliations based on the content of the 
research, key words, or the authors’ results. This is unlikely, 
and in any case a reviewer who would go to this length in 
a petty attempt to guess the authors is not someone who is 
likely to be an effective reviewer anyway, and probably should 
not be on the Board. Following my service as a reviewer, and/
or member of the Editorial Board for the CUR Quarterly, 
Journal of Food Protection, Journal of Dairy Science, Biologia, 
and now Managing Editor of Fine Focus, I can submit that 
most reviewers are well-meaning, sincere, and ethical. They 
want to do a good job, and evaluate the science more than the 
authors or the place in which the work was done. Double-
blind peer review is a good way to ensure that they stay honest 
and maintain confidence in our system by the submitting 
authors and editorial staff.
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Abstract
The outer membrane is the defining characteristic of Gram-negative bacteria and is crucial for the maintenance of cellular 
integrity. Lipoproteins are an essential component of this outer membrane and regulate broad cellular functions ranging from 
efflux, cellular physiology, antibiotic resistance, and pathogenicity. In the canonical model of lipoprotein biogenesis, lipoprotein 
precursors are first synthesized in the cytoplasm prior to extensive modifications by the consecutive action of three key enzymes: 
diacylglyceryl transferase (Lgt), lipoprotein signal peptidase A (LspA), and apolipoprotein N-acyltransferase (Lnt). This enzymatic 
process modifies lipoprotein precursors for subsequent trafficking by the Lol pathway. The function of these three enzymes were 
originally thought to be essential, however, in some Gram-negative bacteria, namely Acinetobacter baylyi, the third enzyme Lnt 
is dispensable. Here we review the function and significance of Lgt, LspA, and Lnt in outer membrane biogenesis and how non-
canonical models of lipoprotein processing in Acinetobacter spp. can enhance our understanding of lipoprotein modifications 
and trafficking.
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Introduction

The general structure of Gram-negative bacteria such as 
Escherichia coli and Acinetobacter baylyi consists of the inner 
membrane (IM) and outer membrane (OM) separated by 
an aqueous periplasm containing a thin peptidoglycan layer 
(1). The outer membrane is the defining characteristic of 
Gram-negative bacteria and is essential for the maintenance of 
cellular integrity. The OM is composed of phospholipids and 
a lipopolysaccharide asymmetric bilayer containing β-barrel 
OM proteins (OMPs) (2). In order for correct biogenesis of 
the OM to occur, lipopolysaccharides must be delivered to 
the OM by the Lpt machinery while the Beta-barrel assembly 
machinery (BAM) complex assembles OMPs into the OM 
(3). Proteins destined for the OM are synthesized in the 
cytoplasm with a signal peptide used for translocation to 
the IM by the general secretion (Sec) pathway for unfolded 
proteins or through the twin-arginine translocation (Tat) 
pathway for fully folded proteins (4–6). Deviations or loss of 
function in the assembly machinery needed to synthesize the 
OM results in profound defects causing morphological defects 
such as antibiotic and temperature sensitivity (7).

Outer membrane lipoproteins have vital functions including 
aiding in lipopolysaccharide (LPS) insertion in the OM 
and forming secretion systems (8, 9). LPS is found in the 
outer leaflet of the OM in most Gram-negative bacteria 
and is thus essential because it interacts directly with the 
outside environment of the bacterium and maintains the 
impermeability of the OM (10–13).

The proteins, LptD and LptE are components of the Lpt 
machinery which function to transport the essential LPS to 
the OM (8, 9). LptE and LptD form a complex in which 
LptE is buried inside LptD and functions as a plug to prevent 
the passage of molecules through LptD into the bacteria 
(14– 18). There are also surface-exposed lipoproteins such as 
Lpp and Pal which function to increase cell wall stability by 
attaching the OM to the cell wall (19–21). Other surface-
exposed lipoproteins are part of stress responses including 
RcsF which is the sensory component of the Rcs envelope 
stress response (22, 23). This stress response can be activated 
by LPS stress and osmotic stress (24–27).

Lipoproteins are also essential in assembly of the OM and 
regulating the traffic of molecules inside and outside of the 
Gram-negative cell (28). These OM lipoproteins can release 
virulence factors to the surrounding environment resulting in 
infection (29, 30). They also can release toxins or hazardous 
chemicals for defense (31). Another assembly of OM 
proteins is the BAM complex which functions to facilitate 
the formation of beta- barrels in the OM (32). Blocking OM 
lipoprotein trafficking or inhibiting their function can result 
in cell death (33). If a lipoprotein is not trafficked, the cell 
cannot regulate the efflux of molecules across the membrane, 
depriving it of resources and preventing the cell from 
expelling hazardous chemicals. Therefore, the lipoprotein 
sorting pathway is integral to Gram-negative bacteria because 
lipoproteins in the OM are essential to maintaining the cell 
envelope.

Synthesis of lipoproteins begins in the cytoplasm. 
Lipoproteins are synthesized as precursor pre-prolipoproteins 
in the cytoplasm prior to being trafficked through the ABC 
transporter localization of lipoproteins (Lol) pathway (34). 
Once unmodified pre- lipoproteins destined for the OM are 
translated, they enter the IM through the Sec or Tat pathway 
(35) (Fig. 1a).

The signal peptide embeds the protein to the IM and allows 
for recognition for the first step of modification (36). Di-
acylglyceryl transferase (Lgt) is the first protein in the pathway 
and transfers di-acylglycerol to the cysteine residue in the 
lipobox of the prolipoprotein (37). Lgt has been thought to 
be essential in all Gram-negative bacteria because it is the 
first step of lipoprotein maturation which is required to be 
recognized and translocated using the Lol system (37, 38). 
However, insertion mutations have been created in the lgt 
gene of Acinetobacter baumannii which have yielded viable 
cultures (39). The second step of lipoprotein maturation is 
done by prolipoprotein signal peptidase (LspA) which cleaves 
the signal peptide leaving the lipobox at the N-terminus. 
LspA is also essential due to its ability to cleave the anchor 
peptide from the IM. The heavily hydrophobic region is 
what allows and maintains the protein in the IM, therefore 
its release is integral for lipoprotein movement to the OM 
as well as function and folding. The third and final step in 
lipoprotein maturation is the addition of one more acyl 
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group to the cysteine residue by apolipoprotein transacetylase 
(Lnt) (Fig. 1a). Together, these processes define the canonical 
lipoprotein modification pathway in Gram-negative bacteria 
(34).

 Classically it was thought that Lnt-mediated tri-acylation was 
an essential requirement for recognition by the Lol system 
and subsequent lipoprotein trafficking. However, Lnt was 
found to be nonessential in some Gram-negative bacteria 
including Francisella, Neisseria, and Acinetobacter (40,41). 
The loss of Lnt is not without detriment, as the absence of a 
third acylation interrupts lipoprotein trafficking resulting in 
visible growth defects such as increased OM permeability in 
Acinetobacter spp. (42). The viability of Acinetobacter spp. after 
lnt deletion suggests a non-canonical function of the existing 
lipoprotein modification and trafficking pathway (Fig. 1b).

If an apo-lipoprotein is successfully tri-acylated and cleaved, 
to become a mature lipoprotein and reach the OM, it must 
be translocated there by the Lol system (34). The LolCDE 
proteins exist in the IM where it receives the tri-acylated 

lipoproteins, as studied in E. coli (43). If destined for the OM 
the periplasmic chaperone LolA then shuttles the lipoproteins 
to the OM receptor LolB for inclusion into the OM (38, 
44–46). In Francisella spp., a fusion protein resembling E. coli 
LolC/LolE exists that shares high homology among functional 
domains of the transport system (41). This high homology of 
the fusion protein and subsequent pathway probing identified 
this protein as LolF, a distinct protein among certain 
gram- negative bacteria namely Neisseria, Francisella, and 
Acinetobacter (42, 47). LolF was shown to accept di-acylated 
lipoproteins as compared to the rejection of di-acylated 
lipoproteins by LolCDE (41).

The LolF arrangement and successful trafficking of di-acylated 
lipoproteins in Lnt-deficient A. baylyi suggests the presence 
of a non-canonical function of the lipoprotein modification 
and trafficking pathway (Fig. 1b). In the process of exploring 
the non-canonical function of this pathway, it is essential to 
review the known structures, functions, and mechanisms of 
the canonical pathway. Here we compile research spanning 
50 years for the creation of a concise and accessible resource 

Figure 1. Lipoprotein biogenesis and trafficking in Gram-negative bacteria. (A) In the canonical lipoprotein 
biogenesis and trafficking pathway, pre-prolipoproteins from the cytoplasm are transported to the periplasm by 
the Sec or Tat pathway where Lgt adds two acyl chains (green) to the conserved cysteine residue of the lipoprotein 
precursor. Here, LspA cleaves the signal sequence (blue) and the third and final acyl chain is added to the amino 
terminus by Lnt. The IM bound LolCDE proteins then receive tri-acylated lipoproteins and can be transported by the 
periplasmic chaperone LolA to shuttle the lipoprotein to the OM receptor, LolB, for inclusion into the OM. (B) In 
the non-canonical lipoprotein trafficking pathway of Gram-negative bacteria with LolDF fusion proteins, di-acylated 
lipoproteins are still capable of transportation to the OM by an unknown mechanism or alternative pathway. Created 
with Biorender.com.

Figure 1. 
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regarding lipoprotein processing and associated enzymes 
within Gram-negative bacteria.

Diacylglyceryl Transferase (Lgt).

Before lipoproteins are translocated to the OM through the 
Lol system, they are first modified by Lgt in the IM (37). 
This IM protein di-acylates the prolipoprotein which is the 
first step to becoming a mature lipoprotein. All lipoproteins 
that have been identified have N-acyldiacylglyceryl-cysteine 
as their N-terminal amino acid (48). The lgt gene was first 
discovered in temperature sensitive mutants of S. typhimurium 
in which there was an accumulation of unmodified 
prolipoproteins at 42°C (49). The prolipoproteins in these 
temperature sensitive mutants did not have any glyceryl 
modification. Furthermore, a complementation test with a 
cloned insert of this deletion restored glyceryl modification 
activity. This cloned gene was determined to code for 
diacylglyceryl transferase (Lgt). In E. coli, the umpA gene was 
determined to code for Lgt after demonstrating high levels of 
similarity to the lgt gene in S. typhimurium (50).

Lgt is generally essential in Gram-negative bacteria 
when compared to Gram-positive bacteria. Lipoprotein 
modification has been studied more extensively in Gram-
negative bacteria compared to Gram-positive bacteria. It 
has been determined that Gram-negative bacteria in which 
Lgt is essential include E. coli and S. typhimurium (49, 51, 
52). However, there are some Gram-negative bacteria such 
as A. baumannii in which insertion mutations are present 
due to transposons in the lgt gene, yet there viable cells 
persist (39). Furthermore, Lgt has been determined to not 
be essential in Gram-positive organisms such as Bacillus 
subtilis and Streptococcus pneumoniae (53, 54). B. subtilis 
and S. pneumoniae cultures were still viable after lgt deletion 
(53). However, lgt was deemed essential for virulence in S. 
pneumoniae (54). It has been hypothesized that the function 
of Lgt in Gram-positive bacteria may be analogous to 
substrate-specific sorting enzymes which translocate wall-
anchored proteins (55, 56).

Lgt consists of 291 amino acids and is comprised of 
seven transmembrane helices. The crystal structure of 
Lgt was identified in E. coli where it is composed of 291 

amino acids (33 kDa) (57). There are seven transmembrane 
helices which form the core of the protein and there are two 
phosphatidylglycerol binding sites, R143 and R239 (Fig. 
2a). These two binding sites were determined to be critical 
through the use of complementation tests with lgt knockout 
cells and different mutant variants. There are six beta strands 
and four short helices. One of the critical catalytic sites, 
R143, which faces towards the periplasm, directly binds 
the substrate phosphatidylglycerol for transfer. This site is 
positively charged which makes it a prime residue for binding 
the negatively charged phosphatidylglycerol. The other 
phosphatidylglycerol binding site is E151. The residue R239 
was also determined to be essential for diacylglyceryl transfer 
and functions by forming a hydrogen bond with the C3 of 
diacylglycerol. These two key residues are the catalytic sites 
which transfer di-acylglyceryl to the pre-prolipoprotein.

Diacylation of the prolipoprotein begins by transferring 
a non-acylated glyceryl of phosphatidylglycerol to 
the sulfhydryl group followed by O-acyltransferase 
catalyzed acylation of the glyceryl moiety. To determine 
the mechanism of action for this diacyl modification, 
Braun’s lipoprotein was used in E. coli (25, 27, 28). 
Braun’s lipoprotein is a murein lipoprotein which has the 
same composition as previously identified lipoproteins 
with a glyceryl cysteine (S-propane-2’,3’-diol)-3-thio-2- 
aminopropanic acid) at the peptide end attached to two 
fatty acids with another fatty acid bound at the N-terminal 
(48, 58). To become a mature lipoprotein, the first step 
of modification is done by Lgt which di-acylates the 
prolipoprotein (37). The mechanism of di-acylating the 
prolipoprotein was proposed to begin by transferring a non-
acylated glyceryl of phosphatidylglycerol to the sulfhydryl 
group of the cysteine residue at the N-terminal of the 
prolipoprotein (48, 60). The sn-2 and sn-3 hydroxyls of 
the glyceryl moiety are then acylated by O-acyltransferase 
enzymes to form the di-acylglycerylated lipoprotein.

Lipoprotein Signal Peptidase (LspA)

Signal II peptidase encoded by lspA in Gram-negative bacteria 
cleaves the signal peptide from the pre-prolipoprotein at the 
lipobox residue consensus sequence LAGC (L−3A−2G−1C+1) 
during the intermediate step of prolipoprotein processing 
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(61). The cleavage event results in an invariable Cys residue 
becoming the N-terminal +1 residue, allowing for the 
prolipoprotein to proceed to the final acylation step by 
Lnt(62).

LspA is ubiquitous among all known Gram-negative 
bacteria and homologs have been found in select Gram-
positive bacteria. LspA is ubiquitously conserved among 
all known Gram-negative bacteria and homologs have been 
found in select Gram-positive bacteria (e.g. Staphylococcus 
aureus) (63). Structurally, among both Gram-positive and 
Gram-negative eubacteria LspA contains one conserved 
residue essential for stability, Asp-14, and five conserved 
residues important for catalytic function; Asn- 99, Asp-102, 
Asn-126, Ala-128, and Asp- 129 (64) (Fig. 2b). Functionally, 
in Gram-negative bacteria LspA is considered essential 
under standard laboratory conditions while in Gram-
positive bacteria LspA is considered conditionally essential 

for virulence (65, 66). There are no known homologs in the 
domain Eukaryota (63).

LspA consists of 169 amino acids and is comprised of 
two main domains containing four transmembrane 
helices. From the crystal structure of LspA isolated from 
Pseudomonas aeruginosa, the 169 amino acid long (18 kDa) 
inner membrane protein is comprised of two main domains 
(67). The first domain consists of four transmembrane helices 
culminating in N and C termini located in the cytoplasm 
(68) and the second domain consists of a periplasmic domain 
further separated into two subdomains (67) (Fig. 2b). The 
larger subdomain is a β-cradle that rests on the membrane 
extending away from the protein’s helical core presenting 
its polar surface to the periplasm. The smaller and second 
subdomain contains a periplasmic helix which extends 
perpendicularly from the β-cradle into the periplasm (67).

Figure 2. Proposed model of peptide topology for Lgt (blue), LspA (grey), and Lnt (green) in the inner 
membrane. Roman numerals indicate transmembrane domains. (A) Lgt contains seven transmembrane domains with 
six beta strands. PG molecules are bound to the Arg143 and Arg239 residues in transmembrane domains IV and VI 
respectively, with Glu151 in transmembrane IV essential to the acyl transfer. The loop between transmembrane VI 
and VII is a gate for the entrance of the pre-prolipoprotein. After the acyl transfer, another PG molecule docks on 
the protein and the process repeats. Adapted from Pailler et al., 2012. (B) LspA in addition to the transmembrane 
domains, has a β-cradle in the first periplasmic exposed domain that retains the majority of the lipoprotein during 
proteolytic cleavage. LspA also contains a periplasmic helix in the second periplasmic domain. The signal peptide of 
the prolipoprotein is wedged between transmembrane II, III, and IV from recognition sites Asp111, Asp129, and 
Asn99. Adapted from Muñoa et al., 1991 and Tjalsma et al., 1999. (C) Lnt exists as a thioester acyl intermediate with 
acyl group attached to C387. Lnt has a beta-barrel-like structure with a catalytic cavity. The apolipoprotein enters the 
cavity laterally, stabilized by the loop between transmembrane domains IVa and IVb. Adapted from Gélis‐ Jeanvoine et 
al., 2015. Created with Biorender.com.

Figure 2. 
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LspA shares a mechanism of action similar to that of the 
aspartic protease family. Based on structural context and 
the functional domain homology to the family of aspartic 
proteases, LspA is proposed to form a catalytic dyad at 
residues Asp-102 and Asp-129 while residues Asn-45, Asn-
99, Asp-111, Asn-126, and Ala-128 create the geometry 
and recognition site for the lipobox of prolipoproteins (64). 
The proposed mechanism of LspA mediated signal peptide 
cleavage is as follows. Upon binding to a lipid-modified 
precursor, the carbonyl carbon of the scissile peptide bond 
is hydrated creating a tetrahedral intermediate (64). At 
this point a proton is transferred by means of a lytic water 
molecule on the initial protonated aspartic acid residue to 
another aspartic acid residue. The tetrahedral intermediate 
then donates a proton from one hydroxyl group to the 
recently charged aspartic acid residue (64). Simultaneously 
the nitrogen atom of the scissile peptide bond receives a 
proton from the catalytic aspartic acid residue resulting in the 
peptide bond cleavage of the signal peptide from the lipobox 
motif of the prolipoprotein. This proposed mechanism of 
LspA enzymatic action is further supported by LspA ability 
to function in the absence of metal ions suggesting LspA does 
not use classical catalytic mechanisms of metalloproteases 
(69).

LspA presents novel targets for drug intervention of 
bacterial infection. LspA is of particular significance to 
the development of antibiotics in response to the increasing 
epidemic of antibiotic resistant bacteria (70). Since LspA is 
broadly conserved and essential in Gram-negative bacteria and 
some Gram-positive bacteria it presents as a suitable target for 
broad-spectrum antibiotic development (63). Additionally 
the correct synthesis of lipoproteins by LspA-mediated 
enzymatic processes has been implicated in pathogenicity 
even in bacteria where LspA is not considered essential (e.g. 
Mycobacterium tuberculosis) (71). LspA is also absent in all 
eukaryotic cells avoiding the possibility of off-target effects 
on host organisms (63). In comparison to the chronological 
development of other antibiotics and their respective targets, 
LspA as a target for antibiotic development is relatively new 
decreasing the risk associated with “legacy” antibiotics and 
acquired resistance (70).

 

In early antibiotic discovery trials, a cyclic peptide antibiotic 
Globomycin was isolated from Streptomyces spp. and 
administered to a panel of bacteria to determine antibiotic 
sensitivities (72). In E. coli and other Gram-negative bacteria, 
growth was severely inhibited by this molecule and resulted in 
the formation of spheroplasts indicating profound membrane 
assembly defects (72). Further studies in E. coli showed 
Globomycin treatment resulted in the bioaccumulation of 
di-acylated prolipoproteins in the cytoplasmic membrane 
and subsequent death of the affected bacterial cell (73). 
In vitro incubation of LspA enzyme and prolipoprotein 
substrates in the presence of Globomycin showed an 
inhibition of LspA enzymatic activity on the cleavage of the 
signal peptide present on the prolipoprotein (74). Decades 
later, the mechanism by which Globomycin prevented 
LspA enzymatic activity was determined by the crystal 
structure of Globomycin bound to LspA from P. aeruginosa 
(67). Globomycin was found to infiltrate the LspA binding 
pocket consisting of conserved residues, typically specific 
for prolipoprotein substrates, and tightly bind both aspartic 
residues implicated in cleavage as described above (67). The 
occupation of both active enzymatic residues prevents typical 
enzymatic function resulting in the observed OM defects and 
subsequent death of the bacterium. Globomycin is an efficient 
inhibitor of Gram-negative bacterial growth and affords the 
benefit of targeting LspA, which has no eukaryotic homolog. 
Therefore, the development of Globomycin analogs which 
can more efficiently mimic prolipoproteins and bind LspA is 
considered a promising avenue of research in the development 
of new antimicrobials (67).

Another bacterial secondary metabolite derived antibiotic, 
myxovirescin, was found to inhibit Gram-negative bacteria 
prolipoprotein processing and subsequent growth in a 
mechanism similar to that of Globomycin despite having a 
unique molecular structure (75). Even though operating on 
convergent mechanisms of LspA inhibition, myxovirescin 
was shown to be rapidly bactericidal by a magnitude of 
almost 10-fold compared to Globomycin (75). The advent of 
another LspA targeted antibiotic with even less incidence of 
spontaneous resistance compared to Globomycin reinforces 
the importance of LspA as a viable target for antibiotic 
discovery (63).
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Apolipoprotein N-acyltransferase (Lnt) 

The last post-translational modification in the lipoprotein 
sorting pathway is performed by apolipoprotein 
N-acyltransferase (Lnt), an IM bound protein. Lnt acquires 
an acyl group from a glycerophospholipid and transfers to the 
+1 cysteine, the same residue previously bonded to the now 
cleaved signal peptide, via an amide bond (52, 76). This final 
modification acts as a conformational structure for Lol system 
translocation to the OM (77).

Lnt is conserved among Gram-negative bacteria but has 
been found in Mycobacterium spp. Lnt is extremely well 
conserved among Gram-negative bacteria but has also been 
found in Mycobacterium (78, 79). While Lgt and LspA are 
universally prominent among both Gram-negative and 
Gram-positive bacteria, Lnt is not. The purpose of the 
third acylation by Lnt is thought to be for recognition for 
translocation to the OM, therefore Lnt does not have a 
function in Gram-positives. Interestingly, Lnt homologs have 
been identified from BLASTp in Mycobacterium smegmatis 
and Mycobacterium tuberculosis as Ppm1. Ppm1 has also been 
confirmed to transfer an acetyl group to the N-terminus, 
similar to the Lnt mechanism (78). The tri-acylated 
lipoproteins are suspected to contribute to M. tuberculosis 
virulence factors (71).

Glycerophospholipids are the prominent substrates 
for Lnt. Lnt transfers an acyl group from 3 different 
glycerophospholipids. Phosphatidylethanolamine (PE), the 
most abundant phospholipid, constituting around 70% of 
the cellular lipid content, is the prominent substrate for Lnt, 
but not essential for Lnt function (80). Phosphatidylglycerol 
(PG), the second most abundant phospholipid, is a substrate 
for Lnt as well, but not used as efficiently as PE (81, 82). 
Interestingly, in mutants lacking PE, PG was used for final 
acylation without defects. Phosphatidic acids (PA) is one 
of the least abundant membrane lipids but can be used as a 
substitute for PG efficiently.

Lnt consists of 512 amino acids and is comprised of six 
transmembrane segments. Lnt has six transmembrane 
(TMS) segments with both the carboxy-terminus and 

amino-terminus exposed towards the cytoplasm (83). A 
large, 79 amino acid long, cytoplasmic loop (CL-2) is 
present between TMS-IV and TMS-V and contains two 
hydrophobic segments (TMS-IVa and TMS-IVb) (83). 
These hydrophobic segments are not fully integrated into the 
membrane and are partially exposed to the cytoplasm (Fig. 
2c). Similar morphology to a reentrant loop motif, these 
segments may be used for channeling in substrates, but CL-2 
lacks key secondary structure for a reentrant loop (84). It is 
hypothesized that instead, CL-2 forms a titled fold similar 
to an intramembrane protease GlpG in E. coli (85, 86). Lnt 
also contains a periplasmic exposed nitrilase domain between 
TSM-V and TSM-VI (83). It is proposed that CL-2, TSM-
IVa, and TSM-IVb are surrounded by the six TMS forming 
a beta-barrel-like structure (85). Lnt contains a catalytic 
cavity inside the beta-barrel-like structure, but the lipoprotein 
substrate enters the structure laterally, a mechanism similar 
to integral membrane proteins (87), Lnt also exists as a 
thioester acyl intermediate to allow for higher processivity and 
acylation for essential OM-bound lipoproteins (52).

The mechanism for acylation transfer is a two-step process 
comprised of auto-acylation followed by acyl transfer. The 
mechanism for acylation transfer is most likely a two-step 
process, auto-acylation followed by acyl transfer (52, 81). 
Due to the massive amount of lipoproteins transported to the 
OM and the low abundance of the enzyme, Lnt existing as 
an acylated intermediate allows for higher processivity of the 
acyl transfer (52, 81). The active site of Lnt is in the nitrilase 
domain exposed to the periplasm. For auto-acylation, C387 
sulfhydryl group initiates with a nucleophilic attack on the 
alpha carbonyl of a phospholipid. The resonance from E267 
attacks the hydrogen on C387 sulfhydryl group allowing the 
fatty acid chain to remain on C387, yielding a thioester acyl 
Lnt (52). For the acyl transfer, the newly exposed nitrogen on 
the di- acylated lipoprotein then attacks the alpha-carbon of 
the acyl group on C387. The next step requires C387, K335, 
and E267 on the nitrilase domain, W237 on the β1/α1 loop, 
F358 and M362 on β5/ β6 loop, and R139 and P147 on 
CL-2 (85).

Lnt is essential in E. coli containing the LolCDE pathways, 
but not other Gram-negative bacteria which have LolFD 
pathways. In E. coli, lnt is essential. Without the final acyl 
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modification, OM destined lipoproteins are mislocalized (77). 
This results in envelope stress and an inability to produce 
functional channel proteins (73). However, in Acinetobacter 
baylyi, Acinetobacter baumannii, Francisella tularensis, and 
Neisseria gonorrhoeae, lnt is not essential (88). It is unclear 
if these Gram-negative bacteria can translocate di-acylated 
lipoproteins or another enzyme performs the same function. 
Francisella and Acinetobacter produce a novel Lol complex, 
LolDF, as opposed to the LolCDE characterized in E. coli 
and many other Gram-negative bacteria (41) (Fig. 1b). In 
transcriptomic studies of Lnt deficient A. baylyi, LolA is 
upregulated significantly (88) but it is improbable that this 
upregulation can solely account for A. baylyi survival in Lnt 
deficient states. Data from the same transcriptome set shows 
a twenty-fold increase in hslJ, gene expression in Lnt deficient 
A. baylyi (88). Additionally, a crystal structures of E. coli LolA 
(89) and putative structure of E. coli HslJ (NP_415897.1, 
EMBL-EBI) are very similar in structure. Due to the highly 
specific mouth-to-mouth transfer mechanism (90) that LolA 
and LolB interact with one another to transfer their inner 
lipoprotein cargo, homology in structure among LolA and 
HslJ is a reasonable cause to investigate HslJ as a potential 
chaperone suppressing the deleterious effects of  
Lnt deficiency.

Concluding Remarks

The lipoprotein sorting pathway is more complex than 
initially thought, the complexity and conditionally 
essential nature of the genes involved in the processing and 
transportation pathways provides opportunities to develop 
additional antimicrobial compounds for both clinical and 
small molecule pathway-probing applications. Though it 
was initially assumed that the action of Lgt, LspA, and Lnt 
were needed for lipoprotein biogenesis in all Gram-negative 
bacteria, this now seems to be an over-simplification. It is 
certainly true that most Gram-negatives require functional 
Lgt, LspA, and Lnt to be viable (50, 52, 83). However, it 
is now clear that there are many exceptions to this rule. A. 
baylyi is viable without Lnt and requires no other genetic 
manipulations to grow (88). In this species, the potentially 
more promiscuous LolCDE analog LolDF is used and a 
di-acylated lipoprotein is able to be recognized for transport 
instead of one that is tri-acylated by a mechanism that is still 

unknown (Fig. 1b) (88). By exploiting the ability of A. baylyi 
to survive in Lnt-deficient cellular environments we can use 
A. baylyi as a model to explore novel lipoprotein processing 
and transportation constituents. Uncovering the mechanism 
of which A. baylyi can overcome Lnt deficiency is essential 
and in doing so, we open new avenues of non-canonical OM 
biogenesis pathways and chemical interventions.
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Glossary of Terms

β-barrel assembly machine (BAM): Five-protein complex that assembles β-barrel proteins into the outer membrane

General secretion (Sec) pathway: System for exporting unfolded proteins from the cytoplasm into the inner membrane

Twin arginine translocation (Tat) pathway: System for exporting folded proteins from the cytoplasm into the inner 
membrane

Lipopolysaccharide Transport (Lpt) machinery: Transporter system to shuttle lipopolysaccharides across the periplasm to the 
outer membrane

Localization of lipoprotein (Lol) pathway: Pathway responsible for trafficking mature lipoproteins from the inner membrane 
to the outer membrane

Pre-prolipoprotein: Precursor lipoproteins exported from the cytoplasm prior to acylation by Lgt Prolipoprotein: Precursor 
lipoprotein with two acyl chains from the action of Lgt and with a still-intact signal peptide

Apo-lipoprotein: Di-acylated precursor lipoprotein with cleaved signal peptide prior to final acylation from Lnt
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Abstract
Beer draught lines are frequently contaminated with biofilm-forming microorganisms, which forces retailers to spend considerable 
time and money cleaning and replacing lines. In light of this financial burden, draught tubing composition was examined for its 
role in the prevention of biofouling in beer lines. Three types of draught tubing - vinyl, polyethylene, and nylon barrier - were 
inoculated with a combination of biofilm-forming microorganisms (Hafnia paralvei, Raoultella planticola, Pediococcus damnosus 
and Saccharomyces cerevisiae) and used to simulate a bar environment for sixteen weeks. Following simulation, the degree of 
biofouling in each draught line was determined by spectrophotometry and microscopy. Absorption values and fluorescence 
images showed that nylon barrier tubing was superior to the other lines at resisting biofilm maturation.These results suggest 
that tubing composition plays a significant role in the prevention of biofilm formation in beer draught lines and supports the 

adoption of nylon barrier tubing as an effective strategy against biofouling in a variety of applications.
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Introduction

Biofouling creates a considerable financial burden at various 
levels of the beer industry. Arguably, the most challenging 
environment to keep clean is found in beer draught lines 
where yeast and spoilage organisms readily adhere, altering 
the taste, aroma, and quality of the beer. Although the 
deleterious effects of microbial biofilms have been recognized 
for several decades, relatively little scientific research has been 
applied to combat these issues, and most methods focus on 
routine maintenance of beer draught lines. For example, the 
Brewers Association recommends cleaning draught lines, at 
a minimum, every two weeks. The cleaning solution should 
be recirculated through the line for at least 15 minutes at a 
velocity of two gallons per minute. Additionally, all draught 
lines should be replaced annually as, despite regular and 
consistent cleaning, biofilms can still form (1).

Beer spoilage can be caused by a variety of microbial species. 
Perhaps the most notorious beer contaminants are lactic acid 
bacteria such as Lactobacillus brevis, and Pediococcus damnosus. 
These species are able to survive the harsh conditions of the 
brewing environment due to the presence of genes for hop 
resistance and polysaccharide production (2; 25). While the 
biofilm formation of most lactic acid bacteria is relatively 
weak, their persistence and prevalence is enhanced by the 
presence of ubiquitous environmental species that have also 
been isolated from brewing equipment (14). Many isolates, 
such as Stenotrophomonas maltophilia, Pseudomonas putida, 
and Citrobacteri freundii, are known to be prolific biofilm 
producers and may aid lactic acid bacteria as secondary 
colonizers (11; 24; 28). P. damnosus was recently isolated 
in our lab as a component of a multispecies biofilm in 
beer draught tubing from a local brewery (Russell et al, 
unpublished). Notably, a human commensal organism, 
Halfnia paralvei, a common soil inhabitant, Raoultella 
planticola, and brewer’s yeast, Saccharomyces cerevisiae were  
the other predominant species in this biofilm.

As many retailers and distributers know, standard draught line 
cleaning procedures are very time-consuming, expensive, and 
only moderately effective (20). Although proper maintenance 
can delay biofilm growth and formation, cleaning of beer 

draught lines needs to be done consistently, as biofilms can 
form quickly and are more difficult to remove when mature 
due to the vast and multi-faceted defense mechanisms 
they exhibit (5). Consequently, alternative treatments have 
been developed for beer draught lines and other industrial 
applications that utilize enzymatic digestion (10; 16; 29; 31). 
These approaches are moderately effective; however, they are 
often marketed as an additional step to a routine maintenance 
schedule, adding unnecessary time and expense.

Recently, the medical and industrial fields have shifted their 
focus to proactive methods of biofilm prevention rather than 
reactive treatment options. For example, a number of natural 
and artificial chemicals have been shown to possess anti-
biofilm properties that block quorum sensing (9), disperse 
extracellular polysaccharide (19), inhibit curli biosynthesis 
(6), or alter membrane permeability (13). A variety of studies 
also have been published in recent years describing options 
for making surfaces more resistant to biofouling, including 
development of novel materials (17; 18), improvement of 
manufacturing methods (15; 32), and creation of post-
production coatings (7; 8; 22). Likewise, beer-draught 
line manufacturers have begun to experiment with various 
materials and manufacturing procedures to create lines that 
are more resistant to biofilm formation and, consequently, 
require less routine maintenance. One such product, known 
as Gen-X (Valpar), utilizes both a novel manufacturing 
method and addition of a nylon barrier layer to stop 
oxygen permeation and preserve beverage characteristics. 
Consequently, Gen-X tubing promises to ensure draught 
quality and hinder microbial growth 2-3 times more 
effectively than other alternatives (30). While this and other 
new proprietary compositions show promise at combatting 
biofouling, no peer-reviewed research has been done to 
characterize the effectiveness of these lines.

Our project aims to test the qualitative and quantitative 
effect that various tubing compositions have on biofilm 
formation in beer draught lines. We hypothesized that nylon 
barrier tubing would exhibit reduced biofouling compared to 
other tubing materials due to its potential to reduce oxygen 
permeation. To test this, three beer draught lines—vinyl, 
polyethylene, and nylon barrier (Gen-X)—were inoculated 
with a microbial cocktail consisting of Hafnia paralvei, 
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Raoultella planticola, Pediococcus damnosus, and Saccharomyces 
cerevisiae liquid cultures. Following inoculation, the lines 
were connected to a keg-draught system from which beer 
was regularly dispensed for sixteen weeks to simulate a bar 
environment. Next, spectrophotometry and microscopy 
were used to determine the ability of the different draught 
tubing compositions to resist biofouling. Results from our 
experiments consistently showed that nylon barrier tubing 
was significantly better at resisting biofilm growth than 
traditional vinyl or polyethylene lines. The nylon barrier 
draught line showed impressive resistance to biofouling after 
the sixteen-week simulation, supporting the use of nylon 
oxygen barriers as a preventative measure against  
beer- spoilage biofilms.

Methods

Microbial Cultures

Four microbial species were obtained and cultured for 
this study as follows. Hafnia paralvei (ATCC 29927) and 
Raoultella planticola (ATCC 33431) were streaked onto 
nutrient agar plates and incubated at 37°C. Pediococcus 
damnosus (ATCC 29358) was cultured on Lactobacilli MRS 
plates and incubated at 25°C. Saccharomyces cerevisiae (Wyeast 
1728) was streaked onto a malt agar plate and incubated 
at 25°C. Individual 500mL cultures of each species were 
inoculated with a single colony from each streak plate and 
incubated at the appropriate temperature until cultures 
reached late exponential phase (~24 hours). Following 
incubation, all four cultures were mixed in a 1:1:1:1 ratio at 
OD600 ~4.8 to create a microbial cocktail for inoculation  
of our beer draught lines.

Simulated Dispensary System

To simulate a standard dispensary system, three types of 
beer-draught lines, vinyl (Micromatic 550C), polyethylene 
(Micromatic 550NE), and nylon barrier (Micromatic 
550BF), were attached to a single keg—containing an amber 
ale from Dakota Territory Brewing company, Aberdeen, 
SD—and kept at 4ºC. Before being connected to the keg, 
all lines were cleaned with alkaline liquid beer line cleaner 
(Micromatic MM-B68), inoculated with a biofilm-forming 

microbial cocktail (described above), and left to incubate at 
room temperature for one hour. After inoculation, the culture 
was drained, and the lines were connected to the same keg 
using line splitters; the lines were then filled with beer. Once 
connected, 500 mL of beer was drawn from each line every-
other day for sixteen weeks to simulate a bar environment, 
and kegs were replaced as needed. After the sixteen-week 
simulation, the lines were disconnected from the keg, 
wrapped in parafilm, and stored at 4ºC for further processing; 
some beer was left in the line to prevent the line from drying 
while in storage.

Quantifying Biofilm Formation

To quantify biofilm formation in each tube, 25 mm long 
segments were cut at various regions from each line using a 
completely randomized design. Two segments were cut from 
each end and two segments were cut from the middle for 
a total of six samples in each treatment group.The samples 
were, then, rinsed lightly with deionized (DI) water, and one 
end was sealed with parafilm. Next, the samples were filled 
with 0.1% crystal violet and allowed to incubate for 10 mins. 
After incubation, the crystal violet was removed, and the 
samples were rinsed with DI water a second time to remove 
any unbound dye. Next, the tubes were filled with 1 mL of 
dimethylsulfoxide (DMSO) and incubated for 10 minutes. 
A stainless-steel spatula was used to gently agitate and break 
uplarger chunks of biofilm.

The sample was diluted 1:1 with more DMSO, loaded into a 
2 mL cuvette, and the absorbance was measured at λ600 on a 
spectrophotometer. Results were analysed using a one factor 
ANOVA to assign statistical significance.

Fluorescence Microscopy

One foot of tubing was taken from each type of beer line 
and three 12.5mm samples were cut from each foot-long 
segment. The samples were then cut longitudinally into semi-
circles and stained using the LIVE/DEAD BacLight bacterial 
viability kit (Invitrogen), according to the manufacturer’s 
recommendations. The sections were then attached to a slide 
using tape and observed with fluorescence microscopy. Images 
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were acquired using a semi-randomized, single blind method 
on a Leica DM8 confocal microscope with an excitation 
wavelength of 480 nm and a 63x oil immersion objective.

Results

Quantifying Biofilm Formation

After disassembling our simulated draught system, each 
draught line was stained with crystal violet to compare 
total biofilm formation between the three tube types.Visual 
inspection of each line showed a dramatic difference between 
the nylon barrier tubing and the other two types. Some 
biofouling was evident in the nylon barrier tubing, but it was 
visibly cleaner than both the polyethylene and the vinyl lines 
(Fig. 1). To quantify this difference, each tube was stained 
with crystal violet and the absorbance was measured using 
a spectrophotometer. Matching its visible appearance, the 
vinyl beer draught line had the highest average absorbance 
value at 2.771 with a standard deviation of ±0.464 (2.771 ± 
0.464, n=3). Biofilm from the polyethylene line measured 
an absorbance value of 1.601 with a standard deviation of 
±0.447 (1.601 ± 0.447, n=3). Notably, the nylon barrier 
line exhibited significantly lower absorbance than both the 
vinyl (p= 0.00001) and the polyethylene (p= 0.0004) lines, 
measuring an average value of 0.253 with a standard deviation 

of 0.139 (0.253 ± 0.139, n=3) (Fig. 2). It should be noted 
that crystal violet stain does not differentiate between viable 
and dead cells in this assay. Therefore, the mean absorbance 
values reported herein are a measurement of cells that are alive 
and those that are not.

Fluorescence Microscopy

While the crystal violet staining of the nylon barrier tubing 
was significantly different from the other two materials, 
these results gave little insight into the biofilm characteristics 
and microarchitecture on each tube type. In particular, they 
did not indicate if bacteria and yeast were prevented from 
adhering to the nylon barrier tubing altogether, or if microbial 
cells were just concentrated in small, localized biofilms 
dispersed along its surface. Therefore, confocal fluorescence 
microscopy was utilized to obtain three-dimensional images 
of the biofilms on each tube type. After removing three 25 
mm segments from each line, the cells were stained with a 
fluorescent dye and observed by confocal microscopy to view 
the characteristics of biofilms in each microenvironment. 
Image analysis revealed that most of the inner surface on the 
vinyl line was covered with a thin, but mature biofilm (Fig. 3, 
left column). By comparison, the polyethylene line exhibited 
substantially less biofouling, but still had a moderate level 

			    Vinyl 			       Polyethylene 		                Nylon Barrier

Figure 1. Crystal violet staining of draught lines. Following a sixteen-week simulation, each draught line was 
drained, rinsed with DI water, and stained with crystal violet. Qualitative images were taken to compare relative 
biofouling.



30 | Fine Focus

of bacteria adhered to its surface (Fig. 3, middle column). 
Similar to the polyethylene line, the nylon barrier tubing 
exhibited considerable resistance to biofouling. Only single 
cells were adhered to its surface, with no evidence of a 
cohesive biofilm (Fig. 3, right column).

Discussion

The maintenance of beer draught lines is an expensive and 
time-consuming process that affects thousands of businesses 
around the globe. Standard line maintenance is essential to 
ensure taste, aroma, and quality of the product, but it involves 
cleansing of the line using acidic or alkaline chemicals at a 
minimum every 2-3 weeks and complete line replacement 
yearly. Improper cleaning of beer draught lines allows for 
microorganisms to adhere in the lines while feeding off the 

nutrients provided by the beer. The adhered microorganisms 
multiply in the line, and once there are sufficient organisms 
in the surrounding environment, the organisms begin to 
produce a polysaccharide matrix around themselves for 
protection. This biofilm makes the beer-spoiling organisms 
difficult to eradicate,costing retailers and distributors money 
and time. For these reasons, the prevention of biofilm 
formation is of great importance.

In recent years, tubing manufacturers have been developing 
new chemical compositions that promise increased resistance 
to microbial biofilms and, therefore, longer intervals between 
line cleanings.To our knowledge, our results represent the first 
peer-reviewed study to support the claims that nylon barrier 
tubing with reduced oxygen permeability does, indeed, resist 
biofouling. Our findings indicate that the nylon barrier line 

Figure 2. Quantifying biofouling of draught lines. Six 25 mm segments were taken from each draught line and 
stained with crystal violet. The stained biofilm was solubilized with DMSO, transferred to acuvette, and absorbance 
was measured at λ600. Errorbarsrepresentstandarddeviation in each group. Significant differences wereobtained 
between groups indicated with different letters;

*P<0.01.
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is roughly six times more resistant to biofilm formation than 
polyethylene tubing and ten times better than standard vinyl 
tubing (Fig. 2). Fluorescence microscopy revealed that this is 
due to fewer cells adhering to the surface of the nylon barrier 
line compared to the others (Fig. 3). While moderate levels of 
microbial cells still adhere to the surface of both polyethylene 
and nylon barrier tubing, the microenvironments in these 
tubes do not promote biofilm maturation. It is likely that the 
microbial population density required to establish a biofilm 
has not been reached.

Although the results from this experiment show that the 
structural and chemical composition of beer line affects 
biofouling, there are several caveats that deserve consideration. 
First, it could be assumed that the nylon barrier line helps 
preserve the quality of the beer longer because it inhibits 
biofouling. However, the taste and quality of the beer was 
not evaluated as a part of this study. More research might 

be needed to substantiate the benefit to consumers. Second, 
only one style of beer – an amber ale – was used in this 
study; results may vary with beer styles containing higher 
alcohol content, greater alpha-acid levels, differing pH, etc. 
Research suggests that each beer style may provide a unique 
growth environment, supplying specific micronutrients 
and antimicrobial compounds (21). For example, hops 
content is known to have a significant effect on the types of 
microorganisms that survive in different beer styles (23; 26; 
27). Knowing these differences could be useful to optimize 
cleaning protocols for beer draught lines dedicated to certain 
beer styles. Third, each line was directly inoculated with a 
very high concentration (OD600~4.8) of microorganisms 
and those cells were allowed to establish themselves in the 
absence of a regular cleaning regimen for sixteen weeks. 
These conditions were chosen to ensure adequate adherence 
of primary biofilm colonizers and to accentuate the potential 
impact of each tubing material. These conditions may not 

Fig. 3. Confocal imaging of adhered biofilm. Six 25 mm segments were taken from each draughtline, stained with 
a fluorescent dye, and observed on a confocal microscope with an excitation wavelength of 480 nm and a 63x oil 
immersion objective.
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reflect the typical biological conditions that most beer retailers 
and distributors encounter. Finally, there are many anaerobic 
organisms such as Megasphaera and Pectinatus species that are 
known to adhere to brewery surfaces and cause beer spoilage 
(3; 4). Since all four of the test organisms in our study were 
aerobic or facultative anaerobes, our results cannot predict 
the potential impact that nylon barrier tubing might have on 
biofilms formed by strict anaerobes. Given that the benefit of 
nylon barrier tubing is due to a presumed reduction in oxygen 
permeability (12), it is likely that lines containing this barrier 
would show little to no impact on the growth of anaerobic 
microorganisms. 

Despite the caveats described above, our study provides 
convincing evidence that nylon barrier tubing substantially 
reduces biofouling when used for beer dispensing. The 
adoption of such tubing is a low-cost option for retailers 
to improve the quality of their product and reduce the 
frequency of line cleaning, resulting in less long-term expense. 
Moreover, the use of such nylon barriers could have wide-
ranging benefits in other applications such as water and soft 
drink lines, diagnostic equipment, and medical devices.
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Abstract
Bacillus cereus is traditionally thought to be the only member of its genus accepted as a pathogen in foods like grains, fruits, 
vegetables, and milk due to the presence of the nonhemolytic (Nhe) operon. However, many other Bacillus spp. may also 
harbor the Nhe operon and be pathogenic, including not just food-associated gastrointestinal toxicoinfections, but human 
endophthalmitis as well. Real-time PCR targeted the nheA gene in 37 samples obtained from food, soil, and reference cultures 
by analyzing the standard deviations of melt peaks. Repetitive element PCR was used to compare the banding patterns of each 
sample against B. cereus ATCC 14579 and three B. thuringiensis strains to “fingerprint” each isolate. Of the original 43 isolated 
tested, 37 were Gram-positive rods. The remaining six samples were Gram-positive cocci. Twenty-five of the 37 Gram-positive 
Bacillus spp. were nheA positive, while twelve were negative. Many of the nheA positive strains were species not previously known 
to contain Nhe and were capable of causing gastroenteritis in consumers.
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Introduction

Bacillus spp. are Gram-positive endospore-forming rods 
ubiquitous in soil worldwide and are primarily aerobic to 
facultatively anaerobic saprophytes (3). Over 148 distinct 
Bacillus species have been described. This large number of 
individual species reflects a high degree of genetic diversity. 
Taxonomical identification of species within the Bacillus 
genus has changed over time as differentiation methods 
have improved (17). Currently, Bacillus species are divided 
into two groups - the B. subtilis and B. cereus divisions. The 
B. cereus group includes B. cereus, B. mycoides, B. anthracis, 
B. thuringiensis, and B. weihenstephanensis. These species 
are also grouped under the name B. cereus sensu lato (51). 
Phylogenetically, B. cereus is quite closely related to the 
entomopathogen B. thuringiensis and the human pathogen 
B. anthracis, a fact that has led to vigorous discussion on 
shared virulence properties, DNA sequence conservation 
among strains, and prevalence in the environment (19, 39, 
48). Along with B. weihenstephanensis, these species constitute 
a single genetic subgroup, a rather arbitrary classification 
designation that brings into question how a species is even 

defined in this family of bacteria. For example, it seems clear 
that at least for many Bacillaceae other than B. cereus, presence 
and expression of enterotoxin genes is not uncommon (7, 11, 
18, 20); nor is it atypical to identify strains of B. cereus lacking 
detectable enterotoxin genes (5, 48). Moreover, B. cereus 
may harbor virulence genes on plasmids more commonly 
associated with B. anthracis (49). Many pathogenic strains 
of Bacillus spp. are primary isolates from clinical, food, and 
environmental sources. Naturally, many published studies on 
the B. cereus group mention the difficulty in selecting features 
for reliable identification of these species. The involvement 
of species in the B. cereus group in foodborne illness, as a 
leading cause of ocular infections (endophthalmitis), and as 
an indicator of water quality (4, 25), begs the question of how 
such a closely related set of species and strains could manifest 
itself so differently in varied environments. Accordingly, 
a reassessment of identification strategies is in order as 
even more reports appear in the literature of Bacillus spp. 
involvement in novel ecological niches.

The search for a reliable DNA-based typing approach 
for Bacillaceae has explored several technologies in recent 

Table 1.

Table 1: Foods screened for the presence of Bacillus spp. by food type as described in Materials and Methods.
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years, including repetitive element PCR (rep-PCR) (34), 
next generation sequencing (NGS) of whole genomes to 
identify polymorphic regions (12), and multilocus sequence 
typing (MLST) (6, 21, 22), which relies on the PCR-
based amplification of 400- 600bp internal fragments of 
housekeeping genes. However, these conserved gene targets 
are frequently not adequate to effectively resolve Bacillus 
species or strains for identification. Clearly, a repertoire of 
both phenotypic and novel genotypic-based methods must be 
utilized for the ever-increasing number of strains appearing 
in the literature. This trend reflects a growing interest in 
this group of bacteria (4). The objective and hypothesis of 
this research is that one may develop a genotypic screening 
method to reliably detect enterotoxigenic Bacillus spp. from 
contaminated food without the need for culture-based 
methods. Use of DNA typing/fingerprinting compared to 
positive control enterotoxigenic (Nhe-producing) Bacillus, 
we show the potential in rep-PCR as a rapid and high-
throughput screening tool for a variety of contaminated 
foods.

MATERIALS AND METHODS

Bacillus spp. isolation from soil and food. 

Using a previously described method (46), soil was collected 
(at 4-inch depths) from multiple locations around the Ball 
State University campus in Muncie, IN. A total of 41 varieties 
of flavoring/ powder, seasonings, milk, coffee creamers, 
cheese, snacks, spreads, and drink additives were obtained 
at local retailers in order to isolate Bacillus spp. from these 
naturally contaminated foods (Table 1). Each sample (5g) was 
added to 100 mL of brain heart infusion broth (BHIB; BD 
Diagnostic Systems, Franklin Lakes, NJ). After mixing, the 
solution was incubated at 32°C while shaking at 160 RPM for 
72h. Samples were heat-treated at 80°C for 30 min on a hot 
plate using a water jacketed vessel and constant shaking, after 
which the suspension (1 mL) was pipetted onto quadruplicate 
tryptic soy agar (TSA; Alpha Biosciences, Baltimore, MD) 
plates and incubated overnight at 37°C. Streak plates were 
performed from initial growth and incubated at 37°C 
overnight to obtain pure cultures, confirmed by Gram and 
endospore staining. Reference strains (Table 2) were obtained 
from Presque Isle Cultures (Erie, PA USA) and Dr. James 
Mitchell (Ball State University, Muncie, IN) and subcultured 

Table 2.

Table 2: Bacillus reference strains used in this study.
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onto TSA slants. All cultures were refrigerated at 4°C until 
DNA extraction and real-time PCR analysis.

DNA Extraction.

Each isolate, including reference strains, was separately 
cultured in tryptic soy broth (TSB, Weber Scientific, 
Hamilton, NJ USA) grown aerobically by shaking for 24h 
as previously described (31). Bacteria were pelleted by 
centrifugation at 9,000 x g for 3 min at 4°C and the pellets 
were resuspended in 300µl TE buffer (Amresco, Solon, OH) 
containing 30 µl of 10% SDS (Promega, Madison, WI), 
and 20 µl of 20 mg/mL Proteinase K (Ambion, Austin, 
TX). Following a 37°C 30 min. incubation, an equal 
volume of phenol:chloroform:isoamyl alcohol (25:24:1) 
solution (Amresco) was added, vortexed, and centrifuged 
for 10 min. at 10,000 x g and 4°C. The aqueous phase 
was carefully transferred into clean microcentrifuge tubes 
and mixed with 0.1 volume of cold 3M sodium acetate 
(Fisher Scientific, Pittsburgh, PA) and one volume of cold 
95% isopropanol (Greenfield Ethanol Co., Brookfield, 
CT). The microcentrifuge tubes were inverted to mix and 
centrifuged for 30 min at 16,000 x g at 4°C. The supernatant 
was discarded, and the dried DNA pellets were quantified 
spectrophotometrically to assess yield and purity.

Uniplex PCR.

All DNA samples were normalized to a concentration of 1 µg/
µL in sterile water. All reactions were performed in triplicate. 
Real-time PCR was used initially to target the nheA gene (32). 
Primer sequences used for this and other experiments are 
shown in Table 3.

PCR was performed as previously described (18) with minor 
modifications. The annealing temperature was changed from 
55°C to 52°C to better support annealing of the nheAF 
primer to template DNA, and a melting curve was used to 
resolve and validate amplicon identity. Each PCR reaction 
consisted of 1X iQ Sybr Green Supermix (Bio Rad, Hercules, 
CA), 100 pmol nheAF and nheAR primers (Integrated DNA 
Technologies, Coralville, IA), and 0.5 µg of template DNA. 
Nuclease-free water (Promega) was added for a final volume 

of 25 µL in 0.2 mL PCR tubes (Corbett Research, Concord, 
NSW). A positive control was included in each set of 
reactions, consisting of template DNA from B. cereus ATCC 
14579, (American Type Culture Collection, Manassas, VA), 
previously shown to harbor the nheABC operon (41).

PCR reactions were performed in a Rotor Gene RG-3000 
thermocycler (Corbett Research) using an initial 94°C 
120s denaturation step followed by 35 cycles of 94°C for 
20s, 52°C for 60s, and 72°C for 60s. A final 72°C 6 min. 
extension step preceded melting curve analysis (40°C to 95°C 
in 0.7°C per second increments). Amplicon melting peaks 
were plotted using Rotor Gene 6 software and melt peak data 
were exported into Microsoft Excel for analysis.  Only melt 
peaks within 1 standard deviation of the average melt peak 
of positive control B. cereus ATCC 14579 were considered as 
positive for the presence of nheA. 

Rep-PCR.

DNA templates from all strains analyzed (Table 1) were 
subjected to repetitive element- PCR (rep-PCR) using a 
Diversilab kit (Bacterial Barcodes, Athens, GA) specific for 
fingerprinting Bacillus spp. DNA of each sample previously 
isolated for real-time PCR was re-standardized to 50 ng/
µl. Primers for repetitive elements within Bacillaceae were 
included in the Diversilab kit and are shown in Table 3 (24).

All reactions were completed in triplicate and consisted 
of 18 µl rep-PCR MM1 buffer, 2.5 µl of GeneAmp® 10X 
PCR Buffer, 2.0 µl of primer mix, and 0.5 µl of Taq DNA 
Polymerase (5 PRIME,  Gaithersburg, MD) and 100 ng of 
template DNA. Positive kit controls were included with each 
set of replicates, as were no template controls (NTC). All 
reactions were performed using a Rotor Gene instrument and 
consisted of an initial 94°C 2 min. denaturation followed 
by 35 cycles of 94°C for 30s, 55°C for 30s, and 70°C for 
90s. Following a final extension step for 3 min at 70°C, a 
subset of reactions was subjected to melting curve analysis 
as described earlier, while others were analyzed using agarose 
gel electrophoresis. For the latter samples, 5µl of each PCR 
product was loaded into a 1.5% (w/v) agarose gel (BioExpress, 
Kaysville, UT) containing 0.625   μg/μl   ethidium   bromide   



Volume Seven | 41

(Invitrogen, Carlsbad, CA) (43) and the gel electrophoresed 
for 1.5h at 70V (constant). The gel was visualized on a 
Gel Doc XR (Bio-Rad, Hercules, CA) using UV light. The 
resulting banding patterns were recorded in Microsoft Excel 
as a virtual gel (Table 4). Banding patterns of nheA positive 
and nheA negative were compared against the B. cereus 
reference strain and three B. thuringiensis strains, representing 
additional members of the B. cereus genetic subgroup. 
Sample bands identical to each reference strain (B. cereus, B. 
thuringiensis var. kurstaki, B. thuringiensis var. japanensis, and 
B. thuringiensis var. israelensis) were divided by the number 
of total bands in each reference strain. The resulting number 
was multiplied by 100 to determine the percent each sample 
was identical to B. cereus, B. thuringiensis var. kurstaki, B. 
thuringiensis var. japanensis, and B. thuringiensis var. israelensis.

Sequencing of diagnostic rep-PCR product.

The 1,230bp diagnostic band (11) earlier found to be 
unique to enterotoxigenic Bacillus spp. was identified in 
real-time melting curve plots of B. cereus ATCC 14579  
and other strains.

RESULTS

Samples

Excluding reference microbes purchased from Presque Isle 
Cultures, a total of 45 food and soil samples were screened 

for the presence of Bacillus spp. Of these, 21 isolates (48.9%) 
were found to contain no detectable Bacillaceae. Twenty 
isolates (44.4%) were Gram-positive, spore-forming rods after 
heat-treatment and subsequent streak-plating on TSA. These 
included: basil seasoning, nutmeg seasoning, Tazo tea powder, 
a beef taco from Taco Bell, Lesaffre Yeast, Prairie Farms Whole 
Milk, Food Club Quick Oats, Ann’s House Healthy Energy 
Blend Nuts, Peter Pan Peanut Butter, Great Value Peanut 
Butter, Dannon Yogurt, Chevre Fresh Goat Cheese, Saputo 
Stella Gorgonzola Cheese, Black Creek Extra Sharp Cheddar 
Cheese, Pilgrim’s Choice Blue Stilton Cheese, Cooper Science 
Building Soil, Lucina Building Soil, Christy Woods Soil, 
and Ball Gymnasium Soil. An additional six isolates, three of 
which were isolated from Jiffy Corn Muffin Mix, were Gram- 
positive cocci. Aside from Jiffy Corn Muffin Mix, Gram-
positive cocci were isolated from mustard seasoning and Mix 
n’ Drink Powdered Skim Milk. These Gram-positive cocci 
accounted for a total of 6.7% of the entire sample pool.

Seventeen Bacillus spp. reference strains were purchased from 
Presque Isle Cultures for subsequent real-time PCR analysis. 
Overall, a total of 37 samples were either pure-type cultures 
or Gram-positive rods that were subsequently subjected to 
DNA extraction in preparation for real-time and rep-PCR.

Real-time PCR

B. cereus ATCC 14579 was used as a positive control to test 
for the presence of nheA and had an average melt peak of 

Table 3.

Table 3: Primer sequences, melting temperatures, and guanine and cytosine content for the nheA gene used in uniplex 
PCR and repetitive element (rep-PCR) palindromic sequences in Bacillus spp.
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Table 4.

Table 4: Banding patterns of all nheA positive samples, excluding samples 9, 10, 22, 27, 31, 39, and 43. Red cells 
represent the length in base pairs of each DNA ladder band. Yellow cells represent the column of positive control B. 
cereus ATCC 14579. Green cells represent banding of B. thuringiensis var. kurstaki (#15), B. thuringiensis var. japanensis 
(#16), and B. thuringiensis var. israelensis (#17).

81.96°C over three runs. As shown in Table 5, fourteen test 
samples (37.84% = green highlighted) were consistently 
within 1 standard deviation (SD) of the positive control over 
three separate real- time PCR runs (SD determined using 
SigmaStat for Windows). Standard deviations of samples 
positive all of three replications for nheA are included in 
Table 6, part B. These samples included reference strains B. 
macerans, B. brevis, B. cereus, B. thuringiensis var. kurstaki, 
B thuringiensis var. japanensis, and B. thuringiensis var. 
israelensis. Food samples consistently within one SD of the 

positive control originated from Prairie Farms Whole Milk, 
Ball Gymnasium soil, Lucina Hall soil, Cooper Science soil, 
Christy Woods soil, basil seasoning powder, “Clean” Peter Pan 
Peanut Butter, and Great Value Peanut Butter. Five samples 
(13.51% = yellow highlighted had two melt peaks within 1 
SD of the positive control strain. These included the pure 
strain B. laterosporos and food samples from a beef soft taco 
from Taco Bell, nutmeg powder, Chevre Fresh Goat Cheese, 
and Saputo Stella Gorgonzola Cheese.
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Six samples (16.22% = orange highlighted) had one melt 
peak within 1 SD of the positive control train. These included 
pure strains B. polymyxa and B. coagulans. In addition, food 
samples with only 1 of 3 melt peaks consistent with B. cereus 
positive control were from Food Club Quick Oats, Pilgrim’s 
Choice Blue Stilton Cheese, Ann’s House Energy Blend Nuts, 
and a jar of Peter Pan Peanut Butter involved in a food recall 
that may have contained Salmonella.

Twelve of the 37 samples (32.43% = red highlighted) had 
either no melt peaks or melt peaks greater or less than one 
SD of the positive control strain. These included: pure 
strains B. subtilis globigii, B. stearothermophilus, Geobacillus 
stearothermophilus, B. spaericus, B. megaterium, G. pumulis, B. 
circulans, and B. subtilis. Foods negative for nheA included 

Black Creek Extra Sharp Cheddar, Tazo Tea powder, Dannon 
Yogurt, and Lesaffre Yeast.

As shown in Table 6, part A, there were 4 of 16 food 
samples that tested positive for nheA for three melt peaks. 
Additionally, 4 food samples displayed two positive melt 
peaks, while 4 more displayed one melt peak. Four food 
samples displayed zero melt peaks. All soil samples were 
positive for nheA with three melt peaks. Six reference strains 
displayed three positive melt peaks for nheA, while only one 
strain had two melt peaks consistent with the positive control. 
Two strains had one melt peak in line with the positive 
control, while 8 strains were completely negative for the 
presence of nheA.

Table 5.

Table 5: Samples were positive or negative for the presence of nheA 3/3, 2/3, 1/3, or 0/3 times. Green samples indicate 
positive detection of nheA in real-time PCR over three separate runs. Yellow samples indicate nheA positive samples in 
two of three real-time PCR runs. Orange samples indicate nheA positive samples in one of three real-time PCR runs. 
Red samples indicate negative nheA detection in real-time PCR.
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range of the DNA ladder, as shown in Table 4. These bands 
corresponded to lengths of 1500 bp, 1200 bp, 1100 bp, 1025 
bp, 950 bp, 900 bp, 825 bp, 750 bp, 700 bp, 625 bp, 575 
bp, 550 bp, 450 bp, 375 bp, 300 bp, and 250 bp. Table 7 
includes all banding patterns for all nheA positive samples. 
All other banding patterns were compared against B. cereus 
reference strain (#14) and three B. thuringiensis spp. reference 
strains (#15-17). All samples were compared against B. cereus, 
B. thuringiensis var. kurstaki, B. thuringiensis var. japonensis, 
and B. thuringiensis var. israelensis. The resulting percent 
identities of the banding patterns to each reference strain of 
each sample are recorded in Table 7.

B. cereus (sample #14) 

Samples 17 and 25 were 6% identical to the banding pattern 
of sample 14. Samples 6, 15, 18, 24, and 32 were 13% 
identical to sample 14. Samples 8, 13, 26, and 28 were 19% 
identical to sample 14 banding. Samples 16 and 42 were 25% 
identical to sample 14, while samples 33 and 35 were 31% 
identical. Samples 36 and 37 were 44% identical to sample 
14. No samples were more than 44% identical to sample 14.

Nine nheA negative samples were analyzed using rep-PCR, 
and include samples 1-5, 7, 9, 11, and 12 (data not shown). 
Samples 2, 3, 5, and 7 were 6% identical to the banding 

Table 6.

Table 6: A: Number of samples with nheA positive melt peaks three, two, one, and zero times in divisions of food, soil, 
and reference strains. B: Samples with corresponding SDs < 1 when compared against the positive control strain B. 
cereus ATCC 14579 during real-time PCR.

After real-time PCR, SD were calculated for sample melt 
peaks to compare against B. cereus ATCC 14579. Samples 6, 
8, 14, 15, 16, 17, 18, 24, 25, 26, 28, 32, 37, and 42 resulted 
in standard deviations < 1 when compared against the 82°C 
average positive control melt peak. Any sample with a SD < 
1 indicated a positive detection for the nheA gene. Data are 
shown in Table 6, part B. 

Rep-PCR

 Repetitive element PCR was utilized on B. cereus ATCC 
14579, which was labeled as sample 14 for real-time and 
rep-PCR. This strain was subsequently used as the standard 
against which all other nheA positive samples in rep-PCR 
were compared. Sample 14 displayed 16 bands within the 
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pattern of sample 14. Samples 1, 4, and 12 were 19% 
identical to sample 14. Sample 11 was 44% identical to the 
banding pattern from sample 14.

B. thuringiensis var. kurstaki (sample #15)

When compared against B. thuringiensis var. kurstaki, samples 
17, 24, 25, and 35 shared no identical banding. Samples 
8, 16, 18, 26, 32, 33, and 36 were 20% identical to B. 
thuringiensis var. kurstaki. Samples 6, 13, 14, 28, and 42 
were 40% identical, while sample 37 was 80% identical to B. 
thuringiensis var. kurstaki.

B. thuringiensis var. japanensis (sample #16) 

Samples 6, 17, and 35 shared no identical banding with B. 
thuringiensis var. japanensis, while samples 15 and 18 were 
8% identical. Samples 28 and 32 were 17% identical to B. 
thuringiensis var. japanensis, but samples 8, 13, 26, and 37 
were 25% identical. Samples 14 and 42 were 33% identical to 
B. thuringiensis var. japanensis. Samples 24 and 33 were 42% 
identical to B. thuringiensis var. japanensis banding, while 
sample 36 was 50% identical.

Table 7.

Table 7: Comparison of all rep-PCR banding patterns with B. cereus (sample #14), B. thuringiensis var. kurstaki 
(sample #15), B. thuringiensis var. japanensis (sample #16), and B. thuringiensis var. israelensis (sample #17). Yellow 
cells denote the specific sample all other banding patterns were compared against. Blue cells represent banding patterns 
20% to 29% identical to each yellow reference strain. Green cells represent banding patterns 30% to 39% identical to 
each yellow reference strain. Red cells represent banding patterns identical banding that was 40% and above to each 
yellow reference strain. No samples were more than 44% identical to B. cereus. Sample 37 was 80% identical to B. 
thuringiensis var. kurstaki. Sample 36 was 50% identical to B. thuringiensis var. japonensis. Samples 13, 35, and 42 were 
50% identical to B. thuringiensis var. israelensis, while samples 8 and 18 were 75% identical.
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B. thuringiensis var. israelensis (sample #17)

When compared against B. thuringiensis var. israelensis, 
samples 15, 16, 24, and 25 were 0% identical. Samples 6, 
14, 26, 28, 32, 33, 36, and 37 were 25% identical to B. 
thuringiensis var. israelensis. Samples 13, 35, and 42 were 50% 
identical to B. thuringiensis var. israelensis, while samples 8 
and 18 were 75% identical.

As shown in Table 5, samples 9, 10, 22, 39, and 43 had one 
nheA positive amplicon during real-time PCR. Samples 27 
and 31 had two nheA positive amplicons late in analysis after 
initially appearing to only contain one positive melt peak. 
Consequently, these samples were not subjected to rep-PCR, 
as the real-time results were inconsistent. Rep-PCR efforts 
were instead directed at samples that had either three melt 
peaks or two melt peaks early in analysis within 1 SD of the 
positive control.

DISCUSSION

The debate over the ideal method for identification of 
Bacillus isolates has raged for over 50 years (42). Recent 
public awareness of potential bioterrorism using the anthrax 
toxin produced by B. anthracis has led government agencies 
to fund multiple studies aimed at rapidly differentiating B. 
anthracis from other closely related Bacillus species, such 
as B. cereus and B. thuringiensis. B. anthracis produces the 
anthrax toxin encoded by two plasmid-based operons, 
pXO1 and pXO2 (3, 17, 42). The anthrax toxin primarily 
kills herbivore mammals but can also kill humans (42, 48). 
Not to be underestimated, B. cereus can cause severe food 
poisoning through its production of emetic and diarrheal 
toxins (3, 19). While heavily used as an insecticidal agent 
in crops with its Cry crystalline toxins, B. thuringiensis has 
also recently been demonstrated to cause food poisoning 
symptoms in humans similar to B. cereus (3, 42). Ironically, 
species like Bacillus coagulans, which was found to contain 
nheA at least once in this study, are readily used as probiotics 
in human health (30). It should be noted that the nhe genes 
have been among the most common reference virulence 
genes targeted in PCR-based assays performed in foods, 
including dairy foods (37). NheA/nheA has thus been widely 

accepted as an indicator of virulence potential in Bacillus 
spp. senso lato.

These strains were originally differentiated into species at a time 
when biologists did not possess the molecular tools to delve 
deeper than biochemical tests and phenotypical observations (3, 
17, 42). While this strategy worked well for other genera, 16S 
rRNA analysis of differences among B. cereus, B. thuringiensis, 
and B. anthracis have shown these species to have a nucleotide 
sequence difference of < 1% (48). Thus, the emerging “holy 
grail” of Bacillus research would be to accurately differentiate 
these species. Recent advances in molecular biology have 
allowed scientists to scrutinize the genetic properties of these 
three “species” (42). After exhaustive studies using DNA-
DNA hybridization, 16S and 23S rRNA comparative analyses, 
multilocus sequence typing (MLST), fluorescent amplified 
fragment length polymorphism analysis, rep-PCR, and small 
nucleotide polymorphism (SNP) analyses, scientists have been 
unable to reliably differentiate these three Bacillus species.

While many methods have been pursued, most results have 
suggested that B. cereus, B. thuringiensis, and B. anthracis 
should be considered the same species due to highly conserved 
nucleoidal genetic sequences (3, 17, 39, 43, 48). Due to the 
easily identifiable symptoms of B. anthracis and B. cereus, 
there is recent concern among biologists that the “B. anthracis” 
species may in fact be an oversampled subset of B. cereus (42). 
Other scientists speculate that B. anthracis may have only 
recently evolved to the point to be considered distinct from B. 
cereus (20). Either way, a separate study confirmed that enough 
of a difference exists between the genome of B. anthracis when 
compared against B. cereus or B. thuringiensis to consider B. 
anthracis as identifiable using pulsed-field gel electrophoresis 
(50).

Of the 45 total food and soil samples in this study, 20 
Bacillus isolates were obtained (44.4%). Twenty-one samples 
(48.9%) were not found to contain Bacillus isolates. Three 
isolates were plated from Jiffy Corn Muffin Mix along 
with two other samples for a total of 6.7% after heat-
treatment but were Gram-positive cocci. Because this 
research examined Bacillus spp., any non-Gram-positive rod 
specimens were not analyzed further.
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Bacillus spp. are ubiquitous in nature and form endospores 
that readily transfer to foods (3, 16, 17). Initially for the 
Bacillus isolation approach, nutrient rich BHIB incubation 
overnight at 32°C did not allow for endospore formation. 
Endospores optimally form when the bacteria are stressed 
and require 1 to 2 days for full development (3, 36). 
While most samples had already been screened for Bacillus 
presence, the remaining few were instead shaken for three 
days at the same conditions to allow sufficient time for 
endospore formation. Consequently, endospores were 
better isolated after this change. It is likely that Bacillus 
spp. endospores were present in many samples that lacked 
detectable Bacillus isolates initially, like Nestle Nesquik, 
given their general ubiquity (17). These samples were then 
subjected to real-time PCR analysis.

There are three nhe genes that are encoded on the nheABC 
operon (3) and have been shown to remain conserved as a 
cluster during genetic recombination (19). It can reasonably 
be assumed that the presence of the most proximal subunit 
of nhe indicates the presence of the other two genes. In the 
literature, all genes encoding the Nhe and Hbl enterotoxins 
have been readily located downstream in both B. cereus and 
B. thuringiensis (35). Of 616 Bacillus isolates tested, none 
were found to harbor only a single or two of the genes for 
each operon.

Over three separate real-time PCR runs, all 4 soil samples 
had three melt peaks within 1 SD of nheA positive B. cereus 
ATCC 14579. Thus, they were also positive for the presence 
of the nheA gene. By extension, these strains were also 
positive for the presence of the nheABC operon and could 
be considered pathogenic. Samples with three melt peaks 
consistent with the B. cereus positive control also resulted in 
standard deviations much less than 1, as shown in Table 6B. 
These melt peaks were extremely similar to each other and 
to the positive control, meaning that the amplified product 
was, in fact, nheA.

Of 16 total food isolates, four displayed three nheA positive 
melt peaks, while four displayed two nheA positive melt peaks. 
Additionally, 4 food isolates displayed only one nheA positive 
melt peak, while four were found to contain no identifiable 

nheA genes. Over three real-time PCR runs, samples with 
three melt peaks within 1 SD of the nheA positive control 
strain were also considered positive for the presence of nheA. 
Samples with two of three melt peaks within 1 SD of the 
positive control strain were also considered to be positive for 
the presence of nheA, even with an erroneous third melt peak. 
While real-time PCR is an accurate assay for gene detection, 
it is still sensitive to pipette error as well as PCR inhibitors 
(29). Thus, it is likely that user error prevented a third melt 
peak within 1 SD of the positive control.

Samples with one of three melt peaks within 1 SD of the 
positive control were treated as potentially positive for the 
presence of nheA. However, further research of these strains 
needs to be performed for a definitive answer. One positive 
melt peak was not determined to be strong enough evidence 
to ignore two negative results.

After real-time PCR analysis, reference cultures B. macerans, 
B. brevis, B. cereus, B. thuringiensis var. kurstaki, B. 
thuringiensis var. japanensis, and B. thuringiensis var. israelensis 
also displayed three melt peaks within 1 SD of nheA positive 
B. cereus over three runs. Additionally, B. laterosporos displayed 
two of three total melt peaks consistent with the positive 
control strain, and by extension contained the nheABC 
operon. The B. thuringiensis and B. cereus sample results 
were expected and confirm earlier work indicating that both 
are pathogenic (33, 39, 48). While the reference strains B. 
circulans and B. megaterium were not positive for the presence 
of nheA in this study, they were found to harbor each Hbl 
gene in a separate study (44). It is very possible these strains 
contained a polymorphic version of nheA.

To the best of our knowledge these samples, minus B. cereus 
and B. thuringiensis, are novel findings that are not usually 
associated with food pathogenicity (3, 16, 17, 18). However, 
it is an unsurprising find that Bacillus isolates harboring the 
nheA gene were identified in food, at least in B. thuringiensis 
and B. cereus. B. cereus and B. thuringiensis are arguably 
the same species (3) and have been demonstrated to be 
pathogenic in food (18). There is a general consensus among 
biologists that most, if not all, Bacillus isolates undergo 
horizontal gene transfer (17).
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One study determined that of the B. cereus and B. 
thuringiensis isolates obtained from rice, 84.3% and 100% of 
them produced the Nhe enterotoxin, respectively (1). Sixty-
one percent and 100% of these same isolates produced the 
Hbl enterotoxin, respectively. A separate study found that 
of 136 B. cereus isolates obtained from milk, over half were 
toxic against HeLa cells (10). Additionally, 73.2% were toxic 
against HEL cells. A third study noted that of emetic strains 
identified, 77.5% of B. cereus strains also produced Nhe (27). 
Yet another study found that the nheABC operon was present 
in every B. thuringiensis strain tested (35). The presence of 
the nheABC operon does not necessarily indicate a virulent 
strain, but has a very high likelihood of expressing these genes 
in a host environment or in food under permissive conditions 
(3, 41). Thus, future work to determine the pathogenicity of 
nheA positive samples would include the use of a Tecra VIA 
immunoassay kit to detect enterotoxin proteins (3, 17, 18, 
27). Without this step, the virulence of nheA positive samples 
cannot be definitively determined.

These data suggest that at least 8 of the 16 isolates from food 
were positive for the presence of the nheABC operon. An 
additional four food isolates may also be enterotoxigenic, 
meaning that there is a 75% chance of any food isolate 
consumed being potentially enterotoxigenic. Additionally, 
three reference strains were identified that have not been 
previously known to harbor enterotoxigenic genes. A large 
degree of genetic variation exists in nhe sequences among 
Bacillus spp. (18), giving rise to false negative results in PCR-
based detection assays. Strains negative for nheA in real-time 
PCR have been found to produce the enterotoxin Nhe as 
determined using a Tecra VIA kit. It is very possible that some 
of the nheA negative strains from real-time PCR may still be 
enterotoxigenic due to polymorphism (15).

After real-time PCR analysis, it was necessary to determine 
how similar the unidentified Bacillus food and soil isolates 
were to the reference strains B. cereus, B. thuringiensis var. 
kurstaki, B. thuringiensis var. japanensis, and B. thuringiensis 
var. israelensis using rep- PCR. If banding patterns of the 
unidentified isolates were very similar to rep-PCR banding 
patterns of reference strains, then this research would not have 
identified new strains harboring enterotoxigenic genes.

Within Bacillus, most virulence factors are encoded on 
plasmids (42), which have been demonstrated to readily 
transfer between differing species (3, 19). Indeed, a recent 
study indicated that the virulence genes associated with B. 
cereus infection undergo frequent rearrangement both within 
the bacterial nucleoid and between species (26). Thus, a 
better method than traditional biochemical tests to detect 
pathogenic Bacillus strains is to screen for virulence operons 
present in plasmids or in nucleoidal DNA (28, 42). Bacillus 
genomes that have been sequenced display a high level of 
genetic synteny in their gene order. Two genes that encode 
for bacterial ribosomes, 16S and 23S rDNA, contain genetic 
sequences that are < 1% different when compared between B. 
cereus, B. thuringiensis, and B. anthracis (48). A dissimilarity 
of 3% between 16S or 23S rDNA sequences is the minimal 
“cut off ” between two strains to be considered as distinct 
species. Additionally, the gyrB gene sequence shared among 
these species is very homologous (38). Because these genes are 
shared among different species within the Bacillus genus, they 
cannot be used to differentiate species (42, 48). However, 16S 
and 23S rRNA can be used to differentiate between different 
strains of B. anthracis (13). Ultimately, the many attempts at 
differentiating B. cereus, B. thuringiensis, and B. anthracis have 
led to complete genomic sequencing of 16 strains of these 
three species (42). This large data pool has allowed Bacillus to 
serve as a good model for genetic conservation and to allow 
thorough study of virulence gene transfer. Additionally, the 
abundance of sequencing information on Bacillus genomes 
has allowed scientists to statistically differentiate sequencing 
error from actual polymorphisms.

Interestingly, there are a number of mechanisms that 
facilitate the movement of genes between different members 
of the Bacillus genus. One such mechanism is through the 
natural action of bacteriophage. After lysing its host cell, 
the bacteriophage will insert its genes into Bacillus genomes. 
While normally either lytic or lysogenic, it is possible for 
prophage to undergo random mutation, which renders it 
unable to enter the lysogenic cycle. In this way, genes from 
one species of bacteria can be transferred to Bacillus spp. As 
previously mentioned, Bacillus operons may be on conjugative 
plasmids. Additionally, Bacillus spp. are naturally competent, 
allowing these microbes to naturally take up random DNA in 
their vicinity (19).
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The virulence genes for Nhe are present in more strains 
of Bacillus than is currently accepted within the scientific 
community. This research identified several “species” of 
Bacillus that were not previously known to harbor the Nhe 
enterotoxigenic operon. Given that a debate is currently 
underway about the very identity of B. cereus and other 
strains, it is improper for food safety experts to screen food 
products only for B. cereus. Phenotypic-based classification 
techniques have failed to accurately differentiate Bacillus 
species. Additionally, no molecular-based approach can 
accurately differentiate Bacillus (42). The bottom line is the 
determination of species within Bacillus does not even matter 
when concerned with food safety. Molecular techniques 
should instead screen for virulence determinants in microbes 
instead of identifying said microbes (47). Since endospore 
formation enables Bacillus spp. to be ubiquitous in the 
environment and on food, all foods should be examined in 
this way (3, 16, 36). This is the only true way to determine 
whether food products are safe for human consumption.
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Abstract
Under the stress of ultraviolet radiation some cyanobacteria synthesize scytonemin, a protective pigment against DNA 
photodamage. In addition to photoprotection, scytonemin has been shown to have an anti-proliferative effect on various types 
of malignant cells. In this study the effect of scytonemin on melanoma and spleen cells was assessed both in vitro using tissue 
cultures and in vivo in mice models. Melanoma and spleen cells were exposed to 0.08 to 10 µM of scytonemin, and cell 
proliferation was measured using tritiated thymidine uptake. The data suggest that scytonemin acts as an inhibitor for melanoma 
cells in a concentration-dependent manner while enhancing the proliferation of spleen cells, suggesting that it can potentially 
augment the immune response. Furthermore, mice injected with melanoma cells and scytonemin produced fewer tumors than 
mice that did not receive scytonemin, although the data were not significant. This study adds to the growing body of research 
that scytonemin may be beneficial as a future anticancer agent to prevent tumor cell growth.
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Introduction

According to the Centers for Disease Control, skin cancer is 
the most common type of cancer in the world, with 85,868 
people in the United States diagnosed with melanomas 
of the skin in 2017 (3). Consequently, the demand for a 
product that is both effective in killing tumor cells and safe 
for an individual to take is as great as it has ever been. Since 
ultraviolet radiation (UVR) plays a major role in skin cancer, 
potential treatments could explore photoprotective effects of 
various compounds against solar UVR. Long- wavelength 
(UVA) in the range of 320-400 nm, plays a role in long-
term skin damage contributing to aging skin due to its deep 
penetration of the epidermis and dermis. UVA is known to 
damage keratinocytes, which are found in the basal layer 
of the epidermis where most skin cancers occur (8). Short-
wavelength UVB in the range of 280- 320 nm is the major 
contributor in sunburns and contributes to skin cancer 
alongside UVA by directly damaging DNA and proteins 
(17). All living cells, including bacteria, can be harmed by 
UVR (8). As photosynthetic bacteria regularly exposed to 
UVR, cyanobacteria have developed several mechanisms to 
defend themselves against its harmful effects. These include 
physical migration away from UVR (1), synthesis of UV- 
shock proteins (4), up-regulation of antioxidant defenses 
(14), and down-regulation of UVR- sensitive proteins (7). 
Of particular interest is the ability of some cyanobacteria to 
synthesize scytonemin, a photoprotective sheath pigment that 
protects primarily against UVA radiation (5). Scytonemin 
is a lipophilic, yellow-brown, indole-alkaloid pigment (Fig. 

1) (10) that efficiently absorbs UVA in vivo at 370 nm (6). 
It is produced by certain species of cyanobacteria where it is 
induced upon exposure to UVA, and is then deposited into 
the sheath surrounding the cells (5).

In addition to its photoprotective properties, scytonemin 
demonstrates anti- inflammatory and anti-proliferative 
qualities. Tissue hyperplasia is a hallmark feature of 
hyperproliferative and inflammatory pathologies, such as 
rheumatoid arthritis, psoriasis, asthma, and cancer (15). 
Scytonemin has been shown to exhibit anti-inflammatory 
properties that could potentially treat these diseases (11, 
15, 16). For example, the topical application of scytonemin 
on mouse ear edema reduced swelling compared to mice 
receiving no treatment (16). Furthermore, several studies 
argue that scytonemin inhibits cell proliferation through 
mechanisms of cell cycle arrest (15, 16, 18, 19). Scytonemin 
has also been shown to interrupt hyperproliferation of renal 
cancer cells (18) and slow the proliferation of multiple 
myeloma cells (19). Possibly the most thorough study on 
the anti-proliferative properties of scytonemin was that it 
could hinder actively proliferating cells, including malignant 
Jurkat T cells, rheumatoid synovial fibroblasts implicated 
in arthritis, human lung fibroblasts, and human umbilical 
vein endothelial cells. This study also demonstrated that 
scytonemin was not cytotoxic towards non-proliferative 
human monocytes (15). These results convey the possibility 
for scytonemin to halt malignant cell growth without 
harming other body cells, which is a quality particularly 
sought after in cancer treatment research.

Figure 1.

Figure 1. Structure of scytonemin (Proteau et. al. 1993).
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Since the literature suggests that the UV- protective agent 
scytonemin is implicated in cell cycle arrest, this study seeks 
to determine whether scytonemin will have anti-proliferative 
effects against melanoma cell growth in animals. Therefore, 
the objectives of this study were to examine both the in 
vitro melanoma and spleen cell proliferation in the presence 
of different concentrations of scytonemin, as well as the 
in vivo effect of scytonemin on tumor growth in mice. If 
scytonemin inhibits melanoma cell proliferation without 
equally inhibiting spleen cell proliferation, then it has 
potential as a future therapy for malignant cells and should 
be further explored as an anti-tumor therapy. However, if 
scytonemin affects melanoma and spleen cells alike, then it 
could potentially harm tissue and might not result in the 
production of an effective therapy. While the findings of other 
studies already indicate that scytonemin slows malignant 
proliferation (15, 16, 18, 19), this study takes a slightly 
different angle by comparing the effects of scytonemin on 
cancerous cell proliferation (i.e., melanomas) to healthy non-
cancerous cell growth (i.e., spleen cells) from other tissues 
in the same organism. Spleen cells were chosen over skin 
cells, for example, as the healthy non-cancerous control cells 
because they are more likely to interact with a therapeutic 
agent that enters the bloodstream. Furthermore, the spleen 
plays a critical role in activating immune cells in response to 
bloodborne antigens. Therefore, the hypothesis of this study 
is that in the presence of scytonemin, melanoma growth 
will decrease in tissues and animals while spleen cell 
proliferation will increase.

Methods

Melanoma and Spleen Cell Assays

B16-F1 melanoma cells were purchased from the American 
Type Culture Collection (ATCC© CRL-6323) (2). Spleen 
cells were extracted from male C57BL/6 mice obtained from 
Charles River Labs that were 4-6 months old at the time of 
extraction. For each assay, a final concentration of 5 x 104 
melanoma or 1 x 106 spleen cells were placed in each well of 
a 96-well plate and assayed in triplicate for each condition. 
Samples treated with scytonemin received 10 μL HPLC-
purified scytonemin (a gift from Benjamin Philmus, Oregon 

State University) diluted in DMSO with final concentrations 
of 10 to 0.08 µM. To better determine the effect of 
scytonemin on spleen cell growth, the mitogen concanavalin 
A (Con A), which stimulates T lymphocyte proliferation, was 
added at a concentration of 0.1 µg per well in a volume of 
200 ul of RPMI-1640 media plus 10% FBS, to determine 
whether scytonemin inhibited rapidly proliferating spleen 
cells (12). Spleen cell plates were incubated for 48 hours, then 
3H-thymidine was added followed by a second incubation 
for 24 hours, all of which took place at 37 °C under 10% 
CO2. A cell harvester was then used to transfer the cells onto 
filters, which were washed approximately ten times using 
phosphate buffered saline (PBS). Filters were then placed 
into counting tubes with EcoLume™ Scintillation Cocktail 
(MP Biomedicals, Solon, Ohio) to count the incorporated 
H3-thymidine using a Beckman scintillation counter. All 
assays were done in triplicate and controls received no 
scytonemin or DMSO treatment. Previous experiments 
in our lab have demonstrated that DMSO does not 
have an inhibitory effect on melanoma cell proliferation 
(unpublished data). Cell counts were averaged and 
compared to control groups to determine the percent 
proliferation relative to the control groups. All statistical 
tests were done using ANOVA and TukeyHSD post-hoc 
comparisons in R Studio v1.2.1335 (13).

In Vivo Assays

For in vivo scytonemin experiments against melanoma tumor 
cells, 18 male C57/BL6 mice were obtained from Charles 
River Labs that were approximately 14 weeks old at the time 
of experimentation. Each mouse was weighed before the 
initial intraperitoneal (IP) injection of scytonemin diluted in 
DMSO to a final concentration of 3.5 µM g-1. Scytonemin 
was then administered at 3.5 µM g-1 daily for two weeks 
through IP injections into nine treated mice, and the other 
nine mice received the same volume of sterile saline that 
had an equal concentration of DMSO as the scytonemin- 
treated animals. After two weeks a single tail vein injection of 
melanoma cells was performed. Melanoma cells were diluted 
to 5 x 106 melanoma cells ml-1 in sterile saline, and 0.1 ml of 
this preparation was injected into the tail vein of all 18 mice. 
IP injections of scytonemin were continued for an additional 
week and the mice were monitored for any health changes 
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for two additional weeks while the tumors grew. After two 
weeks of no injections eight mice in each group survived 
and were weighed once more and sacrified. When injected 
into the tail vein of syngeneic mice, melanoma cells migrate 
to the lungs and produce dark colonies. Upon sacrifice the 
lungs were teased apart and the melanoma tumor cell colonies 
were counted on and within the lung tissue and the counts 
were compared against the control mice that did not receive 
scytonemin using an ANOVA with TukeyHSD post-hoc 
analysis. All animal experiments were performed according to 
IACUC Protocol #1111000244.

Results

Melanoma and Spleen Cell Assays

The melanoma cell assays showed that in the presence of 
10 μM scytonemin, the percent inhibition compared to the 
control was highest at 87.60% ± 1.86 while in the presence 
of 2 μM scytonemin, the inhibition decreased to 52.03% ± 
1.76 (Fig. 2). The percent inhibition compared to the control 
was significant only at 10 μM and 2 μM scytonemin (p < 
0.0001). The percent inhibition generally increased as the 
concentration of scytonemin increased, indicating a positive 
relationship among these variables.

For the spleen cell assays, in all treatments except the 10 
μM scytonemin dilution without Con A (65.28% ± 5.34), 
the percentage proliferation relative to the control was over 
100% (Fig. 3). For the spleen cells receiving the mitogen 
Con A, the percentage proliferation relative to the control 
was 211.14% ± 53.24 for the most dilute concentration of 
scytonemin, 0.08 μM, peaking at 387.00% ± 79.34 with 2 
μM scytonemin. The percent stimulation compared to the 
control was significant only at 2 μM scytonemin, with p = 
0.0012 regardless of whether Con A was used. The results of 
the assays with and without Con A display the same general 
trends, suggesting that the presence of the mitogen was not a 
confounding variable. Scytonemin did not demonstrate any 
inhibition of these spleen tissue cultures while the 2 μM and 
10 μM levels showed significant inhibition of melanoma cell 
growth.

In Vivo Assays

After treatment, there was no significant difference in the 
weights of untreated mice (28.44 ± 0.49 g) and those treated 
with scytonemin (29.63 ± 0.48 g). There were also no 
significant differences in the number of melanoma tumors 
in untreated mice (205.5 ± 51.29) versus those treated with 
scytonemin (142.50 ± 30.65).

Discussion

Mechanistically, scytonemin inhibits the hyperproliferation 
of cells by targeting multiple enzymes implicated primarily 
in cell cycle regulation. For instance, one study examined 
the effect on several kinases, including PLK1, CDK1/cyclin 
B, checkpoint kinase 1, protein kinase A, protein kinase C, 
Myt1 kinase, and Tie2 kinase (16). Of these enzymes, it 
was determined that scytonemin acted as an inhibitor for 
PLK1, CDK1/cyclin B, checkpoint kinase 1, protein kinase 
C, and Myt1 kinase, but did not inhibit protein kinase A 
or Tie2 kinase (16). These results suggest that scytonemin 
binds nonspecifically to a variety of enzymes to prevent 
phosphorylation steps critical to cell cycle progression. Other 
experiments explored the relationship between scytonemin 
and PLK1, finding that scytonemin acts as a mixed inhibitor 
for PLK1 and functions in a concentration-dependent, 
time-independent manner to induce cell cycle arrest (15, 16, 
18). By looking at molecular signals in the cell, the specific 
mechanism of action of scytonemin appears to be G2 to M 
phase cell cycle arrest (15, 19).

In light of these prior findings, the results of this study 
support the anti-proliferative potential of scytonemin as 
an inhibitor of important cell cycle enzymes implicated in 
cancer growth. Scytonemin at 2 μM and 10 μM significantly 
inhibited melanoma cell proliferation by greater than 
50% compared to controls in a somewhat concentration- 
dependent manner. This is consistent with other studies that 
explore the effect of scytonemin on malignant cells (15, 18, 
19).

In addition, the results of the spleen cell assay demonstrates 
that 2 μM scytonemin significantly stimulated proliferation 
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compared to the controls, which was an unexpected outcome. 
Since scytonemin typically inhibits actively proliferating cell 
types (15), there was some concern that it would inhibit 
spleen and melanoma cell growth alike. However, this was 
not the case, and was especially true for spleen cells receiving 
Con A. In these cells scytonemin appears to have enhanced 
proliferation, ranging from 164.79% to 387.00% relative 
to the control group. However, unlike the melanoma cell 
assays, the spleen cells were not affected by scytonemin 

in a concentration-dependent manner through 10 μM of 
scytonemin. This result could be due to high standard errors 
or data resolution, which does not show the trend between 
0.4 to 2 μM of scytonemin. Nonetheless, the data suggests 
that scytonemin inhibits melanoma cells without hindering 
spleen cell proliferation. Given that scytonemin inhibits 
melanoma cell proliferation and potentially increases spleen 
cell proliferation, it is a promising therapeutic agent for 
melanoma treatment because it can slow cell growth while 

Figure 2.

Figure 2. Percent inhibition of melanoma cells compared to the untreated control for various concentrations of 
scytonemin. Error bars represent the standard error of nine replicates. Significant inhibition compared to the control 
is marked with an asterisk, for both the 2 µM and 10 µM samples, p < 0.0001.

Figure 4.
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simultaneously augmenting the immune system. The in 
vivo experiments on mice evaluating the number of tumors 
formed with and without the presence of scytonemin favored 
the inhibitory effects of scytonemin. Even though there were 
no significant differences in the number of melanoma tumors 
in untreated mice versus those treated with scytonemin, the 
averages themselves indicate that with additional studies there 
may be some inhibitory effect of scytonemin on melanoma 
tumor cells. These studies could benefit by a dose-dependent 
analysis. The concentration of scytonemin used was based on 
a study using Jurkat T cells (15) and it may have not been 
ideal to use the same concentration in a study on melanoma 
tumor development.

To better compare the inhibitory effects of scytonemin with 
the previous body of knowledge, the inhibitory concentration 
at 50% inhibition (IC50) was determined. This value 
represents the concentration of scytonemin at which cell 
proliferation is stunted by 50% relative to the control. In a 
regression analysis of scytonemin concentration versus percent 

inhibition of melanoma proliferation, a positive correlation 
(R2 = 0.89) was identified (Fig. 4). Using this regression plot, 
the IC50 for scytonemin on melanoma cells was determined 
to be approximately 1.66 ± 0.34 μM. In a similar study 
measuring the effects of scytonemin on the cancerous Jurkat 
T cell line, the IC50 was determined to be 2.5 ± 0.6 μM (15). 
These relatively close values could help inform future research 
studies exploring the benefits of scytonemin as an anti-
proliferative therapeutic.

The results of this study support that scytonemin inhibits 
melanoma cell proliferation and enhances the immune 
response via spleen cell proliferation. As a result, future 
research should examine the role of scytonemin on in vivo 
tumor growth beyond our studies to determine whether 
scytonemin functionally inhibits malignant growth in body 
systems without cytotoxicity to healthy cells. Further, in vivo 
systems can be used to examine the response of the immune 
system to scytonemin, to potentially affirm enhanced spleen 
cell proliferation and examine other cytokines and immune 

Figure 3.

Figure 3. Percent proliferation of spleen cells compared to the control for various concentrations of scytonemin 
in the absence (white bars) and presence (black bars) of Con A. Error bars represent the standard error of nine 
replicates. Significant inhibition compared to the control is marked with an asterisk, at 2 µM scytonemin, p = 0.0012 
for cells with and without Con A. Biorender.com.
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cells. Research could also focus on experimental cancer therapies using scytonemin to prevent tumors from growing and 
metastasizing. Since a growing body of literature suggests that scytonemin acts as an inhibitor for PLK1 (15, 16, 18, 19), the 
role of PLK1 in melanoma and spleen cell proliferation should be further studied. In addition, since dimethoxyscytonemin 
binds to PLK1 with high affinity (9), it would be interesting to study how this scytonemin derivative affects proliferation in 
melanoma and spleen cell assays compared to purified scytonemin. Overall this study, along with prior research, provides 
evidence that the therapeutic potential of scytonemin should be further explored.
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Abstract
Competitive runners experience various risk factors that render them more susceptible to superficial cutaneous fungal infections, 
including the use of occlusive footwear, shared locker rooms, submission of feet to constant maceration, trauma, sweating, and 
having depressed immune function. The goal of this work was to assess the prevalence of athlete’s foot fungi in cross country 
runners at St. John Fisher College. Toe webs of 16 collegiate runners were sampled and volunteers surveyed about their shoe 
habits, foot hygiene, and average miles run per week. Lack of tinea pedis-causing fungi in asymptomatic cross- country runners 
shifted the study to investigate the identities of fungi morphologically similar to athlete’s foot and look for correlations with 
volunteers’ running habits and hygiene. Thirty-five distinct fungal cultures were isolated and compared to a known Trichophyton 
rubrum strain both microscopically and macroscopically. Four samples were preliminarily identified as tinea pedis-causing fungi 
and sequenced to confirm molecular identification. Fungal DNA was isolated, purified, and PCR amplified using primers for 
the internal transcribed spacer region, D1/D2 region of the 28S subunit, and β-Tubulin gene. Three of the four isolates were 
identified as Fusarium equiseti, a soil-borne plant pathogen with rare human pathogenicity reported. The fourth isolate was 
Beauveria bassiana, a common soil-borne pathogen that can infect immunocompromised individuals. Correct dermatophytic 
identification and understanding of the interplay between species is important to provide correct treatment, prevent spread 
among athletes and within facilities, and determine how opportunistic pathogens might play a role in people with immune 
suppressed function, which includes runners.
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Introduction

Athletes, particularly long-distance runners, are at high 
risk for tinea pedis infection as they train in occlusive 
footwear, use shared locker rooms, frequently endure 
minor foot trauma, and have periods of decreased immune 
function (7,18,20,22,23,29). Tinea pedis, or athlete’s 
foot, is a common superficial fungal infection caused by 
several  dermatophytes, most commonly Trichophyton,  
Microsporum, and Epidermophyton species. With the increase 
in superficial fungal infections over the past 30 years, correct 
identification of tinea pedis-causing fungi is critical for 
epidemiological purposes, recognizing potential infection 
sources, and providing proper treatment, such as topical 
and/ or oral antifungals (1,5,9,29). Many symptoms can 
mimic the symptoms of tinea pedis, which further indicates 
the need for proper identification, as incorrect treatment 
can lead to secondary fungal and bacterial infections (9,11). 
Infection by non- dermatophytic molds can also result in 
tinea pedis. Little is known about the impact of multiple 
fungal species on morbidity (3). Sports-related infections 
can be a major cause of disease in individuals, as well as the 
whole team, due to close contact and sharing of equipment 
and facilities (20). Dermatophyte infections are difficult to 
cure completely and frequently recur at the initial site of 
infection (7,29).

Clinical identification in practice is typically based 
on symptoms rather than morphological or molecular 
identification. Further morphological identification 
involves assessing growth rate, colony pigmentation, hyphal 
structure, size and shape of conidia, and examining stained 
foot scrapings for hyphae or pseudo hyphae (1,3,10).

These methods are imprecise and can lead to incorrect 
identification of other fungi inhabiting the foot, as the foot 
hosts a plethora of other organisms. Gram positive bacteria, 
such as Corynebacterium minutissimum, and Candida 
species can cause scaling and maceration that mimic tinea 
pedis symptoms (10), while other soil-borne species such 
as Microsporum gypseum, can live on skin and cause acute 
infections (30). Accurate identification of asymptomatic 

tinea pedis and other potential opportunistic pathogens 
needs to be coupled to fungal morphology with a DNA 
sequence-based approach.

Molecular targets such as ribosomal DNA (rDNA), beta 
tubulin, and mitochondrial DNA (mDNA) have been 
successful in identifying dermatophytes to a species level 
(1). Many fungi can be identified by comparing the internal 
transcribed spacer (ITS) region of ribosomal DNA; though 
closely related sister taxa, significant sequence variation, and 
imprecise typification of species dictate the use of additional 
conserved sequence regions (26). The ITS region is the most 
commonly used target for fungal sequencing due to sensitive 
detection by PCR. Multiple copies of the ribosomal gene are 
present in all organisms and provide an optimal target for 
developing specific PCR primers that discriminate among 
closely related species (31). Additional targets, such as the 
D1/D2 region of the 28S subunit and the β-tubulin gene, 
provide a more robust molecular picture for dermatophyte 
identification (11).

The goal  of  this  research  was  to  investigate the 
prevalence of tinea pedis-causing fungi on asymptomatic 
cross-country runners at St. John Fisher College and look 
for correlations  with their running habits and hygiene. It 
was predicted that approximately a quarter of the runners 
would be carriers of athlete’s foot-causing fungi based on a 
previous survey of asymptomatic marathon runners (14). 
Morphological and molecular techniques were used to 
identify potential tinea pedis isolates to determine prevalence 
of specific dermatophytes among runners. Results of this 
work provide basic information on soil-borne fungi that 
are morphologically similar to tinea pedis but not typically 
associated with human disease  complexes.  Further  
understanding  of the prevalence and interactions of these 
fungi with dermatophytic pathogens can help develop 
recommendations to reduce spread among teammates and 
within facilities and improve proper diagnosis and treatment.
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Materials and Methods

In the fall of 2014, male and female cross- country runners 
at St. John Fisher College were invited to participate in this 
study. A document describing the purpose, methods, and risks 
were explained, presented to, and signed by each participant. 
The voluntary nature of participation and procedures for 
ensuring confidentiality of participants and their samples 
were ensured. The study was approved by St. John Fisher 
College Institutional Review Board (IRB) on October 2nd, 
2014 (IRB File no: 3370 - 091814 - 07). Each participant 
completed an eight-question foot condition survey addressing 
their individual amounts of running, footwear habits, and 
foot hygiene.

Sample Collection, Culture Identification, and 
Maintenance

The stratum corneum of the third and  fourth web spaces 
of both feet of 16 volunteers was sampled using a sterile 
swab (6). Samples were isolated on BBL Sabouraud dextrose 

agar (SBA) amended with 0.2 mg/ml chloramphenicol and 
incubated at 27℃ for 6 days, checked daily for visible growth, 
then subcultured until pure (22). For spore visualization, 
samples were grown on Potato Dextrose Agar (PDA) at room 
temperature for 7 days until a visible ring pattern emerged.

DNA Extraction, Sequencing and Analysis

Samples for DNA extraction were isolated from pure fungal 
colonies and grown in Sabouraud dextrose broth for 7 
days at room temperature using a Cel-GroTissue Culture 
Rotator (ThermoFisher Scientific, Waltham, MA). Fungal 
DNA was isolated using the PowerSoil DNA Isolation Kit 
(MO BIO Laboratories, Inc., Carlsbad, CA). The internal 
transcribed spacer region (ITS), ribosomal large subunit 
D1/D2, and β-tubulin genes were amplified via polymerase 
chain reaction (PCR) using the following primers: ITS1/
ITS4 (31), ITS5/ITS4 (31), NL-1/NL-4  (13,25), Bt2a/
T1 (9,17) using a BioRad T100 Thermal-Cycler. Reactions 
for PCR amplifications (50 µl) consisted of: 35 to 50 ng 
of template DNA, primers (0.2 µM each), 1x AmpliTaq 

Table 1: Participant survey of running habits and hygiene.
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Gold Master Mix containing 1.25 U AmpliTaq Gold DNA 
Polymerase, 0.2 mM dNTPs, 2.5 mM MgCl2, and GeneAmp 
PCR Gold Buffer (Applied Biosystems, Waltham, MA). 
Cycle parameters for ITS primer combinations were an 
initial denaturation at 94℃  for 5 min, followed by 35 cycles 
consisting of denaturation for 1 min, annealing at 56℃ for 
1 min, extension at 72℃ for 1 min, and a final extension at 
72℃ for 10 min (17,18). Cycle parameters for NL-1/NL-4 
Bt2a/T1 primer sets were an initial denaturation at 95℃ 
for 5 min, followed by 35 cycles consisting of denaturation 
for 45 sec, annealing at 52℃ for 90 sec, extension at 72℃ 
for 90 sec, and a final extension at 72℃ for 10 min (17,18). 
PCR products were visualized on a 0.8% agarose gel, purified 
using the E.Z.N.A. cycle pure kit (Omega bio-tek, Norcross, 
GA), and submitted for Sanger DNA sequencing (ACGT, 
Inc. Wheeling, IL). Sequences were compared with sequence 
entries in GenBank database using the Basic Local Alignment 
Search Tool for nucleotides (BLASTN) (20). Using the 
calculated percent identity score, specimens were assigned 
to a genus and species with a minimum average of > 93% 
homology across the primer sets used.

Results

Sixteen collegiate cross-country runners, 3 female and 13 
male, participated in this study. (Table 1). Runners sampled 
in this study ran between 35-60 miles per week and none had 
active tinea pedis infections. Survey results did not yield any 
consistent patterns in frequency and temperature of washing 

running shoes, whether running shoes were worn in the 
locker room or used for outside of training, or if shower shoes 
were worn in the locker room. All but two volunteers always 
wore socks with their athletic footwear. Foot washing habits 
varied among participants; most runners washed their feet 
daily with soap and water while a few did this periodically or 
not at all.

Sampling both feet of each volunteer resulted in 35 distinct 
fungal cultures (from a total of 24 of the samples) that varied 
in size, shape, and color (Fig. 1). Four isolates (3R, 4R, 11R, 
13L) were tentatively identified as tinea pedis-causing fungi 
based on their macroscopic and microscopic morphology 
when grown on SBA. Isolates 3R, 4R, and 13L were initially 
classified as Trichophyton rubrum as they exhibited chains 
of round macroconidia of varying shape and size and fluffy 
to cottony white colonies. Isolate 11R appeared similar 
to Trichophyton mentagrophytes as it grew numerous small 
and circular spores and exhibited small, star- shaped, white 
colonies (Table 2).

The four isolates morphologically similar to tinea pedis-
causing fungi came from male runners who ran between 
40-50 miles per week, none wore their shoes without socks, 
and all used soap and water to scrub their feet. From the 3 
runners where F. equiseti was isolated - none wore shower 
shoes; all wore their training shoes for other activities. Shoe 
washing habits varied as one runner didn’t wash their running 
shoes, one washed with cold water, and the third washed with 

Figure 1: Macroscopic diversity of dermatophyte fungi isolated from collegiate runners. Picture (a) shows an 
original sample, pictures (b-i) are a representation of morphological diversity of isolated subcultures.
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warm water. Only one of the three wore shoes in the locker 
room. The runner with B. bassiana wore shoes in the locker 
room, didn’t wear their running shoes outside of training, and 
infrequently washed their shoes in hot water.

When isolates were grown on PDA, colonies of 3R, 4R, and 
13L exhibited a pink/ orange pigmentation on the underside 
of the colony while 11R still appeared white, with one 
large colony. Isolates 3R, 4R, and 13L also produced sickle-
shaped, septate macroconidia with aerial conidiogenous cells. 
Macroconidia, typical of Fusarium species, are highlighted 
with arrows in microscopic morphology of isolates 4R and 
13L in Table 2. Colony 11R grew globus, hyaline conidia on 
aerial hyphae.

PCR products for all samples using primer sets ITS-1/ITS-
4, NL-1/NL-4, and T1/Bt2b were in the 500-700 bp range, 
as expected. The ITS-5/ITS-4 primer set did not amplify 
products under the conditions tested. Top sequencing results 
showed 92.89-99.83% identity to the unknown isolates 
(Table 3). Isolates 4R and 13L were identified as Fusarium 
equiseti and 11R as Beauveria bassiana as the sequencing 
produced the same species for each of the six primers tested. 
Isolate 3R is likely Fusarium equiseti as it was the top result 
for four of the primers, while the D1/ D2 region of isolate 3R 
came back as the closely related species Fusarium incarnatum

Discussion

A range of fungi were isolated from the feet of collegiate cross-
country runners, four of which initially resembled tinea pedis 
species on SBA and chosen for further identification. This 
preliminary morphological identification is the most common 
method of identification of tinea pedis in clinical settings as it 
is accurate (particularly when an individual is symptomatic) 
and inexpensive (1,3). DNA sequencing can be costly but has 
the advantages of increased sensitivity and reproducibility, 
minimal sample handling, and speed, compared to culture-
based diagnosis (1,26). Asymptomatic individuals, variation 
in fungal morphology, and inconsistent morphological results 
have created a need for more straightforward and reliable 
identification methods.

Runner hygiene was variable across the across the sixteen 
volunteers. Inconsistent habits of shoe, sock, and foot hygiene 
can influence the spread and survival of fungi, yet there is 
no standard protocol for hygiene in collegiate runners (8). 
Consideration of community spread of dermatophytes has 
led to recommendations of not wearing running shoes in 
the locker room, implementation of additional sanitation 
measures for shoes and socks, and increasing washing 
temperature for clothing and shoes to 60˚C in order to kill 
fungal spores (8).

Table 2: Macroscopic and microscopic morphology of tentative tinea pedis-causing fungal isolates. Arrows 
highlight macroconidia.
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Four isolates appeared to be tinea pedis- causing species 
based on their morphology on SBA media, commonly used 
to culture dermatophytic fungi (22). Isolation of these fungi 
from 25% of runners surveyed was consistent with Lacroix 
et al.’s findings where 27% of European marathon runners 
were asymptomatic carriers of Trichophyton spp. (14). Using a 
more general growth medium (PDA), cultures demonstrated 
inconsistent morphologies to those of athlete’s foot-causing 
fungi. Isolates 3R, 4R, and 13L resembled Trichophyton 
when grown on SBA; however, once placed on PDA, they 
produced curved, septate macroconidia characteristic of 
Fusarium species. Isolate 11R grew as a fluffy white colony 
on SBA similar to athlete’s foot fungi, though microscopic 
morphology was consistent with Beauveria bassiana on both 
growth media. SBA media did not hinder spore formation 
for the species as it did for Fusarium species complex isolates. 
DNA sequence analysis indicated that none of the isolates 
were typical species that cause athlete’s foot.

It was not surprising that no fungal DNA was amplified using 
the ITS5/ITS4 primers as it was previously documented that 
some fungal isolates only work with ITS5/ITS4 or ITS1/ 
ITS4 (18). All primer set identities agreed except for isolate 
3R. This isolate was identified as Fusarium equiseti (β-Tubulin 
and ITS) and Fusarium incarnatum (D1/D2). Inconsistencies 
about species identification and recognition exist in the 
Fusarium incarnatum-equiseti complex due to significant 

genetic variability and need for further research on differences 
among species (2,26,30). The translation elongation factor 
1-alpha and partial RNA polymerase second largest subunit 
genes have distinguished over 20 species within the Fusarium 
incarnatum-equiseti species complex; use of both primer sets 
could identify isolate 3R to species level (2,29). BLAST scores 
in the low 90% range can be explained by limited fungal data 
in databases and sequencing Phred scores between 20 to 40 
(99.0-99.99% accuracy).

Asymptomatic infections of tinea pedis, referred to as occult 
tinea pedis, are common among athletes and complicate the 
spread and diagnosis of tinea pedis (10). While not previously 
isolated from runners, both B. bassiana and members 
of the Fusarium incarnatum-equiseti species complex are 
opportunistic human pathogens that can result in superficial 
dermal lesions to deep tissue, systemic infections (28,29). 
Long distance runners have depressed immune function 
and are especially prone to traumatic and environmental 
dermatoses due to repeated physical stress on their feet 
and exposure to soil. B. bassiana and Fusarium species are 
ubiquitous in soil and track and field athletes may come 
in contact while running through soil during practice and 
outdoor track meets, which then gets tracked into locker 
rooms. Limited washing of running sneakers can contribute 
to repeated exposure to soil fungi directly or through shared 
surfaces.

Table 3: Sequencing results and percent identity for ITS, D1/D2, and β-Tubulin regions for dermatophytic 
isolates 3R, 4R,11R and 13L.
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Molecular identification tools, such as sequencing of 
conserved DNA regions, can improve the consistency and 
accuracy of identification of dermatophytic fungi (10). This 
study demonstrated morphological identification could 
eliminate 75% of the isolates cultured from runners’ feet 
from being tinea pedis-causing fungi. Four isolates resembled 
Trichophyton when grown on SBA media, but exhibited 
atypical morphology when PDA media was used. DNA 
sequencing was required to determine no isolates were tinea 
pedis-causing fungi. The presence of opportunistic human 
pathogens in areas of common tinea pedis infection highlights 
the need to identify microbes inhabiting asymptomatic 
and healthy runners. More diagnostic techniques are being 
developed for dermatophyte identification, such as Matrix-
assisted laser desorption/ionization- time of flight mass 
spectrometry, and these tools will continue to improve fungal 
identification (26). Greater understanding of dermatophytic 
fungal interactions and their role in disease development can 
further inform methods of prevention, identification, and 
treatment.
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Tell me a little about your research, and the broad goal.

Title: Bacteriophage control of Salmonella enterica in artificially 
contaminated 1%, pasteurized milk

The genus Salmonella is made up of over 2,500 serovars 
between two species: Salmonella enterica and Salmonella 
bongori. Salmonella spp. are the number one causative agent 
of food-borne illnesses in the United States. Consuming food 
that is contaminated with Salmonella can cause a condition 
known as Salmonellosis. Salmonellosis, also known as food 
poisoning, occurs when Salmonella spp. enter the intestinal 
tract and invade the epithelial cells of our small and large 
intestines. It is characterized by vomiting, diarrhea, fever, and 
abdominal cramps. Usually this infection will only last up to 
48 hours but in the immunocompromised community, this 
can be life threatening. If a person’s immune system is not 
able to fight off the Salmonella infection, then the bacteria 
will enter the bloodstream and cause a systemic infection 
which can be fatal. An infection of the intestinal tract cannot 
be treated with antibiotics. Treatment with antibiotics can 
leave the patient vulnerable to more infections of the GI tract. 
However, if antibiotics were a treatment option, they would 
be ineffective against a Salmonella infection. Salmonella spp. 
are resistant to multiple antibiotics leaving only a few that can 
be used to treat these infections. Alternatives to antibiotics 
are needed to treat infections where the bacteria are resistant 
to all antibiotics. Bacteriophages are known as the “viruses 
of bacteria”. Bacteriophage, also known as phage, insert 
their genetic material into their hosts, hijacking their DNA 
synthesis machinery in order to produce more phage inside 
the host cell. There are two forms of bacteriophage, lytic and 
lysogenic. Both phages hijack their hosts in the same way, but 
how long it takes to kill the host is where these two differ. 
Lytic phage get their name by causing the host cell to lyse 
after producing more phage. Lysogenic phage will incorporate 
their genome into the hosts and not cause lysis until a switch 
is made. There is no set time for how long a lysogenic phage 
will keep the host cell alive but once the switch is made, the 
host cell will produce more phage eventually causing itself to 
lyse. Bacteriophages have been considered an alternative to 
antibiotics because of this lytic ability to kill their hosts. The 
goal of this project is to isolate and characterize bacteriophage 
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from a raw milk environment to use as a biological control of 
Salmonella enterica contamination of food products.

We expect to see that the bacteriophage are able to control 
Salmonella contamination at a low density but as the density 
increases, the phage becomes less effective. We also expect 
that the bacteriophage will have a higher affinity to the S1 
(unknown Salmonella species we isolated from the farm) 
bacteria than it does to the lab grown Salmonella enterica .

Can you give a brief overview of some of your daily 
activities in the lab?

Each day I go to to the lab and subculture set of S1 and S. 
enterica with TSB tubes. If we are out of material we need, 
I usually make sets of TSA plates and TSB tubes. Each 
day’s task depends on what we have going on in the lab at a 
particular time.

How has working in the lab helped to better prepare you 
for your future?

From just in the lab this semester  I have gained some 
confidence on what it takes to be a Microbiology student and 
work in a Microbiology lab. Also, working in the lab I feel has 
gotten me ready for my MS program and what it takes to be 
a scientist and also with having the experience in the lab will 
increase my chances of getting into medical school.

What are some limitations that you seem to be facing in 
this pandemic regarding your research?

Some limitations we faced during this pandemic are noting 
having in materials and phages we need for experiment not 
getting delivered time due to the pandemic, also due to the 
pandemic the amount of time we are allowed in lab is limited 
in other to accommodate all students doing research to help 
reduce the numbers of students allowed in the lab at a given 
time.

Do you foresee these limitations changing anytime soon 
or do you think research has forever been changed due to 
COVID-19?

I think the limitations we are currently facing could change. 
We have a vaccine for this virus and the pandemic is over. 
With that being said I do not think research is forever 
changed due to COVID-19 because I believe a good scientist/
researchers should be able to accommodate changes and be 
able to work around these unplanned changes but change is 
the only constant time in life.

What is some advice that you would give a new 
undergraduate researcher that would have helped you be 
better prepared for your research experience?

•	 Do not wait till your last year of your undergraduate 
degree to start research.

•	 Failure is part of being a researcher

•	 Don’t be afraid to ask professors to work in their labs 
from your first of your undergraduate career.

•	 Take initiative and work hard.

•	 Don’t be afraid to ask questions if unsure.

Do you have any further comments about Fine Focus or 
undergraduate research in general?

I would encourage any science/biology major student to sign 
up for a research immersive learning class because it will help 
prepare them for plans after their undergraduate degrees such 
as graduate school, phd program. Also it will also look good 
on your resume and most importantly makes you a better 
scientist.
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 I recently saw a humorous post online, poking fun at 
society’s expectations of younger generations to have life 
all figured out. It said, “It just hit me that five years ago, I 
was in high school and they were asking ‘Where do you see 
yourself in five years?’ and I want you all to know [that] I 
was very wrong.” I relate to this deeply, but in the best way 
possible and completely unironically. Five years ago, I could 
have never imagined all the wonderful paths this life would 
take me down. Thanks to my incredible family, friends, and 
department, I have been presented with and supported in 
endless opportunities that have helped me grow as a person, 
student, and linguist.

Before I write more about what I’ve learned from 
undergraduate research, I’ll begin with a very brief 
introduction of myself. I am, in fact, not a microbiology 
student--I’m a linguistics undergraduate student at UC 
Berkeley, finishing up my last semester of college. My 
passions lie in the linguistics subfields of sociolinguistics, 
historical linguistics, and Indigenous language revitalization; 
specifically, I am fascinated by the way that language is used 
to construct and express identity, on both individual and 
community levels. I believe that linguistics, as a field, has so 
much potential for research that directly helps and empowers 
individuals and communities in their linguistic (and general) 
identities. In my time at Berkeley, I’ve had the privilege of 
working with incredible people on a number of fascinating 
and important research projects, and I hope to continue 
working in linguistics academia for the rest of my life. After 
graduation, I’ll be moving across the country to work as a 
post-baccalaureate researcher in the Linguistics Department 
at Yale, with a focus on historical linguistics and language 
revitalization. I am wholly and absolutely in love with the 
research I do, and the very existence of linguistics is what 
makes me get out of bed every morning with a smile on my 
face.

Coming to college, I knew I wanted to study linguistics in 
some capacity, though I had limited understanding of the 
wide variety of linguistics research, including methodologies, 
subfields, and interdisciplinary possibilities. Fortunately, 
the linguistics department at Berkeley not only has a strong 
representation of all the subfields of linguistics, they also 
greatly support undergraduate students’ opportunities to do 
all different types of research. The constant and consistent 
encouragement to make original contributions to the general 
linguistics research literature helped fuel my classmates and 
me to explore the vast expanse of research methods and 
ultimately find our favorite ones.

While my work isn’t in microbiology, I think research 
contains many universal experiences and teaches us 
many of the same lessons. For any undergraduate 
students who are thinking about doing research, my 
biggest piece of advice is simply this: do it!! Research 
is a beautiful, rewarding, and sometimes grueling 
process, and it is so, so worth it. More specifically, 
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though, here are some things that I have learned 
throughout the years:

1)	 Be patient with yourself and your research process. 
Research is a long, consistent process; it’s not something you 
can cram at the last minute. Not only would it be extremely 
stressful to try and get everything done in one day (or even 
one week… or one month), it is realistically impossible. 
Because there are so many factors outside of one’s control 
during a research project, it’s also futile (and unsustainable) 
to try and speed the whole process up by working yourself 
to exhaustion every day. There’s no “if I just work double 
the amount and time that I do every day, I can halve the 
timeline of the process.” Often, you actually need months to 
get approval, collect data, analyze data, and put it all together. 
Plus, when spread out over months, you give yourself time to 
make mistakes, space to try new solutions and approaches, 
and--most importantly--freedom to take a day off and rest. 
I’m currently in the process of writing my senior thesis, 
and I always have to remind myself to be patient with the 
process. It took a few months’ time just to write a proposal 
to the Institutional Review Board (IRB), edit and improve 
the proposal based on feedback, and ultimately get approval 
from the IRB to start collecting data. Then, it took months 
of daily work to collect, transcribe, clean, and analyze the 
data. Even though it took a long time, that doesn’t mean that 
I wasn’t working diligently at it during the entire process. 
All this is to say that a research project is inherently going to 
take time, and rather than trying to shorten the timeline by 
trying to “work harder” (because chances are, you are already 
working incredibly hard and maybe even at the limits of your 
capacity), you might as enjoy the process of watching your 
research develop and grow.

2)	 It’s okay if you realize that the research you’re doing-
-whether it be the methodology, data, or general topic--isn’t 
right for you long term. It’s great to explore different types 
of research, but you don’t have to feel guilty about finding 
out that a certain methodology isn’t what you want to do. 
In linguistics, there are endless ways of conducting research, 
gathering data, and analyzing it (depending on your subfield, 
research question, etc.)--and these methods vary quite a bit. 
Exploring different research methods is for the purpose of 
finding what works for you. For example, I’ve done a handful 

of research projects where I realized quickly that certain ways 
of gathering data and analyzing it wasn’t anything I would 
want to do in the future. After the conclusion of said projects, 
I stopped doing those specific types of research. Rather than 
looking at these experiences negatively as “wasted time,” I 
saw them as experiences that helped me learn about myself 
as a researcher, and it helped guide me to develop my ideas 
for future projects. Knowing what research methods I liked 
and didn’t like allowed me to choose projects whose processes 
I knew would be interesting and enjoyable the whole way 
through. Namely, when I was choosing my topic for my 
senior thesis, I knew that this project would be all-consuming, 
and I would be in this process for a whole year. I decided to 
pick a topic and a few methodologies that I would never 
get tired of (after having experiences that I learned from 
on research projects where I would get tired of a certain 
method or not enjoy the methods to begin with), and it 
made all the difference.

3)	 There is no shame in creating your own opportunities 
for research by yourself! If I could star, bold, and underline 
one important piece of advice, it would be this one. Even 
without institutional funding or structure, there is still so 
much independent research that you have the capacity to 
do! In my freshman year of college, before I discovered the 
official program(s) for undergraduate research opportunities 
within the linguistics department, I became interested in the 
topic of gender in language and did my own digging into 
it. Eventually, my own little pet project turned into a three-
year long personal research passion, opportunities to present 
my work at research conferences and be involved in related 
(and more official) research, and the foundation of the future 
research I want to do. The premise is this: in grammatically 
gendered languages (e.g. Spanish, French, etc.), there are 
words that fall into the feminine gender or masculine gender 
(and in some languages, there is a neuter gender too). These 
genders are marked on the words, often in the form of a 
suffix. My interest in this topic began with the feminization 
of French profession nouns--specifically how a grammatically 
gendered language like French can reflect a history of 
misogynistic norms in the way the language is structured. It 
started with reading a simple footnote in my French textbook 
about how there were no officially recognized grammatically 
feminine forms for certain profession nouns like “author,” 
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“professor,” or “doctor” because those were not jobs 
traditionally held by women in the history of French society. 
I then started looking into the history of the French language 
and other sociolinguistic literature on grammatically gendered 
languages. Additionally, I reached out to some linguists in the 
French Department at Berkeley and asked about some of the 
issues surrounding this topic. Finally, I wrote my findings into 
a “blog” of sorts, which later turned into a more academically-
written paper, which then took me to presenting this work at 
conferences all over the world. As the feminization of French 
profession nouns is an ongoing debate in France, I updated 
my work with what was happening in France with feminist 
linguists and oppressive language institutions.

I also realized during this personal research project that 
gender in language went beyond the gender binary, and that 
many language activists across the world (and across many 
languages) are now working on ways of making grammatically 
gendered languages more gender inclusive (e.g. the term 
“Latinx” in Spanish is used as a gender inclusive term, often 
used by nonbinary speakers to transcend the binary gender 
reflected in the grammar of the language). This semester, I was 
able to expand my interest in language and gender through a 
research project in Berkeley’s Linguistics Department. In the 
department, there is a research program called the Linguistics 
Research Apprentice Practicum (LRAP) that graduate 
students, undergraduate students, and sometimes even faculty 
are involved in. Recently, a Gender in Language project was 
created through LRAP, and I now have the chance to use 
what I learned through my French feminization pet project in 
research of how gender is marked in Mandarin--and the social 
and historical implications of linguistic gender. Specifically, 
we put together a nonbinary grammar and lexicon reference 
of Mandarin, based on many gender-inclusive movements 
that are already going on in China, Hong Kong, and Taiwan. 
Had I never embarked on this personal research journey 
that began with just a simple interest, I would have never 
known just how passionate I am about the topic of gender 
in language--so much so that in the future, I want research 
the intersection of gender and sociophonetics (which is 
the subfield of linguistics that deals with how individuals 
construct, index, and express their identity with the qualities 
of the sounds in the way they speak).

4)	 If a personal pet research project isn’t for you, you 
can also cold-email supervisors and ask for their help in 
creating opportunities! Sometimes, the research that you 
want to explore might require technical skills or knowledge 
that you don’t quite have yet--and the process to learn what 
you need might be out of your own control or grasp. In 
these cases, don’t be afraid to reach out to researchers in your 
department, or even at other schools, to ask for help! Often, 
researchers are more than happy to chat or send you resources 
that can help you develop the skills and knowledge base that 
you are seeking. If you’re lucky, they might even have an 
official or unofficial research position for you (or a project 
that you can collaborate on). In my own research processes 
and research exploration, I cold-emailed a good handful of 
professors and researchers at other universities to ask for 
insight on various issues, and I received such great resources 
and help. Specifically, while writing code for my thesis, I 
had to consider and try out many different computational 
models on my linguistic data, and talking with researchers 
whose previous computational work I had read helped me 
significantly in formatting and analyzing my own data (and of 
course, in writing code). In one case, one of my cold-emails 
from a while ago now actually led to me working remotely 
with a lab at a different university for many months on a 
very interesting and engaging project. Through that project, 
I gained computational skills that I’m using not only for my 
thesis, but for work I want to do in the future.

5)	 Criticism of your research isn’t criticism of you as a 
person (or as a researcher). In fact, critical responses can often 
be really helpful in making your research better. In academia, 
there is an immense (and sometimes unhealthy) amount of 
pressure on every researcher to continually produce work. 
While this is actually just a reflection of the toxic internalized 
capitalism present in academia, the best an individual can do 
is just to compartmentalize your work and you as a person 
into separate boxes of your identity. As much as you can be 
passionate about your work and have your time consumed by 
it, it’s very dangerous to start equating your worth as a person 
to how well your work does or how much work you produce 
(again, that’s what internalized capitalism will do to you). 
Instead, you can use criticism of your work as something to 
improve your research with, because the process of research 
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in academia will inevitably include critical feedback (on your 
writing, on the actual content of your work, on your very 
research question itself, etc.), and your mental health will 
greatly thank you if you learn to remove your self worth from 
your role in the institution of academia.

6)	 Take your time in figuring out who you are and 
what research you want to do--and when do you figure it 
out, embrace it! Ultimately, research should be something 
that brings you joy. At the very least, it should be something 
that you feel like is worth it, whether that be because you 
enjoy the specific topic, because you believe in the bigger 
purpose and impact of your work, or both. As obvious as it 
sounds, it took me my entire life to know myself as well as 
I do now, and I know that I’ll continue to grow as a person 
and researcher--and continue to get to know myself better-
-for the rest of my life. In the process of exploring different 
types of research in college, I had the misconception that 
there were certain methodologies that were more “expected,” 
or certain skills that were more “desirable” to have. I thought 
that I would have to check off a certain list of boxes to be 
academically marketable as a researcher, when in reality, 
the most important and “marketable” quality is that one is 
genuinely passionate about their research, and that they get 
up after every time they fall down to consistently pursue these 
passions. Any skill you need along the way of your research, 
you will no doubt learn and develop as you go. Finally, in the 
process of learning about yourself, you’ll also realize that your 
growth as a researcher doesn’t take away from anyone else’s-
-and similarly, someone else’s growth and success will never 
take away from yours. In a cutthroat, capitalistic institution 
like academia, it’s so, so important to support one another 
and value compassion and collaboration over competition. 
Additionally, academia is often inaccessible as an institution, 
and many communities are excluded in research, discourse, 
and representation. This needs to change, and personally, 
I try to use the tools within and related to linguistics to 
dismantle the inaccessibility in academic spaces. I have come 
to realize that who I am as an academic is inextricably linked 
to centering and uplifting communities, such that whatever 
academic work and research I do will always be for the good 
of the community I am serving. This, then, becomes reflected 
in the subfields of linguistics that my research is focused on: 

sociolinguistics, historical linguistics, and Indigenous language 
revitalization. While some of these subfields of linguistics is 
sometimes disregarded by traditional, elitist parts of academia 
as “not real research” because it serves communities rather 
than research literature production, I wholeheartedly believe 
that not only is it real research, it is even more important 
research because of the greater community implications it has 
beyond writing an academic paper.

Looking back, I have learned so much through all of the 
good and bad that comes with research. Academia is not a 
perfect institution by any means, but I hope that through the 
researchers who go into this field to make the world a better 
place, the institution can become a little less flawed as well. I 
have gained so much from my experiences in undergraduate 
research, and I would highly encourage everyone to dip their 
toes in it as well. Who knows? You might just fall in love with 
it. I will forever be grateful for the Linguistics Department at 
Berkeley--and for everyone I have been lucky enough to cross 
paths with-- for making me who I am today and bringing 
me the best years of my life so far. I want to give a million 
thank-yous to my family, who have always supported me and 
believed in me, even when I didn’t believe in myself.  
Finally, I want to thank Lauren Andrews for reaching out 
to me and giving me this opportunity and platform to 
share my experiences; it honestly means so much to me, 
and I’m so humbled to have this space to reflect on the 
things I’ve learned.

While that sarcastic post I saw online was meant to be a 
joke, I think about how lucky I am all the time to be in love 
with my major, research, and work. Truly, I never could have 
seen it coming; my reality today is beyond High School Me’s 
wildest dreams, and Five Years Ago Me wouldn’t believe you 
if you told her all the unseen ways she would learn through 
undergraduate research and grow into a version of herself who 
has never been happier. I can’t even begin to imagine what the 
next five years will bring.
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