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Scope of the Series

Biochemistry, the study of chemical transformations occurring within living organ-
isms, impacts all of life sciences, from molecular crystallography and genetics, to
ecology, medicine and population biology. Biochemistry studies macromolecules -
proteins, nucleic acids, carbohydrates and lipids —their building blocks, structures,
functions and interactions. Much of biochemistry is devoted to enzymes, proteins
that catalyze chemical reactions, enzyme structures, mechanisms of action and
their roles within cells. Biochemistry also studies small signaling molecules, co-
enzymes, inhibitors, vitamins and hormones, which play roles in the life process.
Biochemical experimentation, besides coopting the methods of classical chemistry,
e.g., chromatography, adopted new techniques, e.g., X-ray diffraction, electron
microscopy, NMR, radioisotopes, and developed sophisticated microbial genetic
tools, e.g., auxotroph mutants and their revertants, fermentation etc. More recently,
biochemistry embraced the ‘big data’ omics systems.

Initial biochemical studies have been exclusively analytic: dissecting, purifying and
examining individual components of a biological system; in exemplary words of
Efraim Racker, (1913 -1991) “Don’t waste clean thinking on dirty enzymes.” Today



however, biochemistry is becoming more agglomerative and comprehensive, setting
out to integrate and describe fully a particular biological system. The ‘big data’ me-
tabolomics can define the complement of small molecules, e.g., in a soil or biofilm
sample; proteomics can distinguish all the proteins comprising e.g., serum; metage-
nomics can identify all the genes in a complex environment e.g., bovine rumen. This
Biochemistry Series will address both the current research on biomolecules, and the
emerging trends with great promise.
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Preface

A firefly is a bioluminescent organism that produces light via a chemical reaction
inside its body. But what makes a firefly glow, exactly? To answer this question, one
must consider both proximate and ultimate analyses of animal behavior. A proxi-
mate analysis looks at mechanistic and ontogenic explanations, while an ultimate
analysis examines evolutionary explanations for adaptation and phylogenetic
history. These aspects (mechanism, ontogeny, adaption, and phylogeny) are known
as Tinbergen’s Four Questions. Developed by Nikolaas Tinbergen, this method was
originally designed to explain animal behavior. However, this categorization is also
useful for other biological traits. Hence, it is used in this book to examine the trait
of bioluminescence, which is increasingly being used in biomedical applications
such as cellular assays and imaging.

Section 1 on “Bioluminescence and Its Applications” contains three chapters.

The first chapter examines bioengineering advances that have been applied to
firefly luciferase, Gaussia luciferase, Renilla luciferase, Ophophorus luciferase, and
bacterial luciferase. The second chapter describes a bioluminescent system called
NanoLuc, which uses luciferase from the sea shrimp Oplophorus gracilivostris. The
final chapter in this section presents a biomonitoring system of toxins in an envi-
ronment using photobacteria cells.

Section 2 on “Bioluminescent Organisms” also contains three chapters. The first
chapter in this section reports on the ecology and histology of the light organ of a
luminous springtail discovered in Japan. The second chapter examines the effect

of artificial light produced by camera illumination on the flashing behavior of
synchronous fireflies in Thailand. The final chapter reviews the biofluorescence of
terrestrial organisms, planarians, snails, earthworms, nematodes, velvet worms,
arthropods, and vertebrates. It also describes the phenomenon of both fluorescence
and luminescence in fireflies using original field observations.

I would like to express my appreciation to the chapter authors for their outstand-
ing work, and also to Ms. Ivana Bara¢, Author Service Manager at IntechOpen, for
effective communication and assistance during the preparation of this book.

Hirobumi Suzuki
Olympus Corporation,
Tokyo, Japan
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Chapter1

Biotechnological Advances in
Luciferase Enzymes

Andrew Kirkpatrick, Tingting Xu, Steven Ripp, Gary Sayler
and Dan Close

Abstract

This chapter explores the history of the bioengineering advances that have
been applied to common luciferase enzymes and the improvements that have been
accomplished by this work. The primary focus is placed on firefly luciferase (FLuc),
Gaussia luciferase (GLuc), Renilla luciferase (RLuc), Oplophorus luciferase (OLuc;
NanoLuc), and bacterial luciferase (Lux). Beginning with the cloning and exog-
enous expression of each enzyme, their step-wise modifications are presented and
the new capabilities endowed by each incremental advancement are highlighted.
Using the historical basis of this information, the chapter concludes with a pro-
spective on the overall impact these advances have had on scientific research and
provides an outlook on what capabilities future advances could unlock.

Keywords: firefly luciferase (FLuc), Gaussia luciferase (GLuc),
Renilla luciferase (RLuc), Oplophorus luciferase (OLuc; NanoLuc),
bacterial luciferase (Lux), biotechnology

1. Introduction
1.1 Historical perspective on the discovery of luciferase enzymes

The bioluminescent phenotype, which is spread across a variety of different
insects, bacteria, fungi, and marine animals, has intrigued mankind since before
the dawn of the modern scientific era [1]. The discovery that proteins, which would
come to be known as luciferases, were responsible for bioluminescent production
can be traced to early experiments by Raphael Dubois, who was able to produce
bioluminescence iz situ by mixing the contents of click beetle abdomens in cold
water and extracting the components required for light production [2]. However, it
was not until the late 1940s that the first luciferase protein was successfully purified
from fireflies [3]. Around that same time, bacterial luciferase was elucidated and
successfully expressed in situ [4]. However, despite the progress made with these
luciferases, it would be some time until biotechnology had advanced to the point
where the genes responsible for their expression could be cloned and exogenously
expressed, setting off the use of luciferases as tools for scientific discovery [5, 6].

Following the exogenous expression of the previously described firefly and
bacterial luciferases, Renilla luciferase was isolated from the sea pansy Renilla
reniformis [7] and Oplophorus luciferase was isolated from the deep-sea shrimp,
Oplophorus gracilivostris [8]. Shortly thereafter, firefly luciferase was successfully
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expressed in mammalian cells [9] and it was demonstrated that different luciferases
could be used in tandem within a single host if they utilized different luciferin
compounds [10]. More recently, Gaussia luciferase has been isolated from the
marine copepod, Gaussia princeps [11], which was a notable discovery because,
unlike alternative luciferases, it is naturally secreted and thus could be monitored
without needing to sacrifice the host cell during luciferin treatment. Since the
discovery of Gaussia luciferase there has been rapid development of these enzymes
through genetic engineering, but little progress on the introduction of new systems.
However, this was recently changed with the introduction of fungal luciferase as

a novel luciferase system, which like bacterial luciferase is capable of genetically
encoding both the luciferase and luciferin pathway genes to support autobiolumi-
nescent production [12].

1.2 Available luciferase systems for biotechnological applications

Of the ~40 different bioluminescent systems known to exist in nature [13], rela-
tively few are available for biotechnological applications. The primary reasons for
this are the lack of elucidated functional units, similarities in performance charac-
teristics (such as wavelength output) relative to existing systems, the entrenchment
of existing luciferase systems within the literature and as commercially-available
products, and the relatively high monetary and time costs required to explore novel
systems in depth relative to their ultimate utility as research tools. As a result of
these barriers, the luciferases available as research tools are generally limited to
those listed in Table 1.

1.3 The necessity of engineering luciferase proteins

Despite the variety of different luciferases available, it is impossible to identify
just one that could fit the needs of every experimental design. Furthermore, it is
unfortunately frequent that no luciferase can be found to fit the needs of a given
experiment. As a result, there has been significant effort to engineer the existing
luciferase enzymes to improve their functionality, make them easier to use, and
expand their utility. This is especially true as the prevalence of luciferase usage has
increased in biomedical applications, which rely upon human cellular and small ani-
mal model systems that have significantly different physical and biochemical proper-
ties relative to the native host organisms from which these proteins were sourced.

These changes in physical properties and the constraints applied by the needs
of biomedical research have necessitated that luciferases be modified to express
at longer output wavelengths that better penetrate animal tissues or that can be
co-expressed with alternative luciferases, to produce light upon exposure to alter-
ative luciferin compounds, to produce altered signal output kinetics that are shorter

Luciferase Luciferin compound Output wavelength (nm)
Firefly luciferase (FLuc) D-luciferin 560
Bacterial luciferase (Lux) Tetradecanal 490
Renilla luciferase (RLuc) Coelenterazine 480
Oplophorus luciferase (OLuc) Coelenterazine 460
Gaussia luciferase (GLuc) Coelenterazine 470

Table 1.

Common luciferases available for biotechnological applications, their luciferin compound, and their output
wavelength.
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Technique Common uses

Mutagenic PCR Wavelength shifting, thermostability improvement, improve signal
output intensity

Rational sequence mutation Wavelength shifting, altering luciferin compatibility, altering signal
output kinetics

Synthetic recapitulation Enable functionality in alternative hosts, improve expression

efficiency, improve ease of use

Codon optimization Improve expression efficiency

Circular permutation Thermostability improvement, improve expression efficiency,
expand reporter functionality

Alternative luciferin Wavelength shifting, altering signal output kinetics

supplementation

Split luciferase complementation Alter signal output kinetics, expand reporter functionality
Table 2.

Common approaches for engineering improvements in luciferase functionality.

or longer than their wild-type kinetics, to allow multimeric enzymatic structures
to function as monomers, to stabilize or destabilize protein structure within the
host, to make expression more efficient, and to increase output intensity so that it
is easier to detect the signal. Imparting these changes makes it possible to utilize
specialized versions of each luciferase that better fit the experimental needs of

the researcher. As the breadth of luciferase usage continues to grow, and as new
luciferase systems have been introduced over the years, the lessons learned from
these modifications are refined and re-applied in order to continuously unlock new
applications and improved functionality.

1.4 Common methods for engineering improvements

To support the need for continued luciferase improvement, a number of
techniques have become commonplace for different engineering goals. The most
commonly utilized approaches and their common engineering endpoints are shown
in Table 2. Examples of the use of these techniques can be found in each of the
following sections.

2. Firefly and click beetle luciferases
2.1 Background

Firefly luciferase (FLuc) is perhaps the most well-known, well-studied, and
widely-used of all the luciferases. It, and its close relatives from click beetles,
both function through the ATP-dependent oxidation of reduced D-luciferin
(2-(4-hydroxybenzothiazol-2-yl)-2-thiazoline acid) in the presence of magne-
sium (Mgz*) and molecular oxygen (O,) to yield carbon dioxide (CO,), AMP,
inorganic pyrophosphate (PP;), and oxyluciferin. The resulting oxyluciferin is
initially produced in an excited state, and as it returns to its ground state energy
is released in the form of light. The naturally occurring peak emission wavelength
for FLuc (as commonly derived from Photinus pyralis) is ~560 nm, while click
beetle luciferases, such as those from Pyrophorus plagiophthalamus and related
species, can produce a variety of wavelengths from 537 to 613 nm depending on
their source organism [14, 15].
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Although FLuc and click beetle luciferase were among the first luciferases to be
studied [16], it was not until the mid-1900s that significant progress was made in
understanding the system at a level where it could be experimentally useful. At this
time, McElroy successfully extracted firefly luciferase from purified firefly lanterns
and determined that ATP was required for bioluminescence [17]. This led to the
determination of D-luciferin’s structure as 2-(4-hydroxybenzothiazol-2-yl)-2-thi-
azoline acid and its eventual chemical synthesis [16]. With these pieces in place,
chemists were able to isolate oxyluciferin as a purified product of the luminescence
reaction and validate its mechanism of action [18]. In 1985, FLuc cDNA was cloned
by DeLuca et al. [19]. This provided an alternative to the use of crude extracts of
beetles as a source of the luciferase enzyme and opened the door for widespread use
in biotechnological applications.

2.2 Initial application and limitations

In its initial incarnation, FLuc was highly useful as a reporter in molecular biology
and bioimaging studies and for assaying the presence and quantification of the metab-
olites that participate in or are connected to the light reaction. The early discovery that
ATP concentration was proportional to light intensity in beetle luciferase reactions
made this assay the primary method for monitoring the cell’s main source of energy.
Further entrenching this technology was its exceptional sensitivity. FLuc-based
bioluminescent ATP assays display detection capabilities down to 10~ mol [15]. This
sensitivity for measuring ATP concentrations has been used in several applications
including screening for microbial contamination in food industries, assessing cell
viability [20], and assaying enzymes involving ATP generation or degradation [21].
However, ATP concentrations found in living cells (1-10 mM) are generally saturating
for FLuc and therefore it cannot be routinely used to assay intracellular ATP content
[15]. In a similar vein, FLuc has also been used to assay for the other metabolites that
participate in its bioluminescence reaction: CoA, AMP, and PP; [20].

The major limitation encountered during the use of FLuc or beetle luciferases
has been the requirement that the luciferin substrate be exogenously provided
for luminescence to occur. To date, there are no bacterial systems for generating
luciferin de novo, which necessitates chemical synthesis and results in potential
storage concerns due to the labile nature of the chemical [18]. Furthermore, this
often requires that the host cell harboring the luciferase be lysed to enable substrate
uptake, which has prevented its use for reporting real-time expression.

2.3 Engineering improved expression and output

Applications of wild-type beetle luciferases can be limited due to structural and
functional stability issues or variations in the specific activity of the enzyme under
varying temperatures, pHs, ion concentrations, or inhibitors [22]. For instance,
wild-type FLuc protein has a half-life of only 15 minutes at 37°C. This required that
more thermostable forms be developed to assay human and small animal model-
relevant temperature conditions [23]. Pozzo et al. sought to address this issue by
combining amino acid mutations shown to enhance thermostability with other
mutations reported to enhance catalytic activity, resulting in an eight amino acid
FLuc mutant that exhibited both improved thermostability and brighter lumines-
cence at low luciferin concentrations [24].

Similarly, Fujii et al. produced variants capable of producing 10-fold higher
luminescence than the wild-type enzyme by screening a mutant library of FLuc
proteins generated by random mutagenesis [25]. Site-directed mutagenesis experi-
ments were then performed based on mutant sequences that produced increased
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luminescence. It was observed that the substitution of D436 with a non-bulky
amino acid, 1423 with a hydrophobic amino acid, and L530 with a positively charged
amino acid all increased luminescence intensities relative to the wild-type enzyme.
They further demonstrated that combining the mutations at 1423, D436, and

L530 resulted in an overall increase in affinity and turnover rate for the ATP and
D-luciferin substrates that resulted in high amplification of luminescence intensity.
Studies like this represent an emerging trend of combining alterations to specific
properties of firefly luciferases in order to enhance its overall practical utility.

2.4 Engineering alternative output wavelengths

Engineering wavelength-shifted luciferases has become an intense area of study
to enable multi-color assays and improve the efficiency of iz vivo bioimaging. Due to
hemoglobin’s absorbance of wavelengths below 600 nm in mammalian tissues, the use
of wild-type firefly luciferase is relatively handicapped compared to more red-shifted
variants [15]. To overcome this limitation, mutagenic engineering approaches have
been successfully used to generate a variety of red-shifted versions [26, 27]. Notable
among this group is a variant developed by Branchini et al. containing a S284T muta-
tion. This variant produces a red-shifted output with a peak at 615 nm, a narrow emis-
sion bandwidth, and improved kinetic properties [26]. However, this is by no means
the only option available. Today, the wide variety of available output wavelengths
enables researchers to choose the variant most well suited to their needs, or multiple
variants that can be simultaneously triggered upon exposure to D-luciferin.

2.5 Engineering alternative signal kinetics

It has been demonstrated that varying the concentrations of FLuc’s substrates
(D-luciferin, ATP, etc.) can alter its reaction kinetics. High or saturating concentra-
tions produce flash-type kinetics that result in an intense initial signal followed by a
rapid decay, while low concentrations produce glow-type kinetics with a relatively
lower initial signal and a slower decay [18]. There are many possible inhibitors that
could be responsible for these changes. Under high substrate conditions, byproducts
of the reaction such as oxyluciferin and L-AMP can act as tight active-site bind-
ing inhibitors preventing enzyme turnover, or inhibitor-based stabilization can
increase activity when substrate levels are high enough to compete with the inhibi-
tory compound [14]. Commercial reagents containing micromolar concentrations
of components such as pyrophosphate and/or CoASH have been shown to convert
FLuc reactions from flash- to glow-type kinetics, possibly due to the breakdown of
oxidized luciferin-AMP via pyrophosphorolysis and thiolysis into the less potent
inhibitors oxidized luciferin and oxidized luciferin-CoA, respectively. These com-
mercial reagents are now widely used to support different experimental needs [14].

Another strategy that has been applied to alter reaction kinetics is the modifica-
tion of the luciferin substrate. Mofford et al. demonstrated that near-infrared light
emission can be increased >10-fold from wild-type FLuc by replacing D-luciferin
with synthetic analogues [28]. These synthetic analogues were designed to emit
longer wavelength light by incorporating an aminoluciferin scaffold. Nearly all the
aminoluciferins tested in their studies resulted in higher total near-IR (695-770 nm)
photon flux from live cells under both high- and low-dose conditions. A more recent
substrate modification strategy has been to conjugate the luciferin with distinctive
functional groups. These so-called “caged” luciferins react when they are cleaved by
enzymes or bioactive molecules and subsequently freed [29]. This strategy allows for
specified monitoring of biological processes by linking light output to the activity
and/or concentration of enzymes or molecules reacting to cleave the caged luciferins.
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3. Renilla luciferase
3.1 Background

Like FLuc, Renilla luciferase (RLuc) is another commonly used bioluminescent
reporter. Derived from the sea pansy Renilla reniformis, RLuc is a decarboxylating
oxidoreductase that uses coelenterazine as its substrate. During its bioluminescent
reaction, coelenterazine is converted to coelenteramide in the presence of molecular
oxygen, yielding blue light with an emission peak at 480 nm [30]. In addition to
their substrate preferences, one other important differentiator between RLuc and
FLuc is that the RLuc bioluminescent reaction does not require ATP. It is also signifi-
cantly less efficient than FLuc and produces a reduced relative light output intensity
with a quantum yield of ~7% [31].

The RLuc protein was first purified and characterized in the late 1970s [7].
However, its cDNA sequence was not identified and cloned into Escherichia coli
until 1991 [31]. Following that accomplishment, the recombinant RLuc protein was
quickly expressed in other organisms, including yeast [32], plant [33], and mam-
malian cells [34] to serve as a gene expression reporter. The successful detection of
RLuc bioluminescence from mammalian cells was particularly important because
it represented the proof-of-principle demonstration of this enzyme as a reporter
target for iz vivo animal imaging. And indeed, imaging of RLuc activity in living
mice was successfully validated just several years later [35]. In this demonstration,
Bhaumik and Gambhir showed that intraperitoneally implanted RLuc-expressing
cells could be detected following the injection of coelenterazine into the tail-vein
[35]. Similarly, when cells were injected via the tail-vein, bioluminescent signal
could be used to visualize cell trafficking to the liver and lungs. This study also vali-
dated that D-luciferin could not be used as a substrate, opening the door for future
studies to multiplex RLuc with FLuc as dual-reporters for iz vivo applications.

3.2 Engineering improved expression and output

The initial limitation for using RLuc as a reporter was its less-than-optimal
expression efficiency within mammalian cellular hosts. This limitation was over-
come via a codon-optimization strategy that modified the RLuc gene sequence
while maintaining the wild-type protein sequence. A synthetic humanized version
of the luciferase gene that utilizes this strategy, called hRLuc, is now commercially
available and has been shown to produce up to several 100-fold higher light out-
put in many mammalian cell lines. Further hampering the expression of RLuc in
cell culture and small animal imaging applications was its tendency to be rapidly
inactivated upon exposure to animal serum. In its wild-type orientation the half-life
of the enzyme under routine experimental conditions ranged from 30 to 60 minutes
[36]. An early study by Liu and Escher showed that a single mutation from cyste-
ine to alanine at amino acid 124 (RLucC124A) increased serum resistance, while
simultaneously increasing overall light output [37]. Following this study, Loening
et al. employed a consensus sequence guided mutagenesis strategy to screen for
mutants with improved serum stability [36]. These efforts identified a variant
termed RLuc8, which harbored eight substations (A55T/C124A/S130A/L136R/
A143M/M185V/M253L/S287L). The RLuc8 variant was shown to be >200-fold more
stable in mouse serum than the native protein and displayed an improved half-life
of 281 hours. Fortuitously, the RLuc8 mutant also exhibited a 4-fold improvement
in brightness. The improved stability and light output characteristics of RLuc8
make it a more favorable reporter than wild-type RLuc for mammalian imaging
applications.
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3.3 Engineering alternative output wavelengths

Despite the improvements made to increase expression efficiency and output,
RLuc’s 480 nm output maximum remained problematic for iz vivo animal imaging
applications because it was prone to absorption and attenuation in organs and tis-
sues. This was especially problematic for deep tissue imaging (below subcutaneous
layer), where only 3% of the emission spectra could efficiently penetrate animal
tissue for detection. Therefore, to improve RLuc’s iz vivo utility, many efforts were
undertaken to red-shift its emission spectra. Loening et al. hypothesized that
modifying the active site of the luciferase could create a chemical environment
favorable to specific coelenteramide species (i.e., the pyrazine anion form) that
emit green (535-550 nm) light upon returning from their excited state. To test
this hypothesis, they made site-specific mutations at 22 amino acid residues at the
predicted active site of RLuc8 and identified red-shifted light emissions (peaks
between 493 and 513 nm) in variants with mutations at eight of these locations
[38]. Unfortunately, these red-shifted mutants also possessed substantially reduced
signal intensities. To restore light output, random mutagenesis was carried out on
the red-shifted mutants. This process identified several residues where mutations
increased light output or resulted in further red-shifting. Based on these encourag-
ing results, Loening and colleagues performed several more rounds of site-directed
mutagenesis and successfully engineered three promising variants RLuc8.6-535,
RLuc.6-545, and RLuc8.6-547, which peaked at 535, 545, and 547 nm, respectively,
when using coelenterazine as the substrate. All three variants exhibited greater
light output than wild-type RLuc, with the most improved, RLuc8.6-535, showing
6-times greater intensity and similar stability to RLuc8. In practice, this translated
to roughly a 2.2-fold increase in transmitted signal from the lungs of living mice
compared to an equal initial light flux from RLuc8.

In addition to engineering the protein itself, synthetic coelenterazine substrate
analogs have also been created to improve light output and/or yield red-shifted emis-
sion spectra. The analog coelenterazine-v was first shown to shift the emission peak
of wild-type RLuc to 513 nm [39] and later demonstrated to yield emission peaks at
570 nm (yellow) and 588 nm (orange) in the RLuc8.6-535 and RLuc8.6-547 variants,
respectively [38]. However, this substrate is currently not commercially available
due to high background activity and difficulty in purification. Other analogs, such
as coelenterazine-f, -k, and -¢ have been shown to increase signal intensity by 4- to
8-fold relative to coelenterazine in RLuc-expressing mammalian cells iz vitro, but
each has failed to compete with the native coelenterazine in living animal imaging
[40]. Despite these setbacks, Nishihara et al. have reported that analogs with ethynyl
or styryl group substitutions at the C-6 position significantly increased biolumines-
cent output and signal stability in RLuc8 and RLuc8.6-535 [41, 42], which suggest
that the development of new synthetic coelenterazine analogs will continue to be a
promising route for enhancing RLuc functionality.

3.4 Engineering split luciferase applications

Due to its small size (311 amino acids, ~36 kDa) and monomeric orientation,
the RLuc protein is an attractive option for use in split luciferase complementation
assays aimed at monitoring real-time protein-protein interaction. In an early study
attempting to achieve this goal, Paulmurugan and Gambbhir [43] created RLuc frag-
ment pairs at two split sites (1223/P224 and G229/K230) and fused the individual
fragments to either the MyoD or Id proteins. They then successfully demonstrated
that RLuc could properly re-fold and restore luciferase activity upon complemen-
tation during MyoD/Id interaction. This study also showed that the split RLuc
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reporter signal could be modulated by using an inducible promoter (e.g., NFxB
promoter/enhancer) to regulate the expression level of one of the two fragments.
The fragment pair based on the G229/K230 split site was later used to characterize
interactions between heat shock protein 90 (Hsp90) and the co-chaperone protein
Cdc37 [44], between Hsp90 and the Epstein-Barr virus protein kinase GBLF4 [45],
and to visualize androgen receptor translocation in the brains of living mice [46].
Kaihara et al. similarly leveraged a variant of RLuc split between S91 and Y92 to
demonstrate the recovery of bioluminescent activity during insulin-stimulated
protein-protein interactions [47], and Stefen et al. created a split variant using
fragments separated between residues 110 and 111 fused to protein kinase A (PKA)
regulatory and catalytic subunits to quantify G protein-coupled receptor (GPCR)-
induced disassembly of the PKA complex in living cells [48]. These types of split
RLuc complementation assays have also been applied to profile protein-protein
interactions in the Golgi apparatus in planta [49] and to study protein dynamics
during chemotaxis in bacteria [50], making it a broadly applicable approach.

4. Gaussia luciferase
4.1 Background

Isolated from the marine copepod Gaussia princeps, Gaussia luciferase (GLuc)
is the smallest known luciferase. It is comprised of only 185 amino acids and has a
molecular weight of 19.9 kDa. Like RLuc, GLuc catalyzes the oxidative decarboxyl-
ation of coelenterazine in an ATP-independent manner to produce blue light with
a peak wavelength around 480 nm. Despite this relatively short wavelength, GLuc
is one of the brightest luciferases and is capable of generating light output several
orders of magnitude higher than FLuc and RLuc [11]. However, unlike FLuc and
RLuc, the GLuc protein is naturally secreted from the cells. In biotechnological
applications, this allows signal measurements to be performed on culture medium
without cell lysis and when using blood or urine samples obtained during animal
applications [51, 52]. Its secretory nature also enables unique applications such as
monitoring protein processing through the secretory pathway and drug-induced
endoplasmic reticulum (ER) stress [53, 54]. It was first isolated and cloned by Bruce
and Szent-Gyorgyi in 2001 [55], and since has enjoyed rapid adoption within the
research community through a variety of engineered improvements.

4.2 Engineering improved expression and output

To enable improved expression efficiency in biomedical applications, a human-
ized version of GLuc, hGLuc, was generated via codon optimization. This human-
optimized variant has been shown to produce 2000-fold higher bioluminescent
signal than the wild-type variant when expressed in mammalian cells [11]. In addi-
tion to mammalian systems, the GLuc gene sequence has also been codon optimized
for efficient expression in the alga Chlamydomonas reinhardtii [56], the fungus
Candida albicans [57], mycobacteria [58], and Salmonella enterica [59].

Building on this codon optimization-based approach, which enhances light
output by improving protein expression in the host organism without modifying
the peptide sequence, mutagenetic approaches have similarly been successfully
applied to engineer variants that produce greater signal intensities than the wild-
type protein. In one such example, Kim et al. performed site-directed mutagenesis
to the hydrophilic core region of GLuc and identified that changing the isoleucine
at position 90 to leucine (I90L) was the major contributing factor for improved
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signal intensity [60]. The I90L variant produced six times higher light output
than the wild-type protein in mammalian cells. Using a directed molecular evolu-
tion approach, Degeling et al. also identified a variant (S16K/M43V/V159M) that
showed 2-fold enhanced luciferase activity [61].

4.3 Engineering alternative output wavelengths

One limitation of the native GLuc protein is that its relatively blue-shifted
emission wavelength is easily absorbed and scattered by pigmented molecules in
animal tissues. This limits its utility in i# vivo animal imaging applications. Several
attempts have been made to engineer a red-shift towards increased wavelengths,
but these efforts have met with only moderate success. In one notable example, Kim
et al. engineered a variant, which they termed Monsta, that harbors four muta-
tions (F89W/I90L/H95E/Y97W) resulting in a shifted peak emission wavelength
of 503 nm. This is ~20 nm red-shifted compared to wild-type GLuc [60]. Similarly,
several alternative variants (L40P, L40S, and L30S/L40P/M43V) generated by
Degeling et al. show 10-15 nm shifts in their emission peaks [61]. Despite the fact
that these red-shifted variants have not enjoyed similar success to those of RLuc,
GLucsk relatively increased signal strength can often compensate for the loss of
signal due to absorption.

4.4 Engineering alternative signal kinetics

Wild-type GLuc catalyzes a flash-type bioluminescent reaction, meaning that
the light signal decays rapidly following luciferin exposure. Practically, this neces-
sitates immediate signal reading after substrate addition and thus makes GLuc
unsuitable for the majority of high-throughput applications. To overcome this rapid
signal decay, researchers have successfully engineered mutants that emit more stable
bioluminescence [61-63]. Noticeably, a L30S/L40P/M43V variant has been shown to
exhibit glow-type kinetics with only a 20% loss in signal intensity over 10 minutes,
compared to the >90% loss in signal intensity after 1 minute from the wild-type
enzyme [61]. GLuc mutants such as these have been demonstrated to function in
96- and 384-well plate formats, which effectively allows them to overcome the wild-
type kinetic limitations and enables their use in high-throughput assay formats.

4.5 Engineering split luciferase applications

Like RLuc, GLuc’s small size (185 amino acids, 19.9 kDa) makes it a good candi-
date for split luciferase complementation assays. In an early attempt at developing
this functionality, Remy and Michnick evaluated the ability of fragment pairs
generated from cut sites between amino acids 65-109 of a truncated hGLuc sequence
exclusive of the secretion signal to reconstitute luciferase activity upon rejoining
[64]. By fusing the respective 5’ and 3’ sequences of the split hGLuc gene to a GCN4
leucine zipper-coding sequence and co-expressing the resulting fusions in HEK293
cells they were able to show that hGLuc activity could be successfully reconstituted
by leucine zipper-induced complementation of the split fragments. Their study
determined that the optimal split site for complementation was between G93 and
E94. This fragment pair has since been further demonstrated to be inducible and
reversible, which allows it to function as a highly sensitive tool for quantifying pro-
tein-protein interactions in cells and living mice [65]. Similarly, Kim and colleagues
also developed a split GLuc variant dissected at Q105 and demonstrated its utility to
monitor calcium-induced calmodulin and M13 peptide interaction, phosphorylation
of the estrogen receptor, and steroid-receptor binding in living cells [60].
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5. Oplophorus luciferase
5.1 Background

Oplophorus luciferase (OLuc) is a naturally-secreted luciferase isolated from
the decapod Oplophorus gracilorostris, a deep-sea shrimp that ejects OLuc from
the base of an antennae in a brightly luminous cloud when stimulated. It is one
of the more complex luciferase proteins, as it is a 106 kDa heterodimeric tetra-
mer consisting of two regions, each comprised of a 35 and 19 kDa subunit. Like
RLuc and GLuc, OLuc uses coelenterazine as a substrate and does not require
ATP for functionality [17]. It produces primarily blue light, with a peak emis-
sion wavelength of 462 nm. Even in its wild-type form, OLuc possesses robust
biochemical and physical characteristics relative to alternative luciferases. It
exhibits relatively little change in quantum yield throughout a pH range from 6
to 10, maintains thermostability across a temperature range of 20-50°C, and can
still produce observable light output at 70°C [8].

OLuc was first discovered in 1975 [66], and shortly after in 1978 the mechanics
of its bioluminescent reaction were identified [8]. Inouye et al. were the first to
clone the OLuc cDNAs encoding the 35 and 19 kDa subunit proteins, which led to
their discovery that the 19 kDa protein was responsible for catalyzing the lumines-
cent oxidation of coelenterazine. Although this 19 kDa protein was found to be the
smallest known protein capable of catalyzing bioluminescence, it was also found to
be poorly expressed and unstable without the support of its 35 kDa partner [67].

5.2 Engineering improved expression and output

The need to co-express the 19 and 35 kDa subunits of OLuc made it problematic
for routine reporter usage. To overcome this, Hall et al. performed three rounds of
mutagenesis on the 19 kDa subunit to produce a novel variant, which they termed
NanoLuc (NLuc). This variant showed improved structural stability as well as
increased bioluminescent activity and glow-type kinetics with a peak emission
wavelength of 460 nm. Furthermore, it was shown that this variant could oxidize
an alternative luciferin, furimazine, which resulted in greater light intensity and
lower background autoluminescence than when coelenterazine was used. NLuc’s
19 kDa size and absence of post-translational modifications made it more agile than
FLuc, while its naturally high tolerance to temperature and pH made it more robust.
In practice, this NLuc variant was shown to poses 150-fold greater specific activity
than either FLuc or RLuc [68]. However, these improvements proved to be a double-
edged sword. The high stability and glow-type kinetics made it difficult to employ
NLuc for transient reporting activities, while its highly blue-shifted output limited
its signal penetration in mammalian cellular applications.

Nonetheless, NLuc’s small size and efficient expression make it an excellent
choice for studying low-dynamic activities. In one such example, Chen et al.
developed a sensitive assay in which NLuc was used to study the activity of deubiq-
uitinating enzymes. In this work, NLuc was fused to the C-terminus of His-tagged
ubiquitin that was attached to Ni** agarose beads. This allowed NLuc to be released
as the a-peptide linkages were cleaved so that deubiquitination could be monitored
via NLuc luminescence [69]. Similarly, Lackner et al. [70] used a CRISPR-Cas9-
mediated strategy to tag three cytokine-inducible genes (DACT1, IFIT1, and EGR1)
with NLuc. This allowed cytokine-induced upregulation to be measured in HAP1
cells. Under this design, they were able to show that NLuc luminescence correlated
strongly with quantitative PCR data, demonstrating that NLuc could reliably be
used to monitor gene expression.
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5.3 Engineering split and paired luciferase applications

Zhao et al. showed that a split luciferase-based system could be used to monitor
protein stability by tracking protein aggregation with NLuc-based luminescence
[71]. To accomplish this, they broke NLuc into two fragments, termed N65 and
66C, and demonstrated that, upon interaction, luminescence was modulated by the
solubility of the protein fused to the N65 fragment. This property was maintained
in both bacterial and mammalian systems, confirming its utility for sensitive
detection of protein solubility in a straightforward, high-throughput assay format
in living cells.

In addition to these traditional split luciferase applications, NLuc has also
been employed for paired luciferase applications that utilize an unfused variant to
provide the highest possible light intensity and sensitivity, a destabilized variant
with an appended degradation signal (e.g., NLuc-PEST) that allows rapid response
to dynamic changes in environment, and a secreted variant (e.g., secNLuc) [17].

6. Bacterial luciferase
6.1 Background

Unlike the monomeric luciferases discussed above, bacterial luciferase (Lux)
is a heterodimer of two genes, luxA and luxB, that must join together to form a
functional unit. It is also only one of two systems, along with the fungal system dis-
cussed below, that additionally has a known genetic pathway for luciferin synthesis.
In the case of bacterial luciferase, this pathway consists of three additional genes,
luxC, luxD, and luxE, that work together to produce a long chain fatty aldehyde
[72]. In this process, luxD transfers an activated fatty acyl group to water, forming
a fatty acid. The fatty acid is then passed off to luxC and activated via the attach-
ment of AMP to create a fatty acyl-AMP. The luxE gene finally reduces this fatty
acyl-AMP to an aldehyde [72]. The natural aldehyde for this reaction is tetradecanal,
however, the luciferase is also capable of functioning with alternative aldehydes
as substrates [72]. Along with these genetic components, the system requires two
cofactors: oxygen and reduced riboflavin phosphate. When all components of the
system are present, bacterial luciferase will produce bioluminescence in an autono-
mous fashion at a wavelength of 490 nm.

Although this process has been most well-studied in marine bacteria from
the Vibrio genus, the genetic organization and biochemical underpinnings of the
system are consistent across all known bacterial phyla [18]. Due to the complex-
ity of this system relative to its monomeric counterparts, it was not exogenously
expressed until the early 1980s. Even then, it was initially utilized through expres-
sion of the luxA and luxB genes as a standalone luciferase [5] before subsequently
being employed as a fully functional cassette that was capable of functioning in
an autonomous fashion [73]. Shortly after these demonstrations the crystal struc-
ture of the bacterial luciferase heterodimer was determined [74], however, this
structural knowledge has yet to be leveraged as a means for engineering improved
functionality.

6.2 Initial uses and limitations
Because Lux emits its bioluminescent signal without the need for external

stimulation, it quickly became a valuable tool for optical imaging. The low hanging
fruit for this system was the real-time monitoring of gene expression. This was first
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demonstrated by Enbreghet et al. [75], who fused Lux to inducible promoters to
study the mechanics of IPTG and arabinose induction in E. coli. This proved to be a
valuable approach because it allowed samples to be continuously monitored in order
to track gene expression dynamics over time. Building upon this work, a variety
of instances have been described where Lux has been placed under the control of a
promoter with a known inducer to track compound bioavailability. Repeated use of
the system for this propose has demonstrated that it is capable of reporting bioavail-
ability in a dose/response fashion [76], which makes it a valuable tool for monitoring
contaminant levels in mixed environmental samples. At a higher level, it has been
used for in situ bacterial monitoring, such as the visualization of bacterial invasion
of leaf [77] and root structures [78]. Further, due to the absence of light production
from non-bioluminescent species, it was also used to track specific populations of
bacteria within mixed communities within unperturbed environments [79].

Despite the advantages offered by avoiding the need for external stimulation
concurrent with visualization, Lux was significantly handicapped by its inability
to function within eukaryotic cells. Because of this, it was not originally applicable
to most modern biotechnological and biomedical applications outside of tracking
bacterial infections [80]. Furthermore, as a consequence of encoding both the
luciferase and luciferin generation pathways this system required significantly more
foreign DNA to be introduced in order to function exogenously. This made the sys-
tem more difficult to work with at the molecular level; especially before the advent
of today’s more efficient genetic assembly tools. Similarly, the heterodimeric nature
of the luciferase enzyme is more cumbersome than the monomeric orientation of
its counterparts. Nonetheless, given its relative advantages over the other systems, it
continues to be engineered to overcome these detriments and expand its utility.

6.3 Engineering eukaryotic expression

Although several early attempts were made to enable Lux functionality within
eukaryotic hosts, none of these achieved significant success [81-83]. The first
major breakthrough came with the expression of the luciferase in S. cerevisiae [84].
This achievement was made possible by using luciferase genes from the terrestrial
bacterium, Photorhabdus luminescens, which showed higher thermal stability
than those of marine bacteria, and expressing the individual heterodimer genes
from a single promoter using an internal ribosomal entry site (IRES) to link them
together. Under this orientation the luciferase was able to properly express within
the cell and produce light upon exposure to an n-decanal substrate. This same
strategy was then expanded to incorporate the expression of IRES-linked luciferin
synthesis pathway genes from dual promoters. When expressed concurrently with
the luciferase genes, the cell produced a bioluminescent signal without external
stimulation. The functionality of the system was then further improved by shifting
the intracellular redox balance to a more reduced state through the introduction of
a flavin oxidoreductase gene, frp.

Despite this success in S. cerevisiae, the direct application of these changes was
not sufficient to permit similar bioluminescent production from human cellular
hosts. To achieve this, the genes were codon optimized for the human genome and
mammalian-optimized IRES elements were employed to improve expression of the
downstream genes in human cells [85]. It was also determined that the full pathway
could not be expressed from a single promoter using IRES elements, so the luciferin
synthesis pathway was encoded on a separate plasmid. This approached allowed for
functionality in human cells, but the overall level of bioluminescent production was
several orders of magnitude lower than that of alterative bioluminescent systems
such as firefly luciferase [86].
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6.4 Engineering increased light output

To overcome Lux’s low level of bioluminescent output in human cells the orienta-
tion of the cassette was subjected to further engineering. It was determined that the
use of multiple plasmids was detrimental to achieving high level expression, and that
the use of IRES elements was inefficiently expressing the downstream genes in the
paired orientation. Therefore, the IRES elements were replaced with viral 2A linker
sequences. These sequences were significantly shorter than the IRES sequences they
replaced and allowed for each linker region to have a unique genetic code that reduced
the chance for unintended recombination events. As a result, the full bacterial
luciferase cassette, inclusive of the flavin oxidoreductase component, could be placed
under the control of a single promoter and expressed from a single plasmid. This new
orientation made it possible to express bacterial luciferase as a single genetic construct
similar to what was commonly done with the alternative monomeric, luciferin-
requiring luciferase systems. As a result, the bacterial luciferase system could be
expressed more easily across a larger number of cell types and was capable of produc-
ing an enhanced level of signal output relative to its previous incarnation [87].

In addition to engineering increased expression via improved expression efficiency,
work has also been performed to alter the peptide sequence of the bacterial luciferase
genes to make light output more efficient. Gregor et al. [88] used random mutation
to alter the coding sequence of Lux cassette and uncovered a series of 15 mutations
that improved light output and thermostability. Of these mutations, six were within
the luciferase genes (three each in luxA and luxB), six were in the luciferin synthesis
pathway (with all six located in the luxC gene), and three were located in the oxidore-
ductase gene, frp. These mutations resulted in both improved thermotolerance and a
~7 times increase in bioluminescent production relative to the wild-type sequence.

6.5 Engineering improved bioreporter functionality

Just as it has been used extensively as a bioreporter in bacterial species, the engineer-
ing of bacterial luciferase to function in eukaryotic cells opened the door to this same
functionality under much broader applications. The transition of the Lux cassette to
function as a single open reading frame made it possible to replace the constitutive
promoter with an inducible promoter and regulate its expression in response to com-
pound bioavailability [87]. However, computational modeling aimed at calculating the
metabolism of the required substrates and cofactors for the reaction relative to their
intracellular availably suggested that that control of the system should be imparted at
the level of the aldehyde recycling pathway, with luxA and luxB expressed continuously,
and luxC, luxD, and luxE placed under the control of the inducible promoter [89]. This
model was later proven to be correct when direct comparisons were performed using
either single open reading frame constructs where the full cassette was controlled by the
inducible promoter, or split cassettes where the luciferase and luciferin pathway genes
were switched between inducible and constitutive promoters [90]. Together, these
results significantly improved the functionality of the bacterial luciferase system as a
bioreporter despite its relative complexity compared the other luciferases.

7. Fungal luciferase
7.1 Background

Fungal luciferase is the most recent luciferase system to be functionally
elucidated and made available for biotechnological applications. At the core of
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this system is a monomeric luciferase gene, luz. In addition to the luciferase, two
luciferin synthesis genes: hisps and h3h, work together as a polyketide synthase and
a 3-hydroxybenzoate 6-monooxygenase to supply the required luciferin, 3-hydroxy-
hispidin. In addition to these genetic components, the reaction also requires
molecular oxygen and NAD (P)H as co-factors [91, 92]. When all components of
the system are present, it produces a luminescent signal at 520 nm. Like Lux, fungal
luciferase is notable in that the genetic sequence of all components required for
bioluminescent production is characterized. This allows the fungal luciferase cas-
sette to be genetically encoded and exogenously expressed to produce an autobiolu-
minescent phenotype [12]. However, for this to occur the host organism must either
be capable of naturally synthesizing caffeic acid to act as a precursor for luciferin
synthesis, or the necessary genes for caffeic acid synthesis must be co-expressed.
Under this strategy, it is possible to synthetically assemble a seven gene cassette
consisting of the fungal luciferase genes: luz, hisps, and h3h, along with a tyrosine
ammonia lyase, two 4-hydroxyphenylacetate 3-monooxygenase components and
the 4’-phosphopantetheinyl transferase gene npgA, to support caffeic acid synthesis
and continuous light production in any host.

7.2 Initial uses and limitations

Unlike the previous luciferases that have been discussed, fungal luciferase
has only recently been elucidated as of the time of this chapter. As a result, there
have yet to be any reports of its functionality outside of its initial validation [12].
Regardless, the initial characterization of the system provides valuable insights into
its functionality and potential limitations. From a practical standpoint, it has been
demonstrated that the system can be fully recapitulated in yeast to achieve autobio-
luminescent signal production. At this time only one luciferin synthesis pathway has
been demonstrated, but because genes sourced from alternative organisms are used
to enable caffeic acid synthesis in hosts that do not natively support these reactions,
it is likely that alterative genes could be substituted for these parts of the pathway.

For more complex hosts, such as human cells, the functionality of the system
has been demonstrated only under non-autobioluminescent conditions. In this
case, only the luciferase was genetically encoded and the luciferin was exog-
enously applied. Using this strategy, it has been possible to observe luminescence
in cultured human cells, Xenopus laevis embryos, and small animal models sub-
cutaneously injected with labeled cells. These demonstrations bode well for the
use of the fungal luciferase in the types of experimental designs most commonly
associated with traditional luciferase reporters and provide researchers with a
novel imaging tool that can be differentiated from alternative luciferases based on
its luciferin specificity.

It is currently unknown if the lack of demonstrated autobioluminescent pro-
duction in hosts outside of yeast is incidental, or if it is the result of metabolic or
molecular limitations on the expression of the full cassette within these organ-
isms. One possible explanation is that the required culture temperatures were not
compatible with full cassette functionality. It has been shown that fungal luciferase
is temperature sensitive and begins to decrease its output signal at temperatures
>18°C. Relative light output is halved at room temperature (26°C) and is abolished
above 30°C. This is detrimental to the use of this luciferase in human cell culture
and small animal model systems, as they will require the maintenance of tempera-
tures above 30°C to avoid the introduction of secondary environmental effects.
Similarly, the luciferase is only ~50% efficient at pH 7, which could be detrimental
to some experimental designs. The optimal pH is 8, with improved retention of
performance at increased pH relative to decreased pH.
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7.3 Potential future engineering goals

There are ~100 fungal species that use this luciferase/luciferin pathway for biolu-
minescent production [93]. It is believed that fungal bioluminescence evolved only
once, but that evolutionary pressure led to uneven distribution of the phenotype
among species. While this simplifies the system by allowing development to focus on
only a single incarnation, it is also potentially limiting in that there are fewer evolu-
tionary cues that can be leveraged as starting points for biotechnological advance-
ment. Nonetheless, this system is clearly in its infancy and will benefit from the
copious knowledgebase developed through the engineering of alternative luciferases.
It is likely that the primary development target will be overcoming the thermostabil-
ity issues present in the current incarnation of the system. Beyond this, and similar to
Lux, it is likely that investigators will seek to streamline expression of the relatively
large cassette size to make it more manageable from a molecular biology standpoint.
Once these efforts are achieved, the autobioluminescent nature and somewhat
red-shifted output of the fungal system will make it a welcome addition for real-time
imaging applications that currently rely on only the bacterial luciferase system.

8. Outlook for future developments

There are ~40 different bioluminescent systems known to exist in nature [13].
However, only seven different families have been well described and only five
of the six detailed in this chapter enjoy widespread use [94]. Despite the relative
wealth of unexplored systems, relatively few new systems have become available
in recent history. Within the last 10 years, the most notable advancements have
been the engineering of the bacterial luciferase system to function in eukaryotic
organisms and the elucidation of the fungal luciferase genetic pathway. Despite this,
the considerable progress of incremental engineering for firefly luciferase and the
development of NanoLuc from Oplophorus luciferase have provided a clear roadmap
for continued progress within the field. Historically, the ability to alter luciferase
conformation or luciferin compatibility to enable alternative output wavelengths
that better penetrate tissue, allow for multiplexed imaging of multiple luciferases, or
pair with fluorescent reporters for BRET applications has enabled new experimental
designs that have led to important discoveries. With the emergence of autobiolu-
minescent capabilities from the bacterial and fungal systems, it is likely that the
barriers will again be pushed back. These systems will compete with the established
luciferases and encourage further development to keep them competitive within
an increasingly crowded marketplace. In parallel they can also leverage the decades
of previous development in the other luciferases to jumpstart their engineering of
alternative output wavelengths, expression kinetics, and luciferin compatibly. Paired
with improvements in bioluminescent detection hardware and modern synesthetic
biology engineering tools, it is likely that this renewed age of luciferase engineering
will continue to expand the application space for bioluminescent imaging and drive
further exploration into the untapped potential of underexplored luciferases.

9. Conclusion
There are a variety of different luciferase systems available for biotechnological
applications that can help investigators achieve their experimental goals. The high

utility afforded by these enzymes is the result of a rich history of engineering that
has enabled them to become versatile research tools. Historically, significant shifts
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in utility have occurred with the elucidation and introduction of new luciferases,
followed by slower, but steady, incremental improvements as they are iteratively
engineered to improve their ease of use and expand their functionality. In the
context of the historical achievements that have been made with firefly, Renilla,
Gaussia, and Oplophorus luciferase, the improvements being made to bacterial
luciferase and the recent introduction of fungal luciferase point to promising things
to come and give hope that new luciferase systems will continue to be introduced to
keep the pace of development strong in the future.
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Chapter2

Protein-Protein Interaction Assays
Using Split-NanoLuc

Yuki Ohmuro-Matsuyama and Hiroshi Ueda

Abstract

Protein-protein interaction assays are fundamental to basic biology, drug
discovery, diagnostics, screening, and immunoassays. Protein-fragment comple-
mentation (PCA) is one of such useful protein-protein interaction assays. PCA
when performed using luciferase is a reversible approach, whereas when performed
using green fluorescent protein analogs is an irreversible approach. The NanoLuc
technology developed in 2012 utilizes a small and structurally robust luciferase that
is capable of producing very bright luminescence. NanoLuc PCA has been used
to detect many protein-protein interactions and for screening purposes. Methods
developed from NanoLuc PCA include the HiBiT technology and NanoLuc ternary
technology. These novel technologies are promising in various fields and further
developments are anticipated.

Keywords: NanoLuc, PCA, NanoBiT, protein-protein interaction, HiBiT,
NanoLuc ternary technology

1. Introduction

It is predicted that there are 150,000-650,000 protein-protein interactions in
the human interactome [1-3]. Protein-protein interaction assays have been devel-
oped and used for studies on basic biology, drug discoveries, diagnostics, screen-
ings, and immunoassays.

In 1994, the first protein-fragment complementation assay (PCA) was developed
using split ubiquitin [4]. PCA typically uses two-split reporter proteins that are
fused to the target proteins. The interaction leads to the association of the fragments
and the subsequent reconstitution of the full-length structure from the two frag-
ments (Figure 1) [5-8]. More recently, fluorescent proteins and luciferase enzymes
have been widely utilized for innovative PCAs. Reversible PCAs generally utilize
enzymes, and the exceptions are two fluorescent proteins IFP1.4 and UnaG [9, 10].
Most other PCA systems that use fluorescent proteins, including green fluorescent
protein (GFP) analogs, show irreversible behavior. In such irreversible assays,
once the full-length structure is reconstituted, it is difficult to separate them into
the two fragments when dissociation occurs after the interaction. On the contrary,
in the reversible PCA systems, both interaction and dissociation can be detected.
Therefore, PCA systems using enzymes, such as luciferase, are more suitable to
detect the spatiotemporal dynamics of protein-protein interactions. However, until
recently, the luminescent signal is significantly weaker than the fluorescent signal.

Recently, a novel luciferase enzyme, NanoLuc, and its furimazine substrate were
developed [11, 12]. NanoLuc is small (19 kDa) and structurally stable, and produces
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A B

N M-terminal
fragment
C-terminal
Full-length fragment N
reporter protein
Figure 1.

Basic principle of PCA. (A) The reporter protein (F) is separated into two fragments (N and C). (B) N and C
are fused to target protein (left). When the intevaction occurs, N and C move to the neighboring position, and
the full-length reporter protein is reconstituted.

very bright luminescence. Based on this attractive enzyme, PCA systems were
developed [13, 14]. This innovation on the NanoLuc PCA improves the luminescent
signal, which is markedly better than the conventional PCA signal obtained using
other luciferases. Herein, we will focus on the new PCA technology and its applica-
tion, and further discuss potential improvements in the system.

2. PCA using NanoLuc

Verhoef et al. constructed a PCA system using NanoLuc [14]. They made several
pairs of NanoLuc fragments by cutting at several loop regions, and selected a pair
comprised of the N-terminal 52-amino acid (aa) fragment and the C-terminal
119-aa fragment (Figure 2A). These fragments were used to successfully detect the
interaction between the transactivation domain fragment of p53 and Mdm?2.

At almost the same time, Dixon et al. developed another NanoLuc-based PCA
system designated NanoLuc Binary Technology (NanoBiT) [13]. This was devised
by first identifying a dissection site from 90 candidate sites. An 18-kDa N-terminal
fragment and 13-aa C-terminal fragment were selected. The Kp value between
these fragments was 6 M. This low affinity was suitable for PCA, but their use was
hampered by the very low stability of the N-terminal fragment. The sequence of the
N-terminal fragment was optimized from an N-terminal library containing 15,000
variants. The optimization increased the luminescent signal by 300-fold when the
two fragments were interacting, which was 37% that of the wild-type NanoLuc.
However, the affinity between the N- and C-terminal fragments became too strong
for PCA (Kp = 900 nM). As a next step, the sequence of the C-terminal peptide
was optimized from 350 variants. Finally, two fragments were obtained. They were
designated LgBiT (18 kDa) and SmBiT (11 aa). These exhibited significantly low

IR

Figure 2.

Two systems of NanoLuc PCA. (A) Verhoef et al. separated NanoLuc into N-terminal 52-aa fragment and
C-terminal 119-aa fragment. (B) Dixon et al. separated NanoLuc into the large fragment, LgBiT (18 kDa),
and the small fragment, SmBiT (11 aa).
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affinity (Kp > 10 pM) and high luminescent intensity. The very bright signal and
remarkably high signal/background ratio obtained enabled the quantitative detec-
tion of several interactions. Furthermore, the luminescent signals were capable of
rapid change and were reversible depending on changing interactions (Figure 2B).

3. Application of NanoBiT for analysis of protein-protein interaction

In spite of recent appearance, NanoBiT has been already used to analyze several
protein-protein interactions. Elevation of plasma triglycerides causes various meta-
bolic diseases. These triglycerides are digested by lipoprotein lipase [15-19]. Chi
et al. used NanoBiT to demonstrate the association between lipoprotein lipase and
angiopoietin-like 3 (ANGPTL3) induced by ANGPTLS8 [20]. They further described
that the association inhibits the digestion activity of lipoprotein lipase.

Guanine nucleotide-binding (G) protein-coupled receptors (GPCRs) bind G
proteins or p-arrestins, and initiate several cellular signaling events. Regulator of
G protein signaling (RGS) proteins regulate G proteins. The regulation has been
implicated in several disease states, including various cancers, Parkinson’s disease,
and cardiomyopathy [21-25]. Several reports have described the use of NanoBiT to
analyze the mechanisms of GPCRs. These included the interaction of several sets of
RGS proteins and G proteins [26] and the interaction between the galanin receptor
2 GPCR and f-arrestin2 [27]. Furthermore, the LgBiT-fused galanin receptor 2 was
modified with a fluorescent dye, and the conformational changes of galanin receptor
induced by the binding of ligands, including galanin, spexin, and Fmoc-dA4-dQ14,
were analyzed by bioluminescence resonance energy transfer (BRET). Stome et al.
applied NanoBiT to analyze the interaction between the GPCR adenosine receptor
3 and p-arrestin2, and observed that the 1-deoxy-1-[6-[[ (3-iodophenyl) methyl]
amino]-9H-purin-9-yl]-N-methyl-p-D-ribofuranuronamide (2-CI-IB-MECA)
agonist recruited p-arrestin2 [28]. In addition, the authors described the impor-
tance of the phosphorylation site of adenosine receptor 3 for the association. The
site was implicated as a potential clinical target. Melanocortin receptors are also
categorized as GPCRs. Melanocortin 4 receptor (MC4R) binds one of melanocortins
a-melanocyte-stimulating hormone (a-MSH), which is considered is important in
obesity. Habara et al. isolated melanocortin receptor 4 and its regulator Melanocortin
2 receptor accessory protein 2 (MRAP2) from cats and analyzed the heterodimeriza-
tion of these proteins [29]. Leory et al. characterized several mutants of Janus Kinase
2 in signaling by a transmembrane cytokine receptor, erythropoietin receptor [30].

Interactions with other membrane proteins implicated as important drug targets
were also analyzed by NanoBiT. Folding and steric hindrance are problematic for
many membrane proteins. The small size of SmBiT could eliminate these prob-
lems. O’Neil et al. revealed the amino acids of NADPH that were important for
the interaction with p22 using NanoBiT [31]. Chaudhri et al. applied NanoBiT to
analyze the association between programmed death ligand 1 (PD-L1) and B7-1
[32]. Peptide hormone, a member of the relaxin family of peptides, participates in
reproduction, food intake, stress response, and glucose homeostasis [33-36]. Hu
et al. demonstrated the association between the relaxin family peptide receptors
peptide 3 and peptide 4 using NanoBiT [37]. The same group further reported that
the interaction is electrostatic by analyzing the association between several mutant
ligands and their receptors [38]. Equilibrative nucleoside transporters regulate
the levels of adenosine and hypoxanthine level, and are crucial in purinergic
signaling in the central nervous system, cardiovascular and renal systems, and
in pathophysiological conditions including myocardial ischemia, inflammation,
and diabetic nephropathy [39-41]. Grafie-Boladeras et al. analyzed the homo- and
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hetero-oligomerization of ENT1 and ENT?2, and revealed that the phosphorylation
by protein kinase C promotes oligomerization [42].

4. Application of NanoBiT for screening

Several groups have successfully used NanoBiT in highly accurate drug screen-
ing, including illegal drugs [43, 44]. In the latter studies, p-arrestin2 was fused to
SmBIT, and the CB1 and CB2 GPCRs of cannabinoid (the neurologically active com-
ponent of cannabis) were fused to LgBiT. As cannabinoid induces the interaction
between B-arrestin2 and these receptors, the luminescent intensity was increased by
adding synthetic cannabinoids and their metabolites. The synthetic cannabinoids
and metabolites were detected in subnanomolar concentrations in authentic urine
samples with an accuracy rate of 73%.

Next, the authors tried to detect synthetic opioids, which act similarly to heroin
or morphine. The p-opioid receptor and B-arrestin2, which interact in the presence of
opioid, were fused to LgBiT and SmBIT, respectively [45]. The system was nearly 100%
successful in detecting subnanomolar levels of the synthetic opioids in blood samples.

Aggregation of TDP (transactivating response region DNA binding protein)-43
occurs in approximately 95% of amyotrophic lateral sclerosis patients [46, 47].
Oberstadt et al. constructed a screening system for inhibitors of aggregation by
the fusion between the LgBiT and SmBiT probes and TDP-43 [48]. Aurorafin,
chelerythrine, and riluzole were identified as inhibitors from the Library of
Pharmacologically Active Compounds (LOPAC1280).

Stomes et al. selected agonists of the interaction between adenosine receptor 3
and f-arrestin2 and revealed the structural features of the selected ligands [28].

The NanoBiT screening system is not only effective for drug screening but
can be valuable to screen enzyme substrates. Peptide ligases, which can connect
two polypeptides, are powerful tools for protein engineering [49-52]. Li et al.
performed the screening of substrates of the peptide ligase Sortase A by fusing this
enzyme to SmBiT and the candidate peptides to LgBiT [53]. In addition to known
substrate sequences, they rapidly identified some previously unknown substrates
with varying activities. In addition, the measurement was very stable, and the
signal was maintained for more than 16 h.

5. Application of NanoBiT using self-assembling NanoLuc fragments
Self-assembling NanoLuc fragments have been used to detect protein aggrega-

tion, to detect the edited protein by CRISPR/Cas9, to monitor viral entry, release,
and propagation, and to analyze clathrin-dependent internalization (Figure 3).

N + -
Spontaneous

N and C fragments are mixed reassembly

Figure 3.
Scheme for protein fragments self-assembly. Since the affinity between N and C is high, the full-length reporter
protein is reconstituted by just mixing N and C.
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Figure 4.

Self-assembling Nluc fragment as a probe for protein aggregation. (A) N65 is fused to the target protein. When
the fusion protein is not aggregated, NanoLuc is reconstituted by the addition of 66C. (B) When the target
protein is aggregated, N65 is also aggregated, and, then, the reassembly does not occur.

The first description of the use of self-assembling NanoLuc fragments was pro-
vided by Zhao et al [54]. NanoLuc was separated into two fragments, N65 (1-65 aa)
and 66C (66-171 aa). NanoLuc was rapidly reconstituted when N65 and 66C were
mixed. Next, N65 was fused to the target proteins. When the target protein was
soluble, N65, which had the correct structure, could reassemble with 66C, resulting
in recovery of the luminescence. On the other hand, the insoluble target protein
did not induce the recovery of the luminescence, because the aggregated N65 could
not assemble with 66C (Figure 4). The aggregations of amyloid-f mutants were
assessed using the system. Similar monitoring systems of protein aggregation using
split-GFP and conventional split-luciferase systems had been previously reported
[55-60]. However, a time lag occurred for the chromophore formation in the split-
GFP system, and other luciferases were relatively unstable compared with NanoLuc.
Zhao et al. succeeded the robust measurement of amyloid-p in this study.

Other self-assembling NanoLuc fragments were described [13]. The SmBiT
sequence was optimized using peptides with different affinities to LgBiT. Of the
candidates, the HiBiT peptide displayed high affinity (Kp = 700 pM) although the
affinity of SmBiT was very low (Kp > 100 pM). HiBiT (11 aa) and LgBiT assembled
spontaneously, allowing the construction of NanoLuc. HiBiT is a useful tag due to
the small size as further described below.

In one of the split-GFP systems, GFP was split into two fragments [57]. The
C-terminal fragment of GFP contains 16 aa (GFP11). Waldo et al. found that this
and the other fragment (GFP1-10) expressed in the cell assembled spontaneously,
and the GFP fluorescence was recovered. Leonetti et al. described the synthesis
of the donor DNA templates encoding GFP11 and the tagging of endogenous
proteins using CRISPR/Cas9 (Figure 5A) [61]. The formation of full-length GFP
was induced by coexpression with GFP1-10, and the tagging endogenous protein
by GFP11 could be detected. Instead of GFP11, Schwinn et al. used HiBiT as the
tag for endogenous proteins and were successful in achieving the highly efficient
integration and monitoring of the expression dynamics of the tagging proteins
without the time lag, which occurs in the split-GFP system due to the chromophore
formation (Figure 5B) [62].

Ryes-Alaraz et al. analyzed the internalization of galanin receptor 2, which is
dependent on the binding of the endogenous ligand, using an HiBiT-fused galanin
receptor 2 [27]. LgBiT could bind to the HiBiT-fused receptor on the cell surface.
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Figures.

Application of self-assembling fragment for Crispr-Cas9 system. (A) GFP11-encoding template is inserted at
the end of the genome encoding target protein by Crispr-Cas9 system. GEP11-fused tavget protein is expressed.
By the addition of GFP1-10, full-length GFP is reconstituted and the target protein was detected. (B) HiBiT is
used instead of GFP11, and higher sensitivity is attained.
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Figure 6.

Application of self-assembling fragment for the analysis of internalization. LgBiT can bind to HiBiT-galanin
receptor 2 on the cell membrane, while it cannot access HiBiT-galanin veceptor 2 in the endosome.

However, LgBiT could not bind to the HiBiT-fused receptor in cells due to the
impermeability of LgBiT to cells (Figure 6).

This technology has often been used to quantify targets. Oh-hashi et al. used
HiBiT to quantify the expression of transcription factor ATF4 that was induced by
endoplasmic reticulum stress [63]. Sasaki et al. developed a quantitative detection
system of viral entry and release using HiBiT fused to subviral particles and flavi-
virus-like particles of West Nile virus [64]. Tamura et al. constructed recombinant
viruses carrying HiBiT [65]. Viral amplification and propagation were rapid and
comparable with the parental viruses, due to the small size of HiBiT. The techniques
proved useful to study the viral life cycle and pathogenesis.

6. NanoLuc ternary technology

In PCA, the reporter protein is generally separated into two fragments. To our
knowledge, PCA using 3-split reporter protein was first reported by Cabantous
et al. [66]. In the study, GFP was split into two peptides, GFP10 and GFP11, and
the remaining part. The two peptides were each fused to an interacting partner.
When the interaction occurred, the peptides came into close proximity with one
another and then assembled to form the full length of GFP with the remaining
part (Figure 7).

Possibly inspired by this GFP ternary technology, Dixon et al. developed the
NanoLuc ternary technology, NanoLuc is consisted of 11 §-strands [67]. The
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Figure 7.

GFP ternary split technology for the detection of protein-protein interaction. The two small fragments GFP10
and GFP11 are fused to the interacting proteins, vespectively. When the interaction occurs, GFP is reconstituted
from GFP10, GFP11, and externally added GFP1-9.

p-strand
of NanoLuc The remaining
( ~ part of NanoLuc
Ankyrin
Fab repeat
protein +
Her2

Figure 8.

Sandwich immunoassay based on NanoLuc ternary technology developed by Dixon et al. The two p-strands
are fused to a Fab and an ankyrin vepeat protein, vespectively, which bind to two distant parts of Her2 protein.
NanoLuc was reconstituted from the two strands and externally added remainder of NanoLuc.

authors dissected two fB-strands and the remaining part. Each strand was fused to a
Fab fragment of an antibody and an ankyrin repeat protein, which bound to distinct
areas of the cancer marker, HER2. When both antibodies recognized HER2, the

two strands came close together and the full length of NanoLuc was reconstituted
from the three fragments of NanoLuc (Figure 8). The sensitivity was similar to the
sensitivity detected using the commercially available AlphaLISA HER2 kit

(Perkin Elmer) and NanoBiT. Furthermore, the detectable concentration range of
HER2 was broader compared to the range detected by NanoBiT.

At almost the same time, we developed the NanoLuc ternary technology for
use as an open-sandwich immunoassay (OS-IA), because OS-IA could not be
performed using NanoBiT [68]. For OS-IA, two antigen-binding regions, the
heavy-chain variable region (Vy) and the light-chain variable region (V), were
isolated from the full-length antibody. OS-IA is based on the antigen-dependent
interaction affinity between Vi and Vy,, which is dependent on the antigen
(Figure 9) [69]. The advantage of OS-IA is that small antigens can be noncom-
petitively detected with high sensitivity. Vi and V|, were fused to LgBiT and
SmBiT. However, the signal was not increased by the addition of the small peptide
antigen (7 aa) named BGP-C7. We suspected that fusion with LgBiT sterically
hindered the interaction, or prevented the folding of these antibody fragments
due to the relatively large size of LgBiT.

The next step was to split LgBiT in two. The C-terminal strand (11 aa) was
named LcBiT, and the remaining part was named LnBiT. LcBiT and SmBiT were
fused to Vi and V, respectively. When LnBiT, Vi-LcBiT, and VL-SmBIT were
mixed, the signal was increased depending on the concentration of BGP-C7. The
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Figure 9.

Open sandwich immunoassay (OS-IA) and NanoLuc ternary technology. (A) Principle of OS-IA. Small
antigens (MW < 1000) can be noncompetitively detected. (B) Noncompetitive detection of small antigen by
NanoLuc ternary technology. Visual detection was possible when sufficient amount of antigen was present.

background signal without BGP-C7 was lower than the background signal of V-
LgBiT and V;-SmBiT.

Next, the signal was enhanced by optimizing the sequence of SmBiT. The
signal was increased 288-fold using the sequence, which has higher affinity to
LgBiT. The enhancement was high enough to permit detection by the naked
eye. The detection limit of BGP-C7 was comparable with the limit detected by
OS-ELISA. Furthermore, the strong signal was maintained for more than 1 h.

The small tags of the NanoLuc ternary system have proven to be very useful
when both target proteins have complex structures. Furthermore, the system
exhibits a robust and bright signal.

7. Discussion and conclusion

The described NanoLuc binary and ternary technologies are superior compared
with other PCAs using other luciferase enzymes. The signals obtained were almost
the strongest among the signals of PCAs using luciferase enzymes. The most impor-
tant advantage is the small size of the fusion tags, SmBiT and LcBiT.

As mentioned in Section 4, NanoBiT has been used as a screening tool. In sev-
eral studies, SmBiT was fused to membrane proteins, which are important targets
of drug discovery. The brightness of NanoLuc increased the hit ratio, and SmBiT
was validated as a tag for the fusion with proteins having complex structures, such
as membrane proteins. Although the measurements were very accurate, research-
ers should pay attention to the influence of low-molecular weight compounds on
enzymatic activity [70-72]. Some compounds increase enzymatic activity, while
others decrease it. The TurboLuc system reported by Audi et al. is somewhat
smaller in molecular weight (16 kDa) than NanoLuc [73]. Compared with NanoLuc
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and Firefly luciferase, the activity of TurboLuc was less affected by low-molecular
weight compounds. Ho et al. examined the influence of 42,460 PubChem com-
pounds on enzymatic activities of several luciferases [74]. NanoLuc, Renilla
luciferase, firefly luciferase, and Gaussia luciferase were affected by 2.7, 10, 4, and
0.02% of the compounds, respectively. The relationship between the chemical
similarity and the inhibition profile showed that the compounds varied depending
on the luciferase used. While NanoLuc has several advantages for screening, in
some cases, researchers should select other enzymes or more than two enzymes.
Furthermore, we previously cautioned using a mathematical model that the
comparison between the affinity of interacting proteins and the signal detected

by luciferase-based PCA can cause misinterpretation of the quantitation [75]. In
addition, we suggested that the geometry of the interacting proteins influences the
luminescent signal. In other words, the structures of the interacting proteins can
affect the reconstitution of luciferase. Quantitative measurement with PCA using
luciferase is possible, but careful examinations are needed.

One of the other problems is the unstable luminescence in cells. When we use the
standard furimazine ester for live cell assay, the light intensity decreases within 1 h,
and it will not be suitable for large screenings in cellulo. Recently, live cell substrates
with longer half-life (Vivazine and Endurazine, Promega) have become available.
These substrates can maintain the luminescent signal for several hours, although
the peak luminescent intensity is significantly lower compared with that detected
using the conventional furimazine ester. However, the luminescent intensity of
unmodified furimazine can be maintained for several hours in vitro. Oxygen in cells
and the culture medium will also be an important factor for the stable luminescence
because the NanoLuc-catalyzed reaction requires oxygen, especially when the light
emitted is strong. The last problem is the prices of these substrates, which tend to be
costly especially when larger scale screening is intended.

Detection of the interaction among more than three proteins, and the simul-
taneous detection of more than two interactions will become more important in
future. For the detection among three proteins, the combination of NanoBiT and
BRET might be useful. The brightness of NanoLuc often disturbs simultaneous
detection using both NanoLuc and other luciferases. Therefore, NanoLuc inhibi-
tors were developed [76]. After the measurement of NanoLuc luminescence, the
luminescence can be diminished by the inhibitors, which enables detection of the
luminescence of another luciferase. For the simultaneous detection by multicol-
ors, several color variants of eNano-Lantern (a fusion protein of NanoLuc and
fluorescent protein) can be applied to NanoBiT. In eNano-Lantern, the lumines-
cence at longer wavelength can be observed by the efficient intramolecular BRET
mechanism [77].

Dixon et al. and the authors developed a novel PCA using 3-split NanoLuc
[67, 68]. The pair of the small tags is very effective to avoid misfolding and steric
hindrance of target proteins. Our next challenge will be to further improve the
efficiency and stability of the reconstitution for its wider use.
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Biosensors Using Free and
Immobilized Cells of Luminous
Bacteria
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Abstract

The technologies of receiving free and immobilized photobacteria cells for
biomonitoring of toxins are considered. The mechanisms of interaction of toxins
with photobacteria are observed. The main attention is paid to the immobilized
procedures and structures of carriers. Data on poly(vinyl)alcohol (PVA) cryogel
immobilization of different strains of photobacteria are presented. It is estab-
lished that intensity and stability of light emission of PVA cells is competently
controlled by: (1) intensity and persistence of a luminescent cycle using bacterial
strain; (2) type of the carrier and the composition of the gel-formation medium;
(3) freeze-thawing procedures; and (4) physical and chemical conditions of
storage and application. The developed technology of cryogenic gel formation
has kept the survival of luminous bacteria in the carrier practically at 100%
without the introduction of additional cryoprotecting agents and procedures
of alight induction. With storage at —80°C, bioluminescent activity remained
without changes about 2 years. Using the immobilized preparations of biosensor,
the discrete and continuous analysis of heavy metals, chlorophenols, and pesti-
cides is carried out. The sensitivity of free and immobilized cells to the chosen
toxicants is approximately identical. The continuous monitoring of toxicant
conditions is optimized.

Keywords: photobacteria, biosensors, immobilization, poly(vinyl)alcohol,
biomonitoring
1. Toxin action on the photobacteria light emission

The interaction mechanism was investigated only for certain groups of chemi-
cals and mainly with the use of free cells. Toxic agents that suppressed the emission
of photobacteria can be divided into classes rather conditionally.

* On the chemical structure: heavy metals, electron acceptors, respiratory

poisons, aliphatic, aromatic and heterocyclic hydrocarbons, alcohols, ketones,

acids, and others. The level of toxin hydrophobicity is important.

* On the type of targets: membrane active substances, specific inhibitors of the
genetic apparatus, and inhibitors of the energy and lipid metabolism enzymes.
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It well known also the specific inhibitors of luciferase and the bioluminescent
enzyme system, and auxiliary systems for the biosynthesis of substrates and
regulatory molecules.

These substances suppress the light emission and some can cause small activa-
tion of the luminescence of bacteria. Naturally, the determining factor of interac-
tion with the cell is the chemical structure of the substance, concentration, and
time of incubation. These parameters are manifested in the kinetics of changes in
luminescence and the magnitude of the inhibition constant. The main options in the
kinetics of inhibition are presented in Figure 1. Inhibition can occur almost instan-
taneously (Curve 1) or with a lag phase, depending on the nature and concentration
of the substance (Curve 3). In some cases, the effect may be reversible (Curve 2).

The mechanisms of interaction of toxins with photobacteria are observed.

Data on poly(vinyl)alcohol (PVA) cryogel immobilization of different strains of
photobacteria are presented. It is established that intensity and stability of light
emission of PVA cells are competently controlled by: (1) intensity and persis-

tence of a luminescent cycle using bacterial strain; (2) type of the carrier and the
composition of the gel-formation medium; (3) freeze-thawing procedures; and

(4) physical and chemical conditions of storage and application. The developed
technology of cryogenic gel formation has kept the survival of luminous bacteria in
the carrier practically at 100% without introduction of additional cryoprotecting
agents and procedures of a light induction. Specific bioluminescent activity was
restored to level of activity of free cells. At storage at —80°C, bioluminescent activ-
ity remained without changes about 2 years. The detecting level of a light emission
at 4°C for psychrophilic strains over 1 month, at 20°C for 3 days. High survival of
PVA-immobilized cells and prolonged light emission reflect advantages of cryogenic
immobilization of photobacteria. With the use of immobilized preparations of
biosensor, the discrete and continuous analysis of heavy metals, chlorophenols, and
pesticides is carried out. The sensitivity of free and immobilized cells to the chosen
toxicants is approximately identical. The continuous monitoring of toxicant condi-
tions is optimized. The analysis using photo-PVA-biosensors can be perspective
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Figure 1.

The kinetics of the Vibrio harveyi free cell luminescence with various chemicals. 1—instant inhibition; 2—
reversible inhibition; 3-lag-phase inhibition. Incubation medium: 3% NaCl +0.1 M phosphate buffer, pH 7.0.
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for express monitoring of environments in a mode of real time in water areas and
industrial wastes, and also in the control over processes of biotransformation and
degradation of toxins.

Irreversible inhibition causes a wide class of toxins of organic and inorganic
nature; reversible inhibition is observed under the action of electron acceptors,
which restore and lose their inhibitory properties during incubation; and inhibi-
tion with lag-phase implies sequential interaction with membrane and intracellular
structures, including a diffusion step.

2. Photo-biosensors

Photobacteria, as well as other microorganisms with cloned operon of lumi-
nescent system of photobacteria, and recombinant cells with luminescent activity
are widely used in various biotechnological tasks, and, first of all, in ecological
biomonitoring of toxins and other biologically active agents. Dates are summarized
in reviews [1, 2]. Depending on the purposes of researches in technological proce-
dures, both the free and immobilized cells are used [3, 4].

The use of preparations with immobilized cells leads to heterogeneous catalysis
that in many cases provides economic and practical efficiency. The advantages of
this approach are primarily related to simplification of the manufacturing process
as well as the opportunity to switch from occasional output of desired products or
expected substrate reactions toward a continuous process. In addition, immobilized
cells allow using preparations multiple times and for longer period compared to
single application of cells in a homogeneous suspension. The technology of immobi-
lization in many cases enhances enzymatic activity. Also, immobilized preparations
have increased resistance to various physicochemical factors (temperature and pH)
and lesser sensitivity to the action of pathogenic organisms. The results of a 10-year
long examination evaluating technologies creating genetically engineered microbial
strains as well as immobilization procedures, storage, and application of genetically
engineered microbial strains in both laboratory and practical application of biosen-
sors in toxicological biomonitoring were thoroughly described [1, 2, 5].

Immobilizing photobacteria increases stability of a biosensor upon its storage
as well as duration of its use [6-8]. Similarly to the free cells in suspension, in
the case of immobilized preparations, an integral toxicity assay is performed by
natural photobacteria, whereas specific toxin detection is mediated by mutant
and genetically engineered microbial strains containing cloned genes of a biolu-
minescent system. Moreover, it should be mentioned that during a specific assay
with genetically engineered microbial strains, light emission is observed after a
lag-phase lasting for many hours. Various reporter bacteria are used for specific
analysis of various substances [9]. A reporter microbial culture was immobi-
lized and fixed on the surface of a photodetector element using Sr-alginate gel.
Immobilized biosensors for detecting such substances were used for both during
discrete and continuous monitoring. It was found that both the maximum emis-
sion and rate of emission induction depended on incubation time and concentra-
tion of substances. It was concluded that this system was suitable for real-time
analysis of environmental pollutants and industrial waste as well as evaluation
of metabolic status of various biological materials. A linear dependence between
induced bioluminescent response and concentration of the substances was noted
using both free and immobilized bacteria. The authors attracted attention to high
stability of the alginate-glycerol cell suspension at —70°C. The data presented
in [7] were obtained using recombinant Salmonella typhimurium strain TA1535
designed from a plasmid with an inducible SOS-promoter linked to the luxCDABE
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operon derived from Photobacterium leiognathi. The mixture was immobilized

in agar carrier, a simple procedure that includes a plate matrix (10 pl of mixture
added into the wells) incubated for 30 min for polymerization and further storage
at 4°C. The principal protocol used for analysis is similar to others that use recom-
binant biosensors and includes emission induction upon incubation with toxic
substance. Model experiments on light induction with this bacterial strain were
made with DNA-damaging agent—mitomycin C. The immobilized cells retained
activity at 4°C for 6 weeks. A response of 4-week old bacterial culture exposed

to mitomycin C was indistinguishable from that triggered by a fresh immobilized
culture. Both the magnitude of the maximum response and duration of the
lag-phase depend on the concentration of mitomycin C. The maximum activation
response is obtained at approximately 1 pg/ml concentration of mitomycin C. It

is crucial that further increase in concentrations results in abrupt quenching of
the emission. Apparently, this is due to a cytotoxic action of the antibiotic on the
bacteria, similar to toxins affecting recombinant bacteria of other strains treated
with high concentrations. Bacterial biosensors immobilized in thin cellulose-agar
films were used to detect various chemicals such as phenol, hydrogen peroxide,
copper, and cadmium [10]. It was found that immobilized cells revealed high sen-
sitivity to these agents, and inhibitory effect was observed at concentrations close
to those detected by free bacteria. The preparation was stable when dissolved in
AWS culture medium for 4 weeks at 4°C. However, incubation in 3% NaCl solution
significantly decreased stability. Along with toxicology experiments, data regard-
ing temperature and pH, dependent relations with luminescence of both free and
immobilized bacterial preparations, as well as spectral and kinetic characteristics
are presented. A number of studies were done to create novel-type biosensors to
be used in environmental toxicological analysis [11, 12]. A fundamental difference
for such systems was that they contained a combined complex made of optical
fiber detector together with a biodetector. Results on improving technology of
generating combined biosensors containing natural and recombinant microbial
strains immobilized on optical fiber strands and used for cytotoxicity and geno-
toxicity assays are presented in [13].

Combined systems are considered especially promising for practical application
of immobilized cells of type “biosensor-photoconductor I-photodetector” Many of
these were aimed at developing genetically engineered constructions, containing
sensor genes: SOS-system, heat shock defense system, DNA, and membrane-
damaging agents, specific to various toxins, and reporter genes derived from
photobacteria. All strains were immobilized at the different optic fiber strands.
Therein, Ca-alginate gel was used as a carrier. In such systems, each biosensor
specifically reacted to a certain type of toxins. The developed test system was effec-
tive in detecting pure inorganic and organic toxins as well as admixtures of toxic
substances in aqueous medium, soil, and other samples. Natural photobacteria were
used together with genetically engineered counterparts, where toxic agents had an
inhibitory effect on their luminescence. Application of such bacteria based on a
need to have a reference control of the cytotoxic action. It was found that thin films
consisting of gel and cells were stable for 6 h at 26°C and able to detect mitomycin
C at concentrations up to 25 pg/1. Concentrations of cells up to (1-3) x 10’ ina
carrier were effective for different analytical procedures. Biosensor stability within
a combined system sensitive to temperature impact, as well as other chemical and
physical parameters of the bio-detecting system, was analyzed in detail in response
to substances causing a stressful reaction in the cells (heat shock, action of SOS
agents, impaired protein biosynthesis, peroxide, and oxidative stress).

However, it should be noted that cells immobilized in agar, agarose, and algi-
nate have insufficient stability of luminescence, due to the sensitivity of the cells
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to relatively high (up to 30-50°C) gelation temperature. It is worth mentioning
that alginate gels with relatively low gelation temperature can be used as well.
Nonetheless, the effect of temperature results in the development of dark mutants
of photobacteria having a temperature optimum for luminescence at 15-25°C
(depending on species). The salt composition contained in the culture media plays
an important role for marine photobacteria. Optimal concentrations for emission
activity of cells are reached in 2-6% NaCl solution. Ca-alginate gels can be some-
what destabilized in such high salt concentration solutions due to the process when
Ca’* ions derived from the gel are replaced by Na* ions. Moreover, complex forma-
tion of Ca** and Sr** with phosphate and carbonate ions used as buffer solutions
may occur.

The data present in [4, 14, 15] the immobilization of bacteria Photobacterium
phosphoreum in different gel formation materials: agar, agarose, carrageenan,
polyacrylamide, calcium alginate, polyvinyl alcohol, polyurethane, calcium car-
boxymethyl cellulose, etc. It is established that the used carriers and technologies of
an immobilization extremely and variously influence the stability of photobacteria.
The duration of a luminescence alginate-glycerol suspension of cells, at incubation
in 3% NaCl, at 4°C, reached 4 weeks (the minimal detected luminescence level—up
to 6 weeks). The duration of a luminescence of free cells in the same conditions
did not exceed 2 weeks. In some cases the immobilized cells in an agar have sig-
nificantly smaller stability, than that of free cells. The agarose-immobilized cells
possess approximately the same duration of luminescence, as free cells—2 weeks.
The alginate glycerol suspension completely kept the initial level of luminescence at
storage at —80°C within 12 weeks. In storage, at —20°C, emission activity decreased,
similarly observed at 4°C.

The investigations [3, 16, 17] are directed to the development of technologies
of bioluminescent monitoring of chemicals in the discrete and continuous mode
of bio-testing. The stated explanation follows from the well-known temperature
effects on a luminescence of photobacteria. Temperature influence (30-36°C,
30-60 min) leads to the formation of dim and dark mutants [18]. The temperature
factor makes especially strong effect on Photobacterium phosphoreum bacteria,
which has a maximum bioluminescent activity at 15-18°C. Data on luminescence
kinetics are important during an incubation of preparations at positive temperature.
The unstability of luminescence that is caused with physical states of using gels was
established. The decreasing of light emission caused also with partial replacement
of ions of Ca”" in the carrier on Na* ions. Replacement of Ca®* on Sr**-ions in the
carrier increased its stability. The analytical procedure using Ca and Sr-alginate
gels is approved on five heavy metals: Pb(NO;),, NaAsO,, NiCl,, CdCl,, HgCl,, and
also SDS and pentachlorophenol (PCP). The authors note essential distinctions in
inhibition kinetics of the specified toxins between the free and immobilized cells,
but the sensitivity is rather close. Besides them, stimulation of a luminescence by
low concentration of PCP (less than 0.1 ppm) and CdCl, (less than 10 ppm) was
observed. The procedures developed for discrete biomonitoring have been used
for the continuous analysis of toxins. The interaction of toxins with cellular targets
depends on hydrodynamic parameters. The optimized conditions were: speed
of a channel is 25 ml an hour, delay time after introduction of toxin of 37 s, time
interaction 1-2 min, and cooling system has been used. Stability of a luminescence
is more than 40 min. Pulse introduction of a toxin to a channel with the immobi-
lized cells leads to reversible kinetics of inhibition. At washing away of a toxin by
the stream observes complete or partial recovery of emission, allows to repeated
biomonitoring on the same biosensor. The effect “dose/time” is shown in a kinetic
profile of suppression and reversion of a luminescence [16]. The fact that the cells
of Photobacterium phosphoreum immobilized in Sr-alginate gel can effectively be
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used for discrete and continuous detection of toxins can be considered as the main
conclusion of this work.

The work [17] was done for biomonitoring of water toxicity based on continuous
cultivation of Photobacterium phosphoreum. Attention in this work is paid to a pos-
sible problem of emergence of dark mutants (after 10 days of incubation), which
begin to dominate, causing suppression of a luminescence. For an exception of this
problem, the authors have offered the system based on the special fluidized-bed
reactor. The cell-alginate suspension continuously moved in a stream. It is estab-
lished that domination of dark forms significantly stops in the internal volume of
carrier, and suppression of a luminescence is not observed.

Rather high speed of dilution prevents settling by other microorganisms of the
reactor. Concentration of cells and emission activity in the developed mode of culti-
vation is sufficient for observation of the water environment toxicity within 4 weeks.
Essentially that photobacteria are capable to grow in granules and remain in water.

It is noted that after 24 h in all volume of granules microcolonies of various forms
were formed. The survival of cells in the carrier during the procedure of an immobi-
lization, storage, and use of the analytical system was studied. The assessment was
carried out by calculation of colonies after destruction of a carrier by NasOgPe.

It has been established that all cells are distributed in volume of a matrix; the
insignificant quantity is connected at the surface of the carrier. In the developed
cultivation mode, 80% of cells remain in the wild type within 40 h. The dark
mutants were formed on the seventh day, and then increased up to 100% by the
tenth day of cultivation. The authors have made the assumption that mutations
mention all cells—immobilized and leaved matrix cells. However, these distinctions
are insignificant. It is suggested that matrix protects the immobilized cells from a
mutagenesis. Results are considered as a possibility to use of system for the analysis
of water toxicity in real time. At the same time, the developed technological opera-
tions significantly protect from a dark mutagenesis. The use of analytical system, in
this case, is possible within more than 30 days. The measures of protection against
infection with other microorganisms are enclosed. The model experiments on the
analysis of HgCl, are given using immobilized and free cells. It is established that
the immobilized cells are more sensitive to these chemicals, since free cells are more
active it results in more resistance, which is toxic. Cells in the immobilized material
react to existence in the HgCl, up to 0.5 mg/1.

The new technology solution of complex biomonitoring of toxins is submitted in
work [19]. The test system based on the multi-channel apparatus for detecting the
water environments using some recombinant strains containing lux-CDABE operon
is developed.

Each channel of the system was designed from two mini-bioreactors necessary
for step continuous process. Each channel contained a certain recombinant strain
with the cloned gene of photobacteria: DPD2440-(fabA:luxCDABE), DPD2794-
(recA:luxCDBE), and TV1061-(grpE:luxCDABE). The strains are sensitive to the
membrane, DNA, and protein destroying agents, respectively. Interaction of these
agents with recombinant bacteria causes induction of a luminescence. As a control
for cellular toxicity, wild strain, whose bioluminescent reaction was suppressed
with toxins, has been used. Some experiments are executed with phenol and
mitomycin C. The procedures of biomonitoring for the subsequent applications in
practical tasks of the analysis of toxic chemicals of the environment are optimized.
For the practical analysis, tests of water from two different (nuclear and thermo-
electronic) reactors were used.

Continuous biomonitoring was carried out by cultivation of bacteria in two
reactors; the biomass of bacteria was grown in the first cultivator and pumped at
the second reactor with toxin injected. Each channel reflected the specific profile
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of the bioluminescence, corresponding to the chemical nature of the toxic agent.
Comparison of a bioluminescent signal between standard toxic substance and the fol-
lowing water solution allowed to define the true equivalent toxicity in a water stream.

The developed system of continuous multi-channel biomonitoring of toxins can
be considered, according to authors, as the new strategy of protection of bio-objects
against environment pollutants (alternative system of express monitoring and
control of the water environment).

Special attention is paid to receiving recombinant strains, and also technological
operations of biomonitoring in a channel that are fulfilled, optimized on models,
and are applied in water analysis to cool the nuclear and thermo-installation.

The authors note that the tests used for biomonitoring are stable within 1 week
at 4°C and pH 7.0. Test-system was carried out in real-time monitoring with the use
of automatic computer control.

All used chemicals stimulate the luminescence, however for all the difference
in the intensity of light and duration was observed. The induction time is rather
long, up to 500 min. At the same time, the high concentration of toxins not only
caused induction but also suppression of the luminescence of recombinant strains. It
specifies that at high concentration there is no specificity of reaction of recombinant
strains. Metabolism of all recombinant strains reacts to high concentration of toxins
by suppression of luminescence. It was shown that at certain concentration, the
genotoxic action is blocked by cytotoxic action. For the recombinant strains, there
are no quantitative data on inhibitory actions on external targets of membranes.
With these data, the bioluminescent intensity could be significantly corrected. The
results suggest that the water used for the nuclear reactor contains substances with
membrane action. It should be noted that the developed system of biomonitoring is
rather difficult, consuming, and long, though it, in principle, yields positive results
of bio-testing.

The fact that the toxic effect on inhibition of a luminescence is shown on all
recombinant strains is important. The developed system of continuous biomonitor-
ing can be considered as the new direction in identification of the nature and toxic
action of chemicals and can be also applied to the detection of many industrial
wastes. Before the analysis the testified probes have to undergo preliminary pro-
cessing, for removal of the accompanying bacteria, with the subsequent filtration.
The main result of this work is the use of various types of recombinant strains for
specific biomonitoring of toxins.

The integrated system of biomonitoring of water (water toxicology) using the
test object recombinant bacteria is presented in work [20]. The developed system
included four channels with two mini-bioreactors. The recombinant strains of
E. coli, EBH]2, DP1, DK1, and DPD279, were used. The chosen strains carry out
three specific tasks of cell protection against oxygen shock of superoxide, hydro-
gen peroxide, and the DNA-damaging agents also. Based on the specified strains,
systems are applied for both discrete and continuous monitoring of toxins. The
first reactor was used for cultivating the culture of the specified strains with their
subsequent transfer in the second bioreactor. It is established that induction of
the bioluminescent increase is observed only in the small range of the increas-
ing concentration of the specified inductors. The peroxide and mitomycin, were
entered into the second cultivator. The intensity and rate of increase of lumi-
nescence are specific to each inductor; and at high concentration, the effect of
induction is changed with inhibitory effect.

Particular advantage of the developed system is miniaturization: a little (1-2 ml)
reactor volume. The authors assume that the four-channel mini-monitoring system
with different recombinant strains is extremely useful viewpoint for the specific
analysis of certain classes of toxins in the environment.
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3. Immobilization of microorganisms

As carriers for an immobilization of photobacteria, both natural and synthetic
materials are used [2, 8]. The immobilization of cells of microorganisms can pass
by fixing on a surface and in volume (depending on the used material), or chemical
binding on surface or embedding in matrix interior. In most cases, agar, agarose,
and alginate gels are used as the carriers for immobilized luminescent bacteria.

Ca’* and Sr** alginate gels are the carriers most commonly used in manufacturing
bioluminescent toxicological biosensors.

Methods of an immobilization are various; however, all are directed at increas-
ing the profitability of process and its efficiency. At the same time, special atten-
tion is paid to durability for fixing of cells with materials and for prevention of an
uncontrolled exit from a carrier phase in incubatory solution. The factors capable
to reduce, suppressing metabolic activity, up to violation of integrity of structure of
an organism has been studied. First of all, it belongs to temperature, ionic structure,
pH, to availability of inhibitors, toxins, and other xenobiotics. Viability and light
activity of photobacteria are extremely sensitive to these factors.

At inclusion of cells of microorganisms in carrier volume, a number of factors
take part in keeping of cells: mechanical keeping, adsorption, structure of a grid
of polymer and the pores, chemical bonds between functional groups of a cel-
lular surface and free groups of the carrier, electrostatic forces, and hydrophobic
interactions.

At the same time, the size and structure of pores in the carrier, time diffusion of
nutrients or other biologically active agents, and withdrawal of products are important.

4. The immobilization on a surface of the carrier

The immobilization of bacteria in some cases is carried out on a surface of the
carrier. It depends on the restrictions for penetration of cells into volume and on
the structures of the materials used. Different chemical elements participate in the
fixing of cells on the surface of the carrier. Non-covalent interaction is carried out
at the contact of cells with the surface of carrier, with the participation of ionic
interactions, hydrogen bonds, and hydrophobic forces. In this case, nonspecific
cell fixing occurs. When the carrier contains the ligands capable to form rather
strong binding with functional groups of a cellular surface, bio-specific binding
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Figure 2.
Cell immobilization on the surface of carrier [8].
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is observed. In certain cases for increase in efficiency of process, the carrier has to
have special chemical residues capable to form strong bonds with a cellular surface
or the so-called sewing elements are used (Figure 2).

5. The immobilization in the interior of the carrier

The immobilization in volume of the matrix allows to increase a specific
concentration of the cells in comparison with liquid culture, which causes the
productivity of biotechnological process. Especially, a possibility of repeated or
continuous use of one type carrier with the specific microorganisms should be
noted. At the same time, the form, any convenient for operation, can be given to
the carrier: granules, plates, threads, tubes, etc. Finally, procedures of biomonitor-
ing become simpler (Figure 3).

The procedure of inclusion of cells in the interior of the matrix is gener-
ally carried out during incubation of the carrier with biomass, swelling, with
the subsequent formation of gels system, with microorganisms, stabilizers,
substrates and protectors. Water, through which there is a metabolism, is a part
of hydro-gels. For an immobilization of cells in volume of the carrier, a wide
range of various materials capable to transition from liquid to “gelatinous,” gel/
cell composition, under specific conditions is used. The greatest distribution
for an immobilization of microorganisms was gained by gelatin, agar, agarose,
alginate, carrageenan, etc., in which the spatial grid is supported using non-
covalent bands. The specific property of these gels is the transition from liquid
state to elastic form, at change of temperature. The majority will be polymerized
at heating. However, there are substances that are polymerized with cooling.

It is possible to give poly(vinyl) alcohol (PVA) as an example capable to form
cryogenic gels. Ion-tropical gels are formed with bands between poly-electrolytic
macromolecules.

In polymerization of polysaccharides, the main role in matrix formation is
assigned to hydrogen bonds and electrostatic forces. The contribution is made by
mechanical packing of polymeric chains in supramolecular structures. Gel-forming
properties can differ depending on the source and method of receiving. At the low
temperature, the macromolecules can form supramolecular structures with the
participation of hydrogen bonds.

The main advantage of the technological procedure is simplicity of inclusion of
cells in the carrier without essential violation of structural characteristics, the high
catalytic properties [8].

Figure 3.
Immobilization of the cells in the volume of the carrier. 1—Cells, 2—Matrix, 3—Gel-cell mixture, and 4—
Carrier [8].
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6. Poly(vinyl) alcohol as a carrier for immobilization

Among synthetic polymers, for immobilization of the most different groups
of microorganisms, cryogels of poly(vinyl) alcohol (PVA) are used. Because of
freezing, elastic hydro-gels are formed. The formation of matrix was participated
by hydrogen bands between various sites of polymeric chains. One of the important
elements of formation of PVA cryogel is the content of acyl-residues. At 5%, the
friable structures were formed. From high concentration of the PVA water solutions
(more than 7%), strong structures are formed.

Cryogenic impact on the PVA-water system gives the chance to change proper-
ties of polymers and to alter their structure. Stability of the carrier at high negative
temperatures is one of the major factors for practical use.

In compliance with literary data, PVA was effectively used in immobilization of
many strains of microorganisms. In work [21], different types of microorganisms,
which have been successfully immobilized in PVA-cryogel, are summarized.

PVA cryogels have a number of structural and chemical properties, in compari-
son with other carriers, essential for immobilization of luminous bacteria [22, 23].

First of all, it is connected with availability and low cost of materials, simplicity
of the procedure of cryogel formation, and biocompatibility with various types
of cells. High resistance of PVA matrix to bio-damage by microorganisms is also
important. Essentially, PVA cryogel is not toxic in relation to the included microor-
ganisms. Cryogels have diffusive properties, optimum for detection processes. The
electronic microscopy of preparation demonstrates existence of high porosity of
the matrix containing micro (less than 1 micron) and macro (more than 1 micron)
pores. Existence of a time in many cases lifts a diffusive limit for chemicals (sub-
strata, salts, and products of metabolism of cells), and also activators and inhibitors
of this or that of processes. Physical and chemical parameters of a matrix slightly
depend on the chemical composition of the gel-formation media, in particular salts,
which have basic value for many bacteria.

It should be noted that physiological concentration of some substances (acids,
alkalis, amino acids, sugar, phosphates, carbonates, and Na salts) has no signifi-
cant effect on physical characteristics of the carrier [16]. Physical characteristics
of PVA gels depend not only on temperature but also on duration of the proce-
dures and conditions of defrosting. The PVA itself performs the function of a
cryoprotector.

A detailed study of the procedure of defrosting has shown that the high speed
of defrosting (more than 10°C in a minute) can lead to the formation of colloidal
solutions, while at slow defrosting (with a speed less 0.05°C in a minute), the elastic
structures are formed. According to data of electronic microscopy, it is established
that at slow thawing, the structural distinctions of the carrier is less.

High concentration of biomass of cells (more than 1 g/100 g) can render the
destabilizing effect on carrier formation. In other concentrations, the structure of a
matrix is optimal for cell stabilization. The diffusion into cryogel substrates, toxins,
and various other chemicals occurs in macropores.

Physical characteristics of the created PVA gels are steady in the wide range
of positive temperatures, up to 80°C, that allows high efficiency operation of the
bioreactor in different temperature conditions.

The biotechnological processes, which are effectively proceeding with par-
ticipation of the immobilized biological objects, were described. As examples,
the formation of ethanol, acetate, hydrogen, transformation of sugars, amino
acids, and some other important products of cellular metabolism has been
studied [21, 22].
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Thus, the physical and chemical properties, lack of toxicity, optical transpar-
ency, and formation of carrier happening at negative temperatures are extremely
important viewpoints for receiving different types of PVA biosensors. At the same
time, the limited number of works on the use of this carrier for immobilization of
photobacteria or recombinant strains with lux-genes of bacterial luciferase system

should be noted.

7. PVA immobilization of photobacteria

The immobilization of Photobacterium phosphoreum in PVA, polyurethane,
polyacrylamide, Ca-alginate, and Ca-carboxy-methyl-cellulose is carried out [4, 14].
It was established [14] that photobacteria in PVA-gel possessed less stable, in com-
parison with other carriers, the duration of light emission—1 week.

The technology of immobilization in PVA-biofilm photobacteria Vibrio fisch-
eri, and a gene engineering strain Pseudomonas putida with the lux-operon from
Photorhabdus luminescens is realized for detection of phenolic toxins in industrial
waste [24]. However, for increase in stability, light glycerin was introduced into the
composition of test system; the procedure included activation of a luminescence
with special chemicals.

The psychrophilic luminous bacteria P. phosphoreum were immobilized in PVA-
cryogel. The technological procedures of immobilization allowed to preserve with
preserve nearly 100% of level of emission activity of cells without protectors. The
activation processes of luminescence are developed and optimized [13, 25, 26].

With the use of photobacteria as biosensor of toxins, special requirements are
imposed to the duration and stability of a luminescence of a test system [13, 17].
These parameters, first of all, depend on natural emission properties of the chosen
strain and are controlled by technology of an immobilization, the procedure of
storage, and use of biosensors [3, 7, 20].

Specific activity at different strains of luminous bacteria is from 10° to 10°
quanta/s. Light intensity and duration of a luminescent cycle are defined by a spe-
cific adaptable metabolism of bacteria. The luminescent cycle of deep culture Vibrio
harveyi short was completely finished in a logarithmic growth phase (12-14 h),
Vibrio fischeri has a cycle about 20-24 h, while Photobacterium phosphoreum has a
stable luminescence at 1-2 weeks. The psychrophilic strains of photobacteria exhibit
the highest specific activity and the most prolonged bioluminescence in the growth
culture. The luminescent cycle of Photobacterium phosphoreum at 15-20°C can
exceed 100 h [27, 28].

It is shown that the immobilization in PVA cryogel in all species of bacteria is
capable to lead to essential prolongation of a luminescence [26].

It is obvious that the composition of gel-formation media should influence
the cells’ stability in the carrier and metabolic activity first of all, on stages of gel
formation. For a choice of the optimal media composition and conditions, different
mixtures have been used for gel formation, and the kinetics of light emission after
“freezing/thawing” procedure was investigated. The best results have been received
with media using for the liquid cultivation of photobacteria [29]. The emission activ-
ity of granules after a freezing/thawing procedure (24 h from the beginning the heat-
ing stage) has shown that in this case the immobilized bacteria were kept practically
at 100% luminescent activity. The most essential recession of luminescence (in ~10°
times) was observed when the gels’ formation process comes with only 3% NaCl.

The immobilization procedure of photobacteria in PVA cryogel has been pub-
lished in [26].
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Bacterial strains Immobilized cells Free cells
Total light emission Time- Total light Time-course of
(Q), photons per course of emission luminescence,
cell luminescence, (Q), photons days
days per cell
P. phosphoreum (str. 1-5x 107 14 5x10° 7
NZ-11D)
P. phosphoreum (str. 1-5 x 10° 42 10° 21
Ne331 KM MSU)
V. harveyi (str. 1-5 x 10° 7 5% 10° 1
B392 MAV)
V. fischeri (str. N6 1-5x10° 10 10° 3
KM MSU)
Table 1.

The emission activity and duration of the free and PVA-immobilized different strains of photobacteria.

The developed technology has allowed the survival of luminous bacteria in the
carrier, practically at 100%, without the introduction of cryoprotecting agents and
procedures of a light induction. All strains of PVA-immobilized bacteria possess not
only high level of initial emission but also raised stability of luminescent activity in
comparison with the free cells (Table 1).

As the main results from the data presented, the integral light output (Q)
is observed on preparations, which formed using the complex growth-media
(GM) for the liquid cultivations. Free cells in the same conditions possess
essentially smaller (more than 2 order), in comparison with immobilized cells,
integral activity.

Specific bioluminescent activity was restored to level of activity of free cells
(~10° quanta/s per cell). At storage, at —80°C, bioluminescent activity remains
without changes for 2 years. The detected level of light emission is at 4°C for over
1 month and at 20°C for 3 days.

Thus, the composition of the gel formation media, not incubation mixture,
makes the basic impact on intensity and duration of bioluminescence of immobi-
lized preparations. Concentration of the carrier (5, 7, and 10%) practically does not
change emission and kinetics parameters.

8. The kinetics of light emission free and immobilized bacteria
P. phosphoreum

In Figure 4, the time dependence of specific luminescent activity during incu-
bation at 4°C free and immobilized bacteria is presented. The immobilized cells
(Curve 1) have more prolonged luminescence, than free bacteria (Curve 2). It is estab-
lished that luminescence attenuation by immobilized bacteria is not a consequence of
destruction of cells, or exhaustion of endogenic substrates, and reflects decrease in
reduction potential of a cell owing to shift medium pH with products of a metabolism.

It was established that luminescence attenuation by immobilized bacteria is not a
consequence of cell destruction, or exhaustion of endogenic substrates, and reflects
decrease in reduction potential of a cell owing to shift medium pH with products of
a metabolism.
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Figure 4.
Light output and bioluminescence decline from the PVA-immobilized and free cells of photobacteria following
storage in 0.1 M Na-phosphate buffer +2% NaCl, pH 7.6, 4°C.

9. Photo-biomonitoring

The optimal conditions of reception and storage-immobilized cells formed a basis
of use of luminescent granules as biosensor controls. The standard procedure of the
analysis with use of free cells provides incubation with toxicants for 5, 15, and 30 min
[29]. The analysis of inhibition kinetics from free and immobilized cells has shown
similar time profiles, testifying to the absence of serious diffusion restrictions of a
gel material and the form of granules for all types of molecules. Supervision logically
follows from structural characteristics of the matrix having macropores. As essential
distinctions in inhibition, kinetics is not revealed, and the time parameters postu-
lated to free bacteria are chosen for the toxicity analysis with PVA-immobilized cells.

In Table 2, the granule luminescence inhibition by various classes of toxins,
heavy metals, phenolic derivatives, and pesticides, is presented.

Before assay procedure granules were incubated 10-min with environment
temperature (22°C), and the next 5-15 min with toxins. It is established that the
threshold sensitivity of free and immobilized cells to the chosen quenchers of
luminescence is approximately identical and as a whole corresponds to literary data.

Physical and geometrical parameters of photo-PVAG biosensors for continuous
biomonitoring ecotoxicants with the minimum restrictions for diffusion of toxins
are also optimized. In the technology of continuous monitoring of toxicants, the
optimized conditions of the discrete analysis are used. It is established thatin a
channel mode, light activity remains about a week at solution temperature 10-12°C.

The kinetic profile of light inhibition depends on the concentration of toxicant.
The luminescence time response of the PVA-immobilized cells in continuous flow-
through monitoring to CuSO, is shown in Figure 5.

The kinetics is reflected by convertibility effect, although the level of lumines-
cence after washing away toxicants can be different from the initial. The relaxation
time increase with increasing the concentration of toxins. However, even at concen-
tration exceeding ECs 10 times at the chosen flow-rate, remains not less than 10% of
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Toxicant The range of toxin concentrations (mg/1) determined by
bioluminescence response of PVA immobilized cells at
different times of incubation

5 min 15 min
Cu® 5-40 1-8
Zn* 10-60 0.5-4
Hg” 0.1-0.6 0.05-0.10
2,4-Dinitrophenol 5-40 2-20
Pentachlorophenol 0.2-2.0 0.05-0.4
2,4-Dichlorophenol 0.5-3.0 0.5-10
2,4-Dimethylphenol 0.5-8.0 0.5-8.0
2,4-Dichlorophenoxyacetic acid 1.0-10.0 0.5-10.0
2,4,5-Thrichlorophenoxyacetic acid 0.5-4.0 1.0-8.0

Granules of different geometrical sizes (from 1to 3 mm®) were used.

Table 2.
The sensitivity of the PVA-immobilized cells P. phosphoreum to heavy metals, chlorinated phenolic derivatives,
and pesticides (100 ul probe, 1 ml 3% NaCl with one PVA granule).
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Figures.
The kinetic response of PVA-immobilized P. phosphoreum str. N2331 KM MSU, in continuous flow-through
monitoring system to CuSO,, volume injected with 100 pl. Initial concentration: 1—0.5, 2—1, and 3—-10 mM.

luminescent activity. Fast restoration of activity allows using one immobilized prepa-
ration for repeated probe detection (flow rate—0.5 ml/min, resistance time injected
probe—30 s, reactor volume—1.5 ml, and 1 granule 15°C).

A continuous water toxicity system with same parameters for biomonitoring,
using Ca,Sr-alginate gel immobilized P. phosphoreum, was also studied [16, 30].

Higher survival of cells with preservation of specific activity of light emission,
at level of the free cells, presented to the given work, reflect advantages cryogenic
immobilization photobacteria in PVA carrier and application PVA based biosen-
sors for detection of toxicants both in discrete and continuous toxicity monitoring
systems.
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Chapter 4

Ecological and Histological Notes
on the Luminous Springtail,
Lobella sp. (Collembola:
Neanuridae), Discovered in
Tokyo, Japan

Tadasu Sano, Yukimasa Kobayashi, Ikuko Sakai,
Katsunori Ogoh and Hivobumi Suzuki

Abstract

Some species of springtail (Collembola) are luminous, but it is not known
whether light emitted by springtail is due to self-luminescence, feeding on lumi-
nous fungi, or accidental infection by luminous bacteria. To address this question,
we characterized the luminescence of a luminous springtail, Lobella sp. (family
Neanuridae) discovered in Tokyo, Japan. The emitted light was yellowish-green
(540 nm) and was found to originate from tubercles on the thorax (segments II and
III) and abdomen (segments I-VI) using a low-light imaging system. The lumines-
cence persisted for several seconds but showed occasional oscillations in a labora-
tory environment. We also observed fat bodies containing eosin-positive granules
under the integument of the tubercles in the tergum by hematoxylin and eosin (HE)
staining that were not present in a nonluminous springtail (Vitronura sp.). The fat
bodies in Lobella sp. are presumably photocytes analogous to the firefly lantern, and
the eosin-positive granules are the likely source of bioluminescence, which implies
that springtails are self-luminescent.

Keywords: luminous springtail, Lobella, light organ, fat body, histology

1. Introduction

Some species of springtail (Collembola) are luminous. Lipura noctiluca [1],
Anurida sp. [1], and Anurida granaria [2] of the family Neanuridae, Anurophorus
fimetareus [1] of the family Isotomidae, and Onychiurus armatus [3] of the family
Onychiuridae exhibit luminescence throughout the body and glow continu-
ously, while Neanura muscorum [1] and Neanura quadrioculata [1] of the family
Neanuridae emit flashes of light upon stimulation. The color of emitted light is
diverse from bluish-green to greenish-yellow in each species. However, it is not
known whether light emitted by springtail is due to self-luminescence, feeding
on luminous fungi, or accidental infection by luminous bacteria. Springtails typi-
cally live in the soil of damp wooded areas that contains the mycelia of luminous
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fungi. The midgut of the luminous springtail species Achorutes muscorum (family
Neanuridae) was found to be full of luminous mycelia, but species from other
localities were nonluminous [3], suggesting that the light originates from fungi
consumed by springtails. However, this is unlikely for species that glow only
when stimulated. On the other hand, Onychiurus armatus exhibited luminescence
even after rearing for 6 months on sterilized agar, providing support for the
self-luminescence hypothesis [3]. However, to date there are no detailed descrip-
tions of the histology of light organ and chemistry of luminescence in luminous
springtails [3-5].

One of authors (Sano) discovered a luminous springtail, Lobella sp., belong-
ing to the family Neanuridae in Tokyo, Japan [6]. This species emits light not
from the whole body but from spots on the abdominal segments, which has never
been previously reported in springtail [3-5]. This makes Lobella sp. suitable
for histological studies of a potential light organ. In this work we describe the
habitat of Lobella sp., the nature and origin of the luminescence, and histological
findings.

2. Materials and methods
2.1 Springtails

Lobella sp., which is closely related to Lobella sauteri, was collected from two
sites: (1) Yokosawa (Akiruno-shi, Tokyo, Japan) and (2) Mitake (Oume-shi, Tokyo,
Japan). A nonluminous species, Vitronura sp. (family Neanuridae) collected from
Takiyama (Hachioji-shi, Tokyo, Japan), served as a control.

2.2 Luminescence imaging

The luminescence of the specimen was captured on Fujicolor 1600 film
(Fujifilm, Tokyo, Japan) with a Nikon FM camera (Nikon, Tokyo, Japan) with Nicol
50-mm (F1.4) and 2x teleconverter lenses. Luminescence images were also acquired
with a luminescence microscope using a short focal length lens system [7, 8]
equipped with an ImagEM electron-multiplying charge-coupled device (CCD)
camera (C9100-13; Hamamatsu Photonics, Hamamatsu, Japan). The total magnifi-
cation was reduced from 4x (UPLSAPO4x objective lens; Olympus, Tokyo, Japan)
to 0.8x using the short focal length imaging lens (f = 36 mm, NA = 0.2) in order to
capture low intensity light.

Video recording of the luminous specimen was performed using a C2400 high-
resolution SIT video camera system (Hamamatsu Photonics) equipped with a Zuiko
auto-zoom 35-105 mm (F3.5-4.5) lens (Olympus). The video was converted to an
avi format file, and time-lapse image analysis was performed using TiLIA software
[9] in order to determine the time course of luminescence intensity in a region of
interest.

2.3 Spectroscopy

The luminescence spectrum of the specimen was determined using a U-2900
spectrometer (Hitachi High-Technologies, Tokyo, Japan) under the following condi-
tions: transmittance mode without incident light; scan range, 450-650 nm in 5-nm
steps; scan speed, 240 nm/min; and response time, 2 s.
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2.4 Histology

The whole body of each specimen was fixed in alcohol Bouin’s solution and
stored at room temperature. The sample was dehydrated in a graded series of etha-
nol, embedded in paraffin, and sectioned at a thickness of 5 pm with a microtome
(Microm HM310; Leica Biosystems, Nussloch, Germany). The sections were stained
with Delafield’s hematoxylin and eosin (HE). A BX53 microscope (Olympus) with a
DP74 color CCD camera (Olympus) was used for light microscopy observation.

3. Results
3.1 Habitat description

Lobella sp. was collected at Yokosawa, which is a hill region (200-300 m in
height) surrounded by valleys that is a typical secondary forest used for agriculture
(Figure 1A). In one area, shiitake mushrooms (Lentinula edodes) are cultured on
logs on the ground surface of the forest. After the mushrooms are harvested, the
logs proceed to decay (Figure 1B). Lobella sp. was found under or in the decay-
ing logs (Figure 2A) from April to the end of October in 1997-2004. Luminous
mushrooms of an unidentified species were also present in this area. Lobella sp.
was also collected from a mountain pass beside Mount Mitake (900 m in height);
the specimens were found under litter, particularly from Magnolia obovata (family
Magnoliaceae) (Figure 2B). Although the luminous springtail, Lobella sp., inhabits
in such different habitats, this study does not consider taxonomically whether they

Figure 1.

Habitat of the luminous springtail (Lobella sp.). (A) Overview of the habitat at the Yokosawa site (Akiruno,
Tokyo, Japan). (B) Shiitake mushroom (Lentinula edodes) is cultured on logs, which proceed to decay on the
ground after the mushrooms are harvested. Springtails are found under or on decaying logs.
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Figure 2.
(A and B) luminous springtail (Lobella sp.) found in decayed logs at the Yokosawa site (A) and under
Magnolia obovata (family Magnoliaceae) litter at the Mitake site (B).

Figure 3.
Habitat of nonluminous springtail (Vitronura sp.) collected at the Takiyama site (Hachioji, Tokyo, Japan).
(A) Cattle barn. (B) Vitronura sp. inhabits soil-containing cattle dung.

are the same or different species. The nonluminous springtail Vitronura sp. was
collected at Takiyama (Figure 3A), a cattle barn, from soil-containing cattle dung
(Figure 3B).
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3.2 Luminescence

In a field observation at the Yokosawa site, we observed flashes of light on the
ground when lifting the shiitake logs. However, we were unable to discern the color
of the light by the naked eye since it was too weak. Figure 4 shows Lobella sp. and
its luminescence. Several tubercles were present on the surface of the thorax and
abdomen (Figure 4A), and the luminescence was strongest at the posterior margin
of the abdomen (Figure 4B). The luminescence was elicited for several seconds
by mild mechanical stimulation (e.g., by shaking the container or blowing on the
specimen), although there were long intervals between bursts of light. The lumi-
nescence spectrum showed a maximum peak wavelength of 540 nm (Figure 5),
which is visible as a yellowish-green color. Mechanical stimulation also induced the
secretion of mucus from the body surface; at such instances, no luminescence was
observed either from the body or the mucus.

To identify the luminescent region of the body, luminescence image of the speci-
men was captured by microscopy (Figure 6). The luminous spots corresponded
to tubercles on the thorax (segments Il and II) and abdomen (segments I through
VI). Time-lapse image analysis showed that the luminescence persisted for several
seconds (less than half a minute) in the laboratory environment with occasional
oscillations with a 3.0-s flash interval, 2.1-s pulse duration, 0.9-s inter-pulse dura-
tion, and 3.0-s oscillatory peak interval (determined from the average of four peaks
in Figure7).

3.3 Histology

HE staining of a cross section of the second abdominal segment of Lobella sp.
from the Yokosawa site revealed that the midgut cavity occupied most of the body
and the tubercles had a pointy seta within a socket (Figure 8). The dorsal vessel
(heart), ventral nerve cord, hemocytes, and muscle tissues were also identified.
Under the integument of the tubercle in the tergum, fat bodies occupy a large space
between the integument and midgut and comprise large trophocytes whose cellular
boundary is obscure. Each trophocyte contains many eosin-positive granules (EPG)
in its peripheral cytoplasm. Such granules were not present in fat bodies under the

Figure 4.

Photographs of Lobella sp. (A) Bright-field image of Lobella sp. collected at the Yokosawa site. Tubercles are
present on the body surface of the thorax and abdomen. (B) Bioluminescence images of Lobella sp. collected
at the Mitake site. Luminescent spots are present on the body surface; a higher signal intensity is observed at
posterior margin of the abdomen.
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integument of the sternum or pleuron. The posterior fat bodies were larger than
those in the anterior region and were surrounded with hemolymph (Figure 9). No
eosin-positive granules were observed in fat bodies of Vitronura sp. (Figure 10).

600
T

540 nm

400
T

Relative luminescence intensity
200
T 1
—_
-

i J ‘a\
.'_“'u,f'*v‘\wwwl \\'“““ﬁ—«

450 so0 550 00 250

e e e
i

Wave length (nm)

Figures.
Bioluminescence spectva of Lobella sp.; the maximum peak wavelength is 540 nm.

Figure 6.

Merged bioluminescence and bright-field images (pseudocolored green) captured with the luminescence
microscope. The luminous spots corvespond to tubercles on the thovax (segments II and 11I) and abdomen
(segments I-VI). Scale bar: 1 mm.
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Figure 7.

Time course of luminescence captured by time-lapse imaging. The X and Y axes show time(s) and relative
luminescence intensity, respectively. Occasional oscillations weve observed, and the flash interval (a + b) is 3.0 s
with 2.1 pulse duration (a) and 0.9 s inter-pulse duration (b), and oscillatory peak interval (c) is 3.0 s.

Figure 8.

Cross section of the second abdominal segment visualized by HE staining of Lobella sp. from the Yokosawa site.
Fat bodies containing eosin-positive granules (EPG) arve present under the integument of the tubercles in the
tergum. Scale bar, 100 pm.
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Figure 9.

Longitudinal section of Lobella sp. from the Yokosawa site visualized by HE staining. The fat bodies in the
posterior region are lavger than those in the anterior vegion and contain eosin-positive granules (EPG)
surrounded by hemolymph. Scale bar, 100 pm.
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Figure 10.

Longitudinal section of Vitronura sp. from the Takiyama site visualized by HE staining. No eosin-positive
granules were observed in the fat body. Scale bay, 100 pm.

4, Discussion

Lobella sp. emits flashes of light lasting several seconds upon stimulation. This is
similar to Neanura quadrioculata and N. muscorum [1]. Furthermore, the lumines-
cence of Lobella sp. was occasional oscillatory (with an interval of 3 s) (Figure7),
suggesting that it occurs in response to an external factor [1]. These results provide
evidence for the self-luminescence of Lobella sp., which may have an intracellular
origin since this species secretes mucus that is nonluminescent.

The light emitted by Lobella sp. was associated with tubercles on the abdomen
(Figure 6), which may be light organs analogous to those of the firefly. A histo-
logical examination revealed fat bodies containing eosin-positive granules under
the integument of the tubercles in the tergum (Figures 8 and 9), but we did not
recognize any specific structures such as a photogenic or reflector layer of firefly
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that could function as a light organ. Fat bodies were also present in the nonlumi-
nous springtail Vitronura sp., but these did not contain eosin-positive granules
(Figure 10). Photocytes of the light organ in larval and adult fireflies are derived
from fat bodies [10-13], and luciferase is located in the cytoplasm of photocytes in
the photogenic layer [14]. Furthermore in a larval firefly, fat bodies are a precur-
sor of photocytes that were observed to have some luminosity by ex vivo low-light
microscopy [15]. We speculate that the eosin-positive granules in the fat bodies of
Lobella sp. are related to the bioluminescence of this species in the same manner as
peroxisomes of firefly photocytes [13]. Ex vivo low-light imaging of fat bodies could
confirm this possibility. On the other hand, an anti-firefly luciferase antibody did
not react with Lobella sp. tissue (data not shown), indicating that the biolumines-
cence of springtail is distinct from the luciferin-luciferase reaction in firefly.

There have been few studies on luminous springtails, and most of these have
been review articles [2-5]. Some reasons for the lack of research are the difficulty of
species identification by entomologists who do not study Collembola and the small
size of specimens, which makes biochemical analyses challenging. The present find-
ings provide a basis for future studies on the mechanisms as well as the evolution of
bioluminescence in insects using a variety of experimental approaches—e.g., molecu-
lar modeling, genetic engineering, and omics technology with artificial intelligence
processing—that are applicable to small-sized organisms and wild specimens [16-19].
Additionally, springtail displays a unique mating behavior where the male deposits
spermatophores on the ground or close to a female and keeps other males away
through jostling [20, 21]. It is possible that the bioluminescence of springtail plays an
important role in mating, as is the case for firefly and other luminous organisms [22].
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Chapter 5

Effect of Camera Illumination
on Flashing Behavior of
Pteroptyx malaccae (Coleoptera:
Lampyridae)

Anchana Thancharoen and Sivima Masoh

Abstract

Pteroptyx malaccae is a synchronous firefly that is important in firefly tourism in
Thailand. Without well-managed tourism, the fireflies have faced to the problems
of shooting camera flashes from tourists. Although the effect of artificial light was
well understood, which causes negative impact to firefly courtship, there is no obvi-
ous information on the effect of the camera illumination. The experiment of testing
four types of camera illumination was set up in laboratory using wild populations
of P. malaccae. The flash patterns were recorded by videotaping and analyzed by
using TiLIA software. The results showed that all kinds of camera illuminations
affect flashing behavior of the fireflies. They prolonged flash interval by increasing
pulse duration. The flashes from smartphone camera displayed the strongest effect;
however, all flash types did not influence on the firefly life span, mating behavior
and oviposition behavior of the fireflies.

Keywords: Lampyridae, synchronous firefly, firefly tourism, camera flashes,
light pollution, TiLIA software, camera photography

1. Introduction

Recently, artificial night lighting occurs commonly in many urban areas and can
be light pollution that influences negatively in many ways, i.e., waste the energy for
the pollution production, causing sky glow, creating light trespass, and building
glare [1] including causes of ecological effects on many organisms [2-6]. The night
lighting changed unnaturally the innate behaviors of the organisms by reducing
foraging behavior, predatory behavior, metabolism, growth rate, and reducing
population numbers finally. Additionally, many species of insects were unavoidably
trapped by phototaxis ability [4, 7, 8] including fireflies. Unfortunately, the fireflies’
bioluminescent courtship signals were likely interfered [4].

The effect of artificial light on fireflies was studied in many firefly species.
Under the light pollution, the abundance of fireflies displayed lower numbers than
without lighting [4, 9]. Several firefly researchers have considerably examined how
the light pollution impacts on the bioluminescent insects especially their courtship
and reproduction. The flooding of light altered mate location behavior of Lampyris
noctiluca males by avoiding seeking females in the lighted background areas where
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the female glows were less attractive [10]. It decreased the flashing activity of
Photuris versicolor and mating success in P, pyralis [4]. The prolonged courtship time
during dorsal mounting posture was significantly observed in Sclerotia aquatilis
that probably results in failure of mating [11]. However, the sexual communication
of some firefly species could happen in light-polluted area. The males of A. ficta
shifted the flash signals to attract females by increasing light intensity and flash
frequency in A. ficta [12]. Nevertheless, the mating success was not discussed. The
variation of the impacts might depend on lighting types and firefly species.

Camera illumination or flash photography is another type of man-made light
that is commonly used. Although the cameras do not produce long steady light, the
blight flashlight probably influences animal behaviors. The effects of flash photog-
raphy on organisms have been little studied. The flash testing on seahorse behaviors
underwater was done and showed no significant long-term consequences [13]. The
nocturnal insects such as fireflies have never been investigated.

Congregation of male Pteroptyx fireflies exhibited impressively synchronous
courtship flashes to attract the females perching on mangrove trees. Many Pteroptyx
habitats have been developed to be tourist attraction sites and improved local
people’s income in Thailand. Many consequences of firefly tourism have been con-
siderably occurring in Thailand because of lacking knowledge of firefly ecotourism
management [14]. Using flash photography of tourists might be adverse to firefly
behavior, while the actual impacts have remained unknown.

In the present study, we examined the effects of camera illumination on flashing
behavior of male and female P. malaccae under laboratory condition. Four treat-
ments of commonly used flash photography were tested. We analyzed the fireflies’
flashes by using computer software, time-lapse image analysis (TiLIA), to investi-
gate actually the abnormal flashing behavior to expect the effect of the light on the
real behavior of the fireflies in nature.

2. Materials and methods
2.1 Study species
2.1.1 Taxonomy

P. malaccae is one of more than 18 described Pteroptyx species distributed mostly
in the region of Southeast Asia (from Boneo, Cambodia, Malaysia, Philippines,
Sulawesi, and Thailand) through Australia. Their major characters for species iden-
tification are yellowish brown elytra with black deflexed elytral apices, pale brown
abdominal ventrites, and dark brown head and antennae. Significantly, their males
have metafemoral combs (MFC) on metathoracic legs, bipartite light organ in ven-
trite 7, and no lobes along the posterior margin of tergite 8 [15, 16]. From reference
[17], they found morphological variation among P. malaccae specimens in different
regions and classified them into four groups. In the group occurring in Thailand,
the males have been sculpturing at the apices of the posterolateral projections (PLP)
on ventrite 7. The females have similar color patterns as the males but have normal
straight wing apices.

2.1.2 Ecology
P. malaccae inhabited in mangrove forest and backish water area. The larvae

live on moist soil or mud and predate mangrove snails for food. At nighttime, the
adults congregate on mangrove trees, or other vegetations grow nearby and flash
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synchronously to display their advertising flashes to their mates. . malaccae is the
most common synchronous species found in Thailand when compared with other
three Pteroptyx species (P. valida, P tener, and P, asymmetria). In many observations
P malaccae species in Thailand are usually found in the same colony with small
numbers of P, valida. The identification between these two sympatric species can be
done by both morphology and flash pattern (Figure 1). The flashes of P. malaccae are
regularly shorter and faster (0.08-0.12 s of pulse duration with about 0.45 s inter-
val), while P valida flashes are brighter and longer (0.2-0.8 s of pulse duration with
about 0.7-6 s interval) [18].

2.1.3 Firefly collection and maintenance

Two hundred adults of P. malaccae were collected from mangrove trees along
Bangpakong riverbank, Chachoengsao province, after sunset time by using sweep
nets. The females are difficult to observe because of having small light and low
active behaviors; the proportion of the captured females was commonly lower
than males. The sweeping at the low level of vegetation area of the mangrove trees
where the females distribute preferably could capture the considerable numbers
of them. The sexes of the fireflies were separated to maintain virgin status of adult
females as possible. They were feeding on 10% honey solution to be healthy and
have long life span.

Because of the congregation behavior of Pteroptyx fireflies on mangrove trees,
four males and one female were randomly put in the same experimental box to
observe mating communication between sexes and synchronous flashing behav-
ior among males. The small group of males could display synchronous flashing
behavior. Before experimental testing, each set of fireflies were randomly grouped
ina710 x 11.04 x 6.50 cm of transparent plastic box with a small moist cotton
and allowed them to have an adaptation period for 15-30 min before starting the
experiment.

2.2 Experimental design

Four treatments of different light sources of camera illumination were set up in
laboratory: (1) a white flash from smartphone camera (SC), Samsung Galaxy Note
3; (2) a white flash from digital camera (DC), SLR Olympus TG 4; (3) red light for
autofocus assist before a white flash from digital camera (RDC), Sony Exmor R; and
(4) no flash (control). These treatments were selected from the representative flash
characters found in firefly photography.

0.5sec

Figure 1.
Comparison of the sympatric firefly species, P. valida (v) and P. malaccae (m).
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The apparatus of the experiment were designed as in Figure 2. The distance
between the illumination point and the tested fireflies was 2 meters that is the
possible distance in the real photography situation of tourists. The firefly flashing
behavior was videographed using Sony Handycam™ digital camera recorder (HDR-
SR11E) for 20 min in each replication (10 replications per treatment).

In the real cases of firefly photography by tourists, the fireflies would face with
sequences of camera illumination; the tested fireflies were experimentally exposed
to 3-time flashing to examine a consequence of sequential flashing. The flashes
were shot after 5 min in the beginning of the experiment and were shot 3 times with
5-min intervals. The fireflies were continually observed and allowed to lay eggs after
finishing the experiment. The adult lifespan and number of the eggs were recorded.
The fireflies were tested within four nights after collection to avoid the errors from
weakness and aged adults.

2.3 Flash analysis

The one of four males in each experimental set were randomly selected to
analyze flash patterns. The video files were converted to Audio Video Interleave
or .AVI format file to analyze by using time-lapse image analysis (TiLIA), a free
software package for signal and flight pattern analyses of fireflies (available at
Google Drive: https://drive.google.com/open?id=0B207FRVs2VohMmx2QzBVX3Z
DeDA) [19]. Each video frame was converted to Tagged Image File Format (.TIFF)
at each 0.03 sec. The light organs of all fireflies were defined as area of interest
(ROIs) to measure the light intensities. The outputs (time and light intensities)
were exported to Microsoft Excel® for flash parameter calculation applied from
reference [20] (Table1).

The flashes during courtship time or during synchronous flashing of the tested
males were selected for flash parameter analysis by counting numbers of frames
occurred in each flash parameter—pulse duration, interpulse duration, and flash
interval—and then converted to second time unit.

p
Nl

(FE— : TimeLapse
-

ImageAnalysis

Figure 2.
Experimental apparatus.
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Flash parameters Explanation
Pulse duration Duration between the beginning flash to the end of the flash (light period)
Interpulse duration Duration between two pulse durations (dark period)
Flash interval Summarizing of pulse and interpulse durations
Flash rate Number of flash per time
Table 1.

Terminology of flash signals.

2.4 Statistical analysis

Thirty flashes of males in each treatment were statistically analyzed. The
comparison of three types of flash parameters among camera illumination treat-
ments and among different time sequences was statistically analyzed using one-
way ANOVA and Tukey multiple comparison test. The flash rate of smartphone
treatments was compared with control group by using independent t-test. A value
of p < 0.05 was considered statistically significant. All statistical analyses were
performed using SPSS program version 24.

3. Results
3.1 Flash parameters of P. malaccae males

A thousand and 33 flashes from 30 males in the control group were analyzed
for flash parameters of P. malaccae. The P. malaccae males displayed variation
of flash patterns. Their pulse duration could be in the range of 0.06-0.24 with
0.15-0.85 s of interpulse duration (Table 2). There was no correlation between
pulse and interpulse duration (Pearson correlation coefficient » = 0.033,

P =0.288,n = 1023).

3.2 Effect on flash parameters

The flashing behavior of P. malaccae fireflies is behavioral plasticity; they
could change their flash signals in response to the artificial light stimuli. From the
results of flash parameter analysis, the artificial illumination from all camera flash
types caused flash parameter plasticity by extending pulse duration significantly
(F =68461,df =3,P=0.000), SC > DC > RDC > NF, and resulted in prolonging
along duration of interpulse found only in the case of smartphone camera flash
(F =44.494,df = 3, P = 0.000) (Figure 3). These resulted in longer flash interval
of the smartphone treatment than the normal flash patterns. The tested fireflies in
smartphone flash treatment displayed extremely slow flash rate when compared
with the control group (¢ = —6.346, df = 1682, P = 0.000).

The results of the study showed that camera flashes affect temporarily the flash-
ing behavior of Pteroptyx fireflies. After shooting all types of the camera flashes,
most male fireflies displayed paused flashing for a period (approximately 3 sec) and
then become flashing normally. The levels of sensitivity depended on flash types;
smartphone camera has the highest effect (60%) followed by the digital camera
with red light for focusing (30%) and digital camera (10%), respectively. Although
the fireflies were shocked by the flashes suddenly, approximately 80-90% of male
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fireflies in all flash treatments could display courtship flashes and posted dorsal
mounting during mating behavior later. Some of the males could reveal synchro-
nous flashing behavior, DC (30%) > RDC (20%) > SC (10%).

3.3 Different time series of the flashes

After applying each types of flash photography treatment 3 times, all flash
parameters in different time series were analyzed and compared in each flash type.
The DC and RDC treatments displayed fluctuation of pulse duration but did not
quite differently before shooting flash (Figure 4a). On the other hand, SC displayed
an increasing trend of pulse duration (F = 62.899, df = 3, P = 0.000). The pulse
duration after the last exposure of flash was the highest at 0.15 + 0.00 s.

The flash series did not affect interpulse duration and flash interval of
DC, although they could cause a small fluctuation in RDC. Alternatively, SC
increased interpulse duration and flash interval after receiving the first flash
(F = 34.345, df = 3, P = 0.000; Figure 4b) before flashing normally when
received later flashes.

3.4 Female responses
The female flashes are not likely the answer response to the male flashes. They

glowed irregularly. Although we could not examine the effect of the camera flashes
on the female receptivity definitely, the female flashes were also recorded. The

Flash parameters Mean + SE

Pulse duration 0.10 + 0.02

Interpulse duration 041+0.01

Flash interval 0.51+0.01

Flash rate (per sec) 1.97 + 0.03
Table 2.

Flash parameters of P. malaccae.
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Figure 3.

Comparison of flash parameters (+SE) of P. malaccae after receiving different types of flash photography,
no flash or control (NF), digital camera (DC), digital camera with ved light autofocusing (RDC), and
smartphone camera (SC). Letters indicate significant differences among diffevent types of camera flash
treatments.
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Figure 4.

Cogmparison of flash pavameters (+SE), pulse duration (a), interpulse duration (b) and flash interval (c) of P.
malaccae when a set of all camera flash types, digital camera (DC), digital camera with red light autofocusing
(RDC), and smartphone camera (SC) is received. Letters indicate significant differences among different
sequences of flashing time of each flash photography treatment. NS represents nonsignificant.

illumination from the smartphone caused stopped female flashes with the highest
percentage (40%) followed by RDC (20%), while the females in control and DC treat-
ment displayed normal flashing behavior. The observation of oviposition behavior
after the shooting flash experiment showed that females from all treatments could

lay eggs. Although the females might mate with other males before testing, they can
express egg oviposition behavior after receiving flash effect. The fireflies in all flash
type experiments can lay eggs for 40-50% with the maximum numbers of eggs, 40-67.
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4. Discussion

The experiment of testing camera illumination was carried out using adult P
malaccae captured from nature that has no information of age and mating status.
Some females probably already mated, and they did not respond to the male flashes
and did not show mating posture during the experiment. Although female fireflies
could remate after 24 h of first mating examined in Photinus greeni [21], there are no
reports in Pteroptyx species. Thus, it was difficult to interpret the effect of camera
illumination on female receptivity. I reccommended that preparation of virgin females
from culturing for the testing might be the reliable methods to provide the female
response signal and mating success data. The reference [22] indicated that the flash
patterns of the Pteroptyx fireflies in flight and on perch were different. The synchro-
nous flashing on perch acts as attraction signals to make the aggregation groups of the
species and might be important as courtship signals. Thus, this study analyzed mainly
the signals of synchronous flashes. The adding of females in our experiment helped to
induce males to produce the courtship flashes. Most tested males displayed courtship
flashes normally. From the results, the flashes likely affect the flash synchroniza-
tion that is a specific behavior of Pteroptyx species. There are many hypotheses of
displaying the synchronous behaviors that are (1) attractive communication in dense
vegetation environment [22] and (2) male competition to attract a female [23]. It
would affect the species communication ability and destroy aggregation ability.

These results indicated that the firefly could adapt their flashing behavior when
any strong interferences are encountered. The behavioral plasticity in flashing com-
munication of fireflies was discussed for a long time. Although the flash codes are
species specificity, fireflies can change their flash codes depending on the situation
and environmental conditions [12, 24]. The plastic behavior might benefit males
by increasing their advertisement to females over artificial lighting interference.
Aquatica ficta male could change their flash signals under different ambient light
intensities and different wavelengths of the light [12]. The short wavelength light
induced A. ficta male flash brighter and slower. Additionally, the firefly could adapt
their flashing behavior when they are exposed to the gradient of light (from dim to
bright) by increasing their light intensities, while they displayed no flashes when
they confronted with the bright light and slightly inhibit the flashing behavior
which even appeared in dim environment later.

In the experiment, the tested females did not respond specific flash signals to
the males that might cause from mated status of the females or captive condition.
Reference [2] reported that the captive Photuris female did not respond to any males
even the artificial males. The captive status might affect female response in this study.

The camera illuminations produced white light that are a broad spectrum
composed of both short and long wavelengths of light. In this study, the response of
male fireflies was quite similar to the effect of short wavelength light studied by the
researchers [12]. The main biological effect of the light might come from the short
wavelength light. All experimental light types were mainly LED flash technology
varied with light intensities and function system. The detail of light spectrum was
not described. The smartphone illumination was the brightest type that showed the
strongest effect when compared with DC and RDC. The fireflies received SC flashes
and showed twice the time duration of flash interval than control.

Currently, smartphone photography has become commonly used. The smartphone
flashes are considerably developed to improve night shot photographs such as dual
flash and Xenon flash that are stronger than LED and might cause adverse impact
on the firefly behavior. The peak wavelength of LED and xenon flashes is in the blue
region of visible light (400-480 nm) that could adverse biological effects including
human eyes and skin when receiving long exposure [25]. The toxic effects of short

82



Effect of Camera Illumination on Flashing Behavior of Pteroptyx malaccae (Coleoptera...
DOI: http://dx.doi.org/10.5772/intechopen.85796

wavelength light on many insects are known, i.e., mortality in immature stages of

D. melanogaster [26] and strawberry leaf beetle [27]. In case of fireflies, the short
wavelength of light caused flash signal alteration mentioned by the researchers [12].
However, the light from high-pressure sodium street lamps (with peak at low short
wavelength) also likely deterred males to locate females; the males preferred to focus
on females in darker areas [10]. Similarly, Pteroptyx fireflies showed adaptive behavior
to avoid receiving the light by staying above the lamp level or staying in darker areas of
the trees, even though it might have long-term effects or bring populations down and
finally disappear from the habitats. From the field observation of local people in Chao
Phraya riverbank area, the Pteroptyx fireflies stopped flashing after receiving camera
flashes from tourists, moved away from the light side and could not be observed the
firefly colonies back for long period up to 3 months. People wondered that the camera
illumination might result in firefly mortality. As in the results of the current study, the
tested fireflies in the experiment could prove that the temporary receiving of camera
illumination did not cause firefly deaths. The life span of the adults is not different
from control group. Additionally, the females could display egg oviposition behavior
normally.

Timing of receiving flashes is probably an important factor. The tested fireflies
were exposed to the camera illumination in the beginning of mating sequences. The
80% of experimental treatment could observe paired fireflies after shooting flashes.
It is also possible that the copulation could not continually happen if they are inter-
rupted during the sensitive steps of their mating sequences, i.e., dorsal mouthing.
The females might remain for a long time in dorsal mouthing posture as in mating
under light pollution of Sclerotia aquatilis [11]. Adversely, the females will not allow
the male to mate with those that are often found naturally (Figure 5).

To conclude, any types of the camera illumination influenced Pteroptyx firefly
behavior, i.e., mating behavior interruption, courtship signal alteration, synchro-
nous flashing that probably influences female reception. The impact levels depend
on illumination types related to light intensity, wavelength, etc. However, the
fireflies could have adaptive behavior to avoid the effect after receiving the first trial;
however, the repeated exposures are possibly resulting in decreasing numbers and
becoming extinct in the natural habitats. Although firefly photography is not good

Figures.
The courtship behavior of P. malaccae in nature. The male displayed dorsal mounting on female back and
flashed to her eyes. The female might reject the male during the process. Photo: My. Banthoon Phankaew.
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when using flash illumination, many tourists preferred to use it anyway. Our finding
suggests that the impact of understanding would be a useful knowledge for raising
public awareness in firefly tourism activity. Besides the effect from camera illumina-
tion, the other sources of light should be concerned for firefly conservation.

5. Conclusions

Studies on the effect of artificial night lighting on fireflies have been demon-
strated for concerning the effects on firefly populations and their conservation for
a decade. However, they have still little understood in particular species and some
different types of lights.

The book chapter has presented the impact of artificial light focusing on flash
photography from both cameras and smartphones that probably have an impact on
P. malaccae; the tourism highlighted species in Thailand and also other countries.
The results indicated that the flash types could affect their courtship behavior,
especially the flash from smartphones or from the brighter sources. The flash
photography might bring vulnerability to wild Pteroptyx populations especially to
the females. The consideration on firefly tourism rules about using camera flashes
are needed to protect P. malaccae populations in tourism habitats.
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Chapter 6

Biofluorescence in Terrestrial

Animals, with Emphasis on
Fireflies: A Review and Field
Observation

Ming-Luen Jeng

Abstract

The mysterious world of biofluorescence in terrestrial ecosystems is mesmer-
izing. Though not as ubiquitous as in the ocean, it is not a rare phenomenon on
land. Fluorescence occurs in all major phyla of terrestrial animals (Platyhelminthes,
Mollusca, Annelida, Nematoda, Onychophora, Arthropoda, and Chordata) and their
subgroups, with diverse fluorophores and performance. In this chapter, we make a
general review on the fluorescence in terrestrial animals first, including their sys-
tematic distribution, research history, fluorophores, and proposed functions for each
group among several other aspects. A systematic observation on the fluorescence
of fireflies is reported for the first time. The co-occurrence of biofluorescence and
bioluminescence in luminescent land snails, earthworms, potworms, millipedes, and
fireflies is a fascinating issue. Though the biochemical mechanism of photogenesis
is not fully understood in many terrestrial animals except fireflies, it appears that
biofluorescence and bioluminescence do not have clear interaction during the light
production process. However, fluorophores and luminophores are usually biochemi-
cally related and are different from the photogenic mechanism of jellyfish and sev-
eral marine creatures whose ultimate light emission is made through energy transfer
from bioluminescence to biofluorescence by green fluorescent protein (GFP) or its
variants. The role of fluorescence is disputative. In general, nocturnal animals or
animals having cryptic living styles, e.g., in earth or under shelters like tree bark or
rocks, tend to exhibit UV fluorescence more frequently than animals that are diurnal
or inhabit open environments. This pattern is evident in fireflies wherein only
nocturnal and luminescent species exhibit noticeable UV fluorescence (likely from
luciferin), which is dim or absent in diurnal or crepuscular fireflies. It is unlikely that
occasionally induced UV fluorescence in natural environments can play a significant
role in intra- or interspecific communication in fireflies or other nocturnal animals.

Keywords: biofluorescence, terrestrial animals, review, fireflies, photogenic organ,
nocturnal, luciferin, adaptationism

1. Introduction
Fluorescence is a form of photoluminescence that occurs when a substance emits

light caused by absorbing light or electromagnetic radiation [1]. Some amount of
the absorbed energy is dissipated in the process, and the rest undergoes an internal
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energy transition to re-emit light (longer wavelength) almost immediately after the
absorption. The substance ceases to fluoresce virtually simultaneously when the
stimulating source is removed. A similar but slightly different photoluminescent
phenomenon is phosphorescence. It is characterized by slow energy transition, hence
alonger emission of light after original excitement. Early scientists tended to use the
term phosphorescence to describe all kinds of light emission that did not produce heat
(cold light), including bioluminescence (e.g., [2, 3]). The latter is a form of chemilu-
minescence and should not be mistaken for one another in modern science [4].

European observers reported biological fluorescence (aka biofluorescence) from the
sixteenth century [5], but this received significantly less attention when compared to
bioluminescence. Although green fluorescent protein (GFP) was discovered and purified
in the 1960s [6], it was not until the late 1990s that GFP and its variants suddenly vaulted
from obscurity to the limelight, serving as one of the most widely exploited tools in
biochemistry and molecular cell biology [7]. Since then, biofluorescence has been cumu-
latively reported in diverse organisms and microorganisms. It has been found to occur
in marine, freshwater, as well as terrestrial ecosystems [5, 8-12]. Interestingly, it appears
that biofluorescence is much more common in marine lives and plants than in terrestrial
animals [5, 13]. Marine animals fluoresce by absorbing ambient blue or ultraviolet (UV)
light in the sea or from their own bioluminescence and glow in cyan, green, orange yel-
low, or red in human vision. In contrast, terrestrial biofluorescent animals mostly glow
under UV illumination, but different light excitations have also been reported [5, 14].

In a broad sense, animals are more or less fluorescent because their cells and
tissues contain various endogenous fluorescent substances, such as flavins, reduced
NADH and NADPH, lipofuscins, reticulin fibers, collagen, elastin, and chitin,
among others [15]. Such autofluorescence in vitro is beyond the scope of the current
report; however, it is difficult to separate autofluorescence from externally visible
biofluorescence in many circumstances.

In this chapter, we will first review literatures on biofluorescence in terrestrial
animals, including systematic distribution, fluorophores, proposed functions,
connection with bioluminescence in luminous groups, and applications especially
in taxonomic use. We will then move on to the fluorescence in fireflies, giving
a historical review of related fluorescence in vitro and introduce a macroscopic
observation on externally visible fluorescence in living fireflies.

2. Biofluorescence in terrestrial animals, a review

All major phyla of terrestrial animals, including platyhelminthes, mollusks,
annelids, nematodes, onychophorans, arthropods, and chordates, have been shown
to have fluorescent species [5, 13], with some taxa better studied than others. The
current review covers only truly land-living animals (aka terrestrial), and freshwa-
ter and intertidal dwellers have been excluded.

2.1 Platyhelminthes

The epithelium and mucus trail of some land planarians (Tricladida: Terricola)
exhibit fluorescence under UV torch or fluorescence microscopy. Yellow and pale
brown pigments in integument, likely pheomelanins, give off a dim yellowish fluo-
rescence. It has been suggested that secreted compounds within mucus fluorescence
may have repugnatorial or toxic functions [16]. UV-induced crimson fluorescence
from rhabdoids was recorded in deparaffinized sections of Platydemus manokwari
which is indicative of the existence of uroporphyrins. Living specimens, however,
did not fluoresce in their rhabdoids [17].
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Figure 1.

The glowing land snail Quantula striata (from Singapore) from ventral aspect under white light (left) and
365 nm UVA torch (right), notice the fluovescent spot of the photogenic organ on suprapedal gland. By Tsan-
Rong Chen (CTR).

Parasitic flatworms have also been reported to be fluorescent in vitro. For
instance, Schistosoma japonicum (Trematoda: Strigeidida), a blood fluke causing
schistosomiasis in humans, can emit a broad spectrum of fluorescence between 500
and 600 nm under different excitation light sources in confocal microscopy. Green
(514 nm) and blue (488 nm) lights yielded strong fluorescence of yellowish green
(550-580 nm) and are best for microscopic observation [18].

2.2 Mollusca

The land snail Quantula striata has been well-known for its bioluminescence
[19]. Its eggs and newly hatched snails glow, while immature individuals give off
rhythmic flashes in green from a photogenic organ located in the anterior part of the
supra pedal gland. A fluorescent substance has been extracted and partially puri-
fied from its photogenic organs. The compound exuded green fluorescence (Amax
515 nm) under UV light (365 nm), similar to the snail’s bioluminescent spectrum.
Dim fluorescence of the photogenic organ in vivo can be excited by UVA light and
is visible externally to the naked eye (Figure 1). The compound is not water-soluble
and shows similar properties to flavins [20, 21].

Fluorescence in land snails may occur either on the shells or the soft body or
both. Different fluorescent color patterns have been observed under near UV and
near infrared light across different snail families. The color patterns under different
illuminations are thought to be environment adaptive [22]. Fluorescent substances
from the snails’ soft body have been evaluated for systematic and taxonomic
application. Using paper chromatography, Kirk et al. compared the characteristic
fluorescence and absorption patterns of the extracted substances from seven species
of European land snails. The results indicated it is species-specific but were ineffec-
tive to differentiate age and geographic or dietary variations within the species [23].
Fluorescent pigments of a sibling species pair of Bradybaena snails from Japan were
confirmed to be useful in species diagnosis [24].

2.3 Annelida

More than 30 species from five families of earthworms and potworms (sub-
phylum Clitellata: Oligochaeta) are known to be luminescent. Some of them, such
as the cosmopolitan Microscolex phosphoreus, North American Diplocardia longa
(both in Haplotaxida and Acanthodrilidae), and several European Eisenia species
(Lumbricidae) have been extensively studied for their bioluminescence [25-31].
Two types of bioluminescence with different chemical, physical, and biological
features were detected in earthworms [30]. Most of the luminescent species have
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flavin-derivative bioluminescent substances stored in granule-filled coelomic
mucocytes. The light production occurs when coelomic fluid (mucus) is discharged.
However, the body cavity of earthworms only becomes luminous while dying
because their coelomocytes break up inside the body. Oppositely, Siberian Fridericia
heliota and an unidentified Henlea species (both in Enchytraeidae) can glow from
body walls, whereas the former does not even have glowing mucus. The lumino-
phore in the luciferin of F. heliota has been determined to be a tyrosine derivative.
All luminescent substances known so far are also fluorescent under UV light and
have similar emission spectrums with those of bioluminescence [30].

Several flavin derivatives have been isolated from both luminescent and non-
luminescent earthworms, wherein riboflavin (vitamin B2) in the unbounded state
was found in their coelomocytes [32]. The coelomic fluid of luminescent Eisenia
lucens fluoresces yellow-green light initially and turns into blue when biolumines-
cence ceases. In contrast, fluorescent color changing did not occur in nonlumines-
cent E. fetida. It suggests that some product of the luminescence reaction changes
the color of fluorescence. It is thus postulated that the incapability of biolumines-
cence in nonluminescent earthworms is due to their lack of a certain component to
convert riboflavin into lumiflavin in the oxidative system [29].

Riboflavin exists in the cytoplasm of coelomocytes with different contents among
earthworm species of various genera [33]. The secreted mucus from intersegmental
pores and mouths also produces fluorescence [29, 34, 35]. Since riboflavin is essential
to the regeneration, the stem cells responsible for regeneration accumulate more
riboflavin than other cells thus inducing stronger autofluorescence [36].

The coelomic fluid also yields species-specific intensity of fluorescence. For
example, Eisenia andrei and E. fetida, which are hard to differentiate morphologi-
cally, each carries a specific fluorescence fingerprint in the cell-free coelomic fluid
[37]. A broader taxon examination of the coelomocyte-derived fluorescence proved
its value in supravital species identification of morphologically resembling earth-
worms (Figure 2) [38].

2.4 Nematoda

Living nematodes from 15 selected genera have been found exhibiting pale
yellow to green fluorescence from their intestines, spicules, and lips in microscopic
observation under both blue (450-490 nm) and UV (365 nm) epi-illumination [14].
Aging nematodes tend to have stronger fluorescence than juvenile individuals. The
intensity of fluorescence could be an indicator of age and viability of nematodes
[14]. When the nematodes were dying or killed by physical or chemical treatment,
blue fluorescence burst from the intestine into the entire body in a wave. This dra-
matic phenomenon is known as “death fluorescence” [39]. The blue fluorescent sub-
stance was inferred to be lipofuscin, which is stored in intestinal lysosome-related

Figure 2.
A nonluminescent eavthworm (from Taiwan) emitting yellow-green fluorescence (vight) under 365 nm UVA
torch. By CTR.
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organelles and is cumulative with age [14]. Later research identified anthranilic acid
glucosyl esters (derived from tryptophan, not lipofuscin) to be the source of death
fluorescence [39]. This revealed that organismal death of nematodes has a similar
mechanism to necrotic propagation in mammals [39].

2.5 Onychophora

Research on the fluorescence of velvet worms is limited. Weak cyan fluorescence
in vitro was seen on the outer zone of the cuticle specimens embedded in frozen
sections of South African Peripatopsis moseleyi (Euonychophora: Peripatopsidae),
but not on claws or jaws [40]. In a previous work on the same species, however,
neither its cuticles nor fresh slime expelled fluorescing [41].

2.6 Arthropoda

Land-dwelling arthropods are found in all four subphyla: Chelicerata, Myriapoda,
Hexapoda, and Crustacea (paraphyletic). A wide array of terrestrial arthropods has
been reported fluorescing upon UV excitation [41-49]. No fluorescent land crusta-
cean has yet been reported, though crab eye lenses are known to be fluorescent.

2.6.1 Chelicerata

Chelicerates are featured by the absence of antennae and jaws and the presence
of chelicerae as their feeding appendages. Terrestrial groups are exclusively in class
Arachnida and consist of mites (order Acariformes), ticks (Parasitiformes), harvest-
men (Opiliones), camel spiders (Solifugae), hooded tickspiders (Ricinulei), pseudo-
scorpions (Pseudoscorpiones), scorpions (Scorpiones), whip scorpions (Uropygi),
tailless whip scorpions (Amblypygi), and spiders (Araneae). Fluorescent species
have been recorded in at least eight out of the 10 orders (Figure 3), and more are
awaiting future research [41-45].

Two fluorescent sources are known in chelicerates: excitation of cuticular
fluorophores like beta-carboline and coumarin in hyaline layer, and integumen-
tary/hemolymph fluorophores like tyrosol [5, 43, 50]. The former occurs only in
extant scorpions and horseshoe crabs and extinct sea scorpions (Eurypterida),
whereas the latter is prevalent in the other chelicerates which lack the hyaline layer.

Figure 3.

Biofluorescence in chelicerates. (a) bark scorpion Lychas scutilus (Scorpiones: Buthidae); (b) harvestmen
(Opiliones); (c) trapdoor spider Liphistius malayanus (Megalomorphae: Liphistiidae); (d) Gnathopalystes
huntsman spider (Araneomorphae: Sparassidae); (e) Gasteracantha spiny orb-weaver spider (Araneomorphae:
Avaneidae). All animals from Singapore, under flash light /365 nm UVA torch. By Nicky Bay.
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The cuticular fluorescence is much stronger than hemolymph one and remains
unfaded for years in museum specimens. The presence of the hyaline layer and
accompanied UV fluorescence has been suggested to be a plesiomorphic (ancestral)
trait in Chelicerata [43]. In this scenario, UV fluorescence either has no adaptive
significance for scorpions or just serves as a function common to scorpions, horse-
shoe crabs, and eurypterids. Therefore, it might not be an adaptation of scorpions
for land living [43, 50]. Alternatively, UV fluorescence in scorpions has evolved

a new adaptation deviated from its initial role in their marine ancestors and rela-
tives. For example, body fluorescence serving as a shelter-finding indicator has
been proposed [51]. Recently several species of Chaerilus scorpions (Chaerilidae)
were discovered to be non UV fluorescent and independent of their various living
environments (in soil, epigean, or cave-dwelling) [52]. This exception provides an
insight into the long-debated role of fluorescence in scorpions. The loss of fluores-
cence is surely an evolution novelty in scorpions, but its irrelevance to habitat types
rendered the adaptationist explanation questionable (see [53]).

UV fluorescence is widespread across families among spiders [41, 45, 54]. There
are two suborders of spiders: Mygalomorphae (e.g., tarantulas) and Araneomorphae
(modern spiders). Mygalomorphae resembles the ancient form in morphology:
covered with tergites on the dorsum and fluoresces only from intersegmental mem-
branes and appendage tips [54] (Figure 3). On the other hand, fluorescence occurs
in many araneomorph families, especially in the highly derived Entelegynae [45, 54]
(Figure 3) family. Most araneomorph spiders have lost their tergites, permitting UV
light to penetrate the integument, triggering hemolymph fluorescence [51]. As far as
is known, only a few species fluoresce through the entire body. Among body parts,
fluorescence occurs most commonly in eyes and joints, moderately in abdominal
hemolymph, and least in the cephalothorax. It appears that all araneomorph spiders
fluoresce to various degrees and each species has its species-specific emission of
fluorescence [45]. Spider eggs of both suborders examined thus far are all fluorescent.
Egg sacs also fluoresce, though common but not universally [54]. Web silk emits weak
yellow-green fluorescence under UV light [55].

UV fluorescence has evolved repeatedly in spiders’ evolution and is liable to keep
changing among species. Fluorescent patterns and fluorophores also differ among
families [45]. Its function in spiders, however, is unclear. The evolution of fluores-
cence has been postulated to be driven by pray-predator interaction, sexual selec-
tion, or photoprotection [56-60]. Most of the spiders have poor vision and largely
rely on mechanical and chemical cues for predation and mating. Fluorescence
is unlikely to function as intraspecific signals. Instead, fluorescence may help
spiders blend into ambient environment and thus reduce perception by their prey
and predators [45, 56]. Jumping spiders (family Salticidae) have excellent vision.
Many species show sexual dichromatism, and these males have elaborate mating
dances. Some marking patches in males carry dancing-relevant fluorescent signals.
Experiments provided convincing evidence that the dynamic fluorescent signals
play a vital role for jumping spiders’ mate choice [58, 59]. Another postulated
function for UV fluorescence in spiders is for protection from UV radiation [60]. A
similar hypothesis had been proposed earlier for the evolutionary origin of fluo-
rescence proteins in corals [61]. A transcriptome analysis of spiders has suggested
that they are unable to synthesize melanin, a common light-absorption pigment
almost universally present in all organisms [62]. Melanin in insects and crustaceans
operates additionally as an innate immune system [63]. It appears compelling that
UV fluorescence is a photoprotective mechanism for araneomorph spiders which do
not have melanin and tergite. Recently, however, melanin has been confirmed to be
present in spiders, thus diminishing the validity of this hypothesis [64].
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2.6.2 Myriapoda

Myriapoda comprises four orders: Chilopoda (centipedes), Diplopoda (millipedes),
Symphyla, and Pauropoda. UV fluorescence is currently known only in the first two
taxa [5, 41, 46, 47, 65]. Several centipedes and millipedes are luminescent
[26, 46, 47, 66-68]. This raises the question of whether fluorescence and luminescence
in myriapods are a mechanistic link for the production of light, whereby the fluores-
cent substance is the ultimate light emitter through energy transfer as in GFP [7, 46].

The sublittoral centipede Orphaneous brevilabiatus (Geophilomorpha: Oryidae)
can discharge yellowish bioluminescent slime while walking, leaving a shiny trace
with a fruit odor lasting from a few seconds to about 2 minutes [66, 67]. The
glowing slime is secreted from coxal glands, and the light results from a luciferin-
luciferase interaction. The slime does not show fluorescence [66]. The other
glowing centipedes are found in five families, mostly in order Geophilomorpha,
and share more or less similar bioluminescent behaviors, with variations in slime
colors or luminescent intensity [67]. The slime is apparently not for intraspecific
visual signaling since geophilomorph centipedes are eyeless. Rather it is a defen-
sive mechanism against predators [67]. Weak UV fluorescence has been reported
to occur in some nonluminescent Cormocephalus species (Scolopendromorpha:
Scolopendridae) [41].

In millipedes, only some 10 out of the 12,000 described species are luminescent
[47, 67]. Co-occurrence of photoluminescence and chemiluminescence has been
documented in North American Motyxia species (also known as Sierra luminous
millipedes, in Xystodesmidae) but is unclear for the other glowing millipedes (dis-
tribution in Asia and Pacifics, e.g., Spirobolellus in Spirobolidae, and Salpidobolus
(Dinematocricus in most references) in Rhinocricidae). Motyxia millipedes glow
spontaneously or by physical stimulation, with a bright greenish-white hue
throughout the entire body [67]. A bioluminescent substance was isolated from
M. sequpiae and identified to be 7,8-dihydropterin-6-carboxylic acid [69]. This
compound is unstable outside of the cuticle, leading to pterin-6-carboxylic acid
which is also found in the cuticle of M. sequoiae. Both compounds are UV fluo-
rescent, showing emission peak at 505 and 450 nm, respectively. The emission
spectrum of 7,8-dihydropterin-6-carboxylic acid in vivo and in vitro is very close to
the bioluminescence of M. sequoiae (peaked at 495 nm), and Kuse et al. suggested
it as the light emitter [65]. Pterin-6-carboxylic acid was later found in a non-
bioluminescent xystodesmid, the Japanese train millipede Parafontaria laminata
armigera. It fluoresces upon direct UV excitation and gives off a blue emission
[65, 68]. Autofluorescence is widespread in diplopod orders like Spirobolida,
Siphonophorida, and Polydesmida (Figure 4) [46].

Based on the evidence so far, the mechanisms of light production in glow-
ing jellyfish and Motyxia millipedes seem different. The chemiluminescence in
the latter produces a longer wavelength of light than that of fluorescence but
reversely so in the former. Though the luminophore and fluorophore in Motyxia
are biochemically related, their mechanistic interaction in photogenesis is
unclear (see Section 3.1).

Bioluminescence in millipedes has been demonstrated to be an aposematic sig-
nal. Glowing fake millipedes were found to have a much lower predation rate than
non-glowing ones in a field experiment [70]. It was postulated that the evolution of
luminescence in Motyxia may have initially been triggered by a harsh environment
to deal with metabolic stress and then was later repurposed for aposematism [47].
Biofluorescence, on the other hand, appears to play an insignificant role ecologically
or ethologically, if any at all [5].
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Figure 4.
A non-luminescent millipede (from Singapore) fluorescing in blue hue under flash light/365 nm UVA torch. By
Nicky Bay.

2.6.3 Insecta

Insects are the most diverse animals, not only in terms species richness but also
in morphology, physiology, behaviors, and ecological niches. Bioluminescence has
evolved in some beetle families (Elateridae, Lampyridae, and Rhagophthalmidae),
flies (in Keroplatidae or Mycetophilidae s. lat.), and springtails (order Collembola,
six-legged arthropods allied to insects) [26, 71]. South American roaches
Lucihormetica (Dictyoptera: Blaberidae) were once reported to be luminescent [72]
but are actually fluorescent [73, 74].

Fluorescence seems ubiquitous in most, if not all, insect orders and occurs not
only in the insect body but also in their eggs, egg cases, silks, exuviae and other
products (Figure 5) [41, 48, 49, 73, 75]. Fluorescent materials include pterin, flavin,
and kynurenine derivatives, chitin, resilin, and luciferin (thiazole derivative),
among many others [5, 48, 76-80]. Since chitin is autofluorescent, insects with
weakly sclerotized cuticles tend to show stronger fluorescence than those that are
heavily armored-like beetles [49]. Eyes, markings on body or wings (usually white,
yellow, or cyan in color), and joints are the most frequent fluorescent parts [41, 48,
81-84]. Fluorescence in fireflies will be addressed in the next section.

Fluorescence may play roles in intra- and interspecific communication as
suggested in butterflies, moths, damselflies, and dragonflies [48, 82, 83, 85],
but it is premature to make a conclusion about their function at present [85].
Autofluorescence of resilin, chitin, and some other substances could just be an
epiphenomenon and have no adaptation value.

2.7 Chordata

Traditionally, chordates constitute three subordinate groups: lancelets
(Cephalochordata), tunicates (Tunicata), and vertebrates (Vertebrata). Terrestrial
forms are exclusively vertebrates. UV fluorescence in land vertebrates was first noted
in some plumage areas of Australian parrots and later found prevalent in most parrot
species worldwide as well as in some other bird species [5, 85-88]. A few fluorescent
amphibians (South American tree frog Hypsiboas punctatus [ Anura: Hylidae]),
reptiles (African and Madagascan chameleons [Squamata: Chamaeleonidae]), and
mammals (North America flying squirrels Glaucomys species [Rodentia: Sciuridae])
were discovered recently [13, 89, 90]. Mouse skin emits red fluorescence that peaks
at 674 nm, and the fluorophore is found to be derived from food [91]. In addition,
autofluorescent substances like keratin, collagen, and enamel, among others [15],
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Figures.

Biffllluorescence in various insects or their products. (a) stick insect Necroscia punctata (Phasmatodea:
Heteronemiidae); (b) long-horned grasshopper (Orthoptera: Tettigoniidae); (c) true bug’s nymphs and eggshells
(Hemiptera: Pentatomidae); (d) Paralecanium scale insect (Hemiptera: Coccidae); (e) Aspidomorpha tortoise
beetle (Coleoptera: Chrysomelidae); (f) Cerosterna long-horned beetle (Coleoptera: Cerambycidae); (g) larvae
of Macrolycus netwinged beetle (Coleoptera: Lycidae); (h) Red slug caterpillar Eterusia aedea (Lepidoptera:
Zygaenidae); (i) cocoon of a lichen moth (Lepidoptera: Erebidae). (a-g) from Singapore, under flash light/365
nm UVA torch, by Nicky Bay; (h-i) from Taiwan, under white light/395 nm near-UVA torch, by JML.

Figure 6.

Biofluorescence in mammals and veptile. (a) Coxing’s white bellied rat Niviventer coninga (Rodentia:
Muridae), with fluorescent setae. (b) Chinese pangolin Manis pentadactyla (Pholidota: Manidae),
with fluorescing keratin scales. (c) Kinabalu bow-fingered gecko Cyrtodactylus baluensis (Squamata:
Gekkonidae), with bone-based fluorescence. (a-b) Taiwan specimens in NMINS collection, under white
light/395 nm near-UVA torch; (c) from Sabah, Malaysia, under 365 nm torch. By JML.
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also lead to UV fluorescence in vertebrate claws, nails, hairs, scales, skin, teeth, and
bones to various extents (Figure 6). Known vertebrate fluorophores include fulvins,
carotenoids, spheniscin, hyloins, pheophorbides, etc. [5, 13, 91].

Intraspecific communication through UV fluorescent signals has been pro-
posed in parrots, frogs, and chameleons [13, 85, 87, 89, 92]. Under natural illumi-
nation, fluorescence found on the yellow crown of the budgerigar Melopsittacus
undulatus (Psittaciformes: Psittaculidae) may enhance visual perception. Both
male and female parrots prefer to be associated with fluorescent potential mates
over nonfluorescent ones which had been treated with sunblock gel [87]. Pearn
et al. [93], however, did not note any fluorescence-linked difference in mate
choice. In the frog case, Taboada et al. demonstrated that the emission spectrum
of fluorescence from lymph and skins matches the sensitivity of night vision
in amphibians and considerably enhances brightness of the individuals under
twilight and nocturnal scenarios. This may increase their detectability by con-
specifics while remaining cryptic to their predators in a dusk environment [13].
In regard to chameleons, they usually live in more closed habitats like forests
which have a higher relative component of ambient UV light [94]. They fluoresce
in blue color (around 430 nm) which contrasts well with the green and brown
background reflectance of forests. Their fluorescent bony tubercles are sexual
dimorphic and may play some roles in sexual selection [89]. Stuart-Fox et al.
showed that display colors of chameleons occupying more shaded environments
have a relatively higher UV component [95].

3. Biofluorescence of fireflies

Researches of fluorescence are extremely scant in comparison to biolumines-
cence of fireflies in all scientific fields. Most were infrequent studies done in the
twentieth century and made only limited progress. We will make an extensive
review of related fluorescent substances first and then report our field observations
of externally visible fluorescence in fireflies.

3.1 Biofluorescence in vitro, a historical review

Similar to annelids and millipedes, photoluminescence coexists with chemilumi-
nescence in luminous firefly species wherein their luminophores are simultaneously
fluorophores (e.g., oxyluciferin). Other fluorescent substrates, like resilin and
chitin, are widespread in Lampyridae and irrelevant to photogenesis.

A firefly-related fluorescent substance was extracted from the thoracic and
abdominal photogenic organs of a click beetle species (Elateridae: Pyrophorus
noctilucus) from West Indies and was named pyrophorine by Dubois in the late
nineteenth century [96, 97]. It showed similar chemical and physical properties with
those of esculin, a glucose compound, and did not interact with luciferase to produce
light. Dubois suggested that pyrophorine may have a resonance property which can
transform the absorbed invisible rays into visible light, thus intensifying the animal’s
luminescence which he called “condensed light” [96]. Similar ideas were welcomed
by contemporary scientists, but Dubois disagreed on solar radiation being the energy
source of condensed light as was commonly thought [100]. The idea was falsified by
Coblentz who demonstrated nonoverlapping spectra of pyrophorine fluorescence
and firefly luminescence [97, 98]. Dubois persisted his hypothesis of “condensed
light” [99].

A similar substance was later extracted from North American fireflies and was
named luciferesceine. McDermott regarded it an incidental material irrelevant
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to photogenesis in fireflies since the substance was also found in nonlumines-

cent species [100]. Dubois agreed to use luciferesceine consistently rather than
pyrophorine [99]. Unfortunately the identity of luciferesceine or pyrophorine
remained unknown until now, though a pteridine with ribityl residue was inferred
[76, 80]. Another fluorescent substance was extracted and purified from the
Japanese firefly Luciola cruciata [80]. Its property is markedly different from
luciferesceine. It was determined to be 8-methyl-2,4,7(1H,3H,8H) -pteridinetri-
one, a pteridine named luciopterin [76, 80].

Firefly luciferin, commonly known as D-luciferin, is a thiazole derivative
(C11HgN,05S,) [76, 80, 101, 102]. It is fluorescent as a crystalline form or in aque-
ous solution and shifted its excitation peak from 327 to 395 nm in strong basic
solution without changing emission peak at 530 nm [102]. The ultimate product
of photogenesis, oxyluciferin, is the real light emitter in firefly bioluminescence
[103-107]. Oxyluciferin is extremely unstable, and scientists have used several
analogues to study its biochemical and photochemical properties and photogenic
mechanism. Their tautomers give different fluorescent emission of spectrum
in different pH environments. Keto-form oxyluciferin fluoresces in red in vitro
(Amax ~ 635 nm) but turns into yellow green (Amax ~ 530 nm) with a blue shift
when binding with luciferase in reaction. The latter is identical to the emission of
the bioluminescent spectrum. It is postulated that the intermolecular interactions
and polarity affect the color of emission of oxyluciferin [106, 107]. Shimomura
indicated that the fluorescence spectrum measured after the light emission, even
for only a few milliseconds, cannot be considered the fluorescence spectrum of
the light emitter [104].

Smalley et al. noted that there were two fluorescent compounds localized in the
firefly photogenic organs, one in the photocyte granules and the other in the dorsal
layer of the lanterns [108]. The former fluoresces dimly with a cyan-green emission
(Amax between 510 and 540 nm) and glows brightly when in basic solution. The
latter emits a cyan fluorescence (Amax between 510 and 520 nm) which disappears
quickly when exposed to water. The former is likely luciferin but the latter remains
unclear.

A red fluorescent material isolated from Photinus pyralis was reported by Metcalf
in the earth in the 1940s but not identified [109]. Fluorescent pigments in paper
chromatography were popularly applied in invertebrate taxonomy as a diagnostic
character in species and genus in the 1950s-1960s [23, 77]. Wilkerson and Lloyd
detected 51 fluorescent compounds by paper chromatography from 13 North
American firefly species of 5 genera (Photinus, Micronaspis, Pyrectomena, Pyropyga,
and Photuris). Each genus did have its own specific pigment contents. [110].

3.2 Biofluorescence in vivo, a macroscopic observation

Not much externally visible fluorescence in fireflies has been documented. In
addition to Smalley and her colleagues’ findings [108], we found only two related
studies [111, 112].

Blue fluorescence resulting from resilin in lenses of compound eyes of P. pyralis
was reported in 1970 [111]. Actually this protein is common and widespread in
arthropod eye lenses [113]. This matches our observation that compound eyes are
among the most frequently fluorescing body parts of fireflies under UV illumina-
tion, giving a cyan or blue emission.

Recently Yiu and Jeng reported an interesting case of fluorescence in a pae-
domorphic (neotenic or “larviform”) female Oculogryphus firefly in Hong Kong
[112]. The female glowed in yellow-green light from a pair of photogenic organs
in the abdomen and emitted cyan fluorescence through the whole body under UV
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illumination. This combination is unique to terrestrial animals, even in luminescent
groups. It appears that the two systems are mechanistically independent and share
some commonness with millipedes in having a shorter wavelength of light emission
in biofluorescence than in bioluminescence.

This case triggered our curiosity to explore the secret world of biofluorescence
in fireflies. By using UVA or near-UV torches (Amax 365 or 395 nm) in the field and
laboratory, we demonstrated that UV fluorescence is widespread across most of the
luminescent firefly groups in East and Southeast Asia (Figures 7 and 8). In addi-
tion to blue fluorescence from resilin in eye lenses, photogenic organs consistently
emit cyan fluorescence to naked eyes, no matter if they are glowing/flashing or not.
Fluorescence is brighter when the photogenic organs are glowing (Figure 7a—j).
The fluorescent substance in photogenic organs is likely luciferin as previously
suggested [108]. Alcoholic or dry specimens have much weaker fluorescence in
their photogenic organs (e.g., Figure 7k). The other body parts frequently fluoresc-
ing include head capsule (blue emission probably by resilin as seen in eye lenses),
intersegmental membrane, and weakly sclerotized cuticles in both adults and larvae
(pale blue emission likely autofluorescence of chitin or cuticular proteins) [49]. In
contrast, diurnal genera like some Pyrocoelia (part), Vesta, Lucidina, Pristolycus,
and Drilaster species that carry conspicuous or highly contrasting coloration do not
display noticeable UV fluorescence except in vestigial photogenic organs if they
have them (Figure 71-n).

Figure 7.

Fi;ge;lies under white light/ UVA illumination. (a-b) Abscondita cerata (T), m & 'f; (¢) Aquatica leii (C), m;
(d) Asymmetricata ovalis (M), m; (e) Pygoluciola sp. (C), m; (f) Pyrophanes sp. (M), m; (g) Triangulara
frontoflava (M), m; (h) Sclerotia substriata (M), m; (i) Diaphanes sp. (M), m; (j) Pyrocoelia bicolor
(M), m; (k) Lamprigera tenebrosa (I), m specimen; (1) Pyrocoelia sp. (C), m specimen; (m) Vesta
saturnalis (C), m; (n) Pristolycus kanoi (T), m specimen; C=China, I=India, J=Japan, M=Myanmar,
T=Taiwan; m=male, f=female. Taxonomically, (a-h) and (n) of Luciolinae, (i-m) of Lampyrinae. Ecologically,
all but (I-n) are nocturnal. Under 365 nm or 395 nm near-UVA torch. By CTR and JML.
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Paedomorphic female fireflies are inferred to produce fluorescence through-
out the whole body as in Oculogryphus because their soft cuticles constitute rich
cuticular proteins which are autofluorescent [49, 108]. This is generally true, but
the fluorescence is quite dim and neglectable compared to the fluorescence by
photogenic organs. For example, Diaphanes and Pyrocoelia females which show
moderate paedomorphism (Figure 8a-b) exhibit weak fluorescence through
translucent cuticles. Highly paedomorphic females of Rhagophthalmus glow-
worms (Rhagophthalmidae) have a slightly brighter fluorescence (Figure 8c).
The strong cyan fluorescence of Oculogryphus females appears to be an excep-
tion, though the paedomorphic degree of the females is approximate to that of
Lamprigera and Rhagophthalmus. The fluorescence of Oculogryphus females likely
results from luciferin dispersed in the whole body since they can glow bodywide.
Some closely allied genera like Stenocladius and Brachypterodrilus, among others,
which are capable of glowing through the whole body [114, 115], may be able to
fluoresce in the same manner.

Interestingly, our team documented fluorescent pygopods in one peculiar
Pygoluciola larva (Figure 8d). Pygopod is a pair of elastic and extractable suck-
ers, serving locomotion and cleaning purposes in firefly larvae [115]. The said
Pygoluciola larva was found near the water’s edge in a mountain creek and fluo-
resced in a blue light under UV from its pygopods and intersegmental membranes.
Surprisingly, fluids secreted by the pygopods were fluorescent as well. We examined
several earth-living larvae of Pyrocoelia and Diaphanes fireflies in nearby environ-
ments and did not find a similar phenomenon.

Eggs still within females’ body of a Lamprigera species in Taiwan exhibit vivid
yellow-green fluorescence (Figure 8e). Its fluorescent substance is unclear since the
light emission is noticeably different to the naked eye from that of luciferin, chitin,
resilin, and other proteins.

Figure 8.

Paedomorphic females and larva of fiveflies under white light/ UVA illumination. (a) Diaphanes sp.
(Myanmar); (b) Pyrocoelia atripennis (Japan); (c) Rhagophthalmus jenniferae (Taiwan); (d) Pygoluciola
sp. (China), larva; (¢) Lamprigera yunnana (Taiwan). Taxonomically, (a-b) and (e) of Lampyrinae, (c) of
Rhagophthalmidae, (d) of Luciolinae. Ecologically, all are nocturnal. Notice the blue fluorescence of head and
eyes in (b), and pygapod in (d); yellow green fluorescence of eggs inside female’ body in (e). Under 365 nm or
395 nm near-UVA torch. By CTR and JML.
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3.3 Adaptive or not?

Noticeable UV fluorescence only occurs in luminescent fireflies and is very dim
or nearly absent in diurnal and crepuscular species. Therefore, we have restricted
the following discussion about the function of fluorescence to nocturnal fireflies
only.

With few exceptions, luminescent fireflies are active from twilight to deep night
[112, 115, 116]. During 1.3-2 hours from sunset to total darkness, the ambient light
spectrum changes from long wavelength light (orange-red) dominant at sunset, to
a mix of shorter wavelength light from sky (blue) and longer wavelength light from
vegetation reflection (green) in twilight, to very dim blue light in early darkness, and
ultimately to a dominant long wavelength light (moonless) or neutral (full moon)
but low intensity at night [94, 116, 117]. In theory UV fluorescence of luminescent
fireflies can occur only in twilight and early night when there is more ambient
shorter wavelength light. However, we never see any fluorescing firefly with the
naked eye in the field. Naturally induced UV fluorescence may happen very occa-
sionally and is thus hard to be a reliable signal to learn or to perceive. In addition,
firefly bioluminescence is much brighter and serves the duel purposes of courtship
and aposematic signals. Relatively weak fluorescence is redundant as an extra signal
system [112]. Furthermore, fluorescence carries no species-specific variation and
thus has lower efficacy as a signal than bioluminescence does. This might also be
true for firefly larvae which are night hunters and always display bioluminescence
aposematism [118].

Can fireflies detect their own UV fluorescence? Recent studies provided inspir-
ing but inconclusive cues. Most of the beetle families have three-opsin color visual
system, corresponding to UV, blue wavelength, and long wavelength light (LW),
respectively [119]. Transcriptome and phylogenetic analyses revealed that fireflies
may have lost blue-sensitive opsin since divergence from the last common ances-
tor of the family [119, 120, 121]. Adult fireflies keep two visual sensitivity peaks:
yellow-green light by LW opsin (Amax 550-580 nm) and near-UV light by UV opsin
(Amax 360-420 nm) [121, 122]. As a result, fireflies would be insensitive to the most
common emission spectra of blue and cyan fluorescence. However, several studies
demonstrated that fireflies did respond to manipulation of blue light, changing
their preference or flashing frequency [123, 124]. More studies are required in order
to solve the discordance between genomics and ethology.

4, Conclusion

Biofluorescence occurs in all major land animal phyla and subgroups, with
diverse fluorophores and performance. Co-occurrence of bioluminescence and
biofluorescence is an interesting phenomenon existing in both marine and land
animals and calls for more investigation. The GFP-like mechanism of fluorescence,
however, has not been found in terrestrial luminescent animals. The latter emit a
shorter or subequal wavelength of biofluorescence than that of bioluminescence
like in glowing earthworms, millipedes, and fireflies but in reverse in the former
[30, 65, 68, 102]. The light emission of luminescent land animals is the result of
luciferase-luciferin interaction. The fluorescent substance may be biochemically
related to the luminescent material, but does not contribute to the photogenesis
given the evidence thus far [29, 65, 102-104].

The role of biofluorescence is disputed. Although some solid cases of birds and
spiders are supported by experiment manipulations, most postulated functions
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require further investigation. The new findings from nonfluorescent Chaerilus
scorpions are worth a particular mention [52]. It provides a critical and inspiring
example to reexamine the role of scorpions’ fluorescence. The study of horseshoe
crabs and the long-extinct sea scorpions [43] suggested that fluorescence is most
likely an old trait that initially evolved in distant ancestors living in the sea and
remained in most of the extant descends and is not necessarily an adaptation for
land living scorpions. It is suggested that any assertion of adaptation should be
considered under a phylogenetic framework [54]. Exceptional cases in the same or
closely related groups may provide a good chance to test the postulated advantage.

Empirically, nocturnal animals or animals having cryptic living styles tend to
exhibit UV fluorescence more frequently than animals that are diurnal or live in
open environments (see [95]). This trend is clear in fireflies wherein only nocturnal
and luminescent species exhibit noticeable UV fluorescence other than autofluores-
cence by chitin, resilin, cuticular proteins, etc. In contrast, diurnal or crepuscular
fireflies, though having greater opportunities to be exposed to UV excitation, do
not display fluorescence. It makes little sense that seldom induced UV fluorescence,
if any, in the daytime or night, can serve as an efficient or reliable communication
means for fireflies, either intra- or interspecifically.

It is presently premature to assert the role of fluorescence for nocturnal animals.
We argue functionless should be the null hypothesis as classic scientific approach sug-
gests. Further evidence from visual perception, physiological response, and particu-
larly behavioral assay in both lab and field should be collected to test the hypothesis.
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