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ABSTRACT OF DISSERTATION

CIRCADIAN RHYTHMICITY AND MELATONIN SENSITIVITY IN THE HUMAN
GUT COMMENSAL BACTERIUM KLEBSIELLA AEROGENES
While the expression of circadian rhythms is nearly universal among multicellular
eukaryotic organisms, demonstration of this phenomenon in prokaryotes has been largely
restricted to photosynthetic cyanobacteria until very recently. Further, growing interest in
gastrointestinal microbiomes has revealed a complex temporal relationship between the
gastrointestinal clock and the bacterial microbiome within. At least one member of the gut
microbiome, Klebsiella (née Enterobacter) aerogenes, responds to the indoleamine
hormone melatonin, secreted by the gastrointestinal system itself. Further research revealed
that K. aerogenes also expresses a circadian rhythm in motility and gene expression that is
temperature compensated. Although rhythmicity is unaltered by changes in temperature,
cycles of ambient temperature entrain circadian rhythms in K. aerogenes. In this work I
investigated new aspects of circadian rhythmicity in Klebsiella aerogenes. I characterized
new clock-controlled genes and found that circadian rhythms in this bacterium rapidly
decrease in amplitude following exposure to temperature cycles irrespectively of tested
luciferase reporters. I discussed and explained the mechanisms of this damping.
The next hypothesis I tested was whether this circadian rhythmicity of K. aerogenes
persist in vivo within the gastrointestinal track of the host. To test this, antibiotic treated
laboratory mice (a heterologous host for this bacterium) were infected with K. aerogenes.
Then I determined whether the bacterium’s circadian rhythmicity was sustained by
quantifying endogenous and infection bacterial DNA within the lumen of the gut. I found
that K. aerogenes persisted within the gut for several days, and its abundance was rhythmic.
Additionally, the quantity of total bacteria and enterobacteria was also rhythmic.
Further, for the first time I characterized transcriptome of this bacterium as the
culture matures. Moreover, I investigated the transcriptional changes induced by melatonin
in K. aerogenes. I demonstrated that the majority of differentially expressed genes are
growth stage specific. This indole molecule affects genes related to biofilm formation,
fimbria biogenesis, transcriptional regulators, carbohydrate transport and metabolism,
phosphotransferase system (PTS), stress response, metal ion binding and transport. It is
likely that differential expression of biofilm and fimbria related genes is responsible for
differences in macrocolony area. Additionally, melatonin potentially helps Klebsiella
aerogenes in host colonization.

These experiments in sum suggest a role of melatonin in modifying transcriptome
of Klebsiella aerogenes and suggest its potential role in communication between the host
and its commensal microbiota. Additionally, my work demonstrated rhythmicity of
additional clock-controlled genes, improved experimental approach necessary to study
circadian rhythmicity in K. aerogenes and helped to better understand this phenomenon.
KEYWORDS: melatonin, gut microbiota, transcriptomics, Klebsiella aerogenes,
circadian clock
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CHAPTER 1. INTRODUCTION
1.1

Circadian rhythms
The circadian clock is a ubiquitous feature present in almost every free-living

organism, including animals, plants, and bacteria. The term “circadian” originates from the
Latin, meaning circa (about) and diem (a day). Circadian clocks evolved as adaptations to
the Earth's daily oscillation of light and external temperature (1). They are based on
molecular mechanisms, which regulates physiology and behavior. However, each kingdom
has its own unique way to anticipate daily changes. Nevertheless, they share common
characteristics among all organisms studied thus far. These include: 1) circadian rhythms
are endogenously generated such that rhythms persist when organisms are placed in
constant environmental conditions such as constant temperature, light, and/or darkness (2,
3). 2) Typically, these rhythms express periods of close to but rarely exactly 24 hrs. (4). 3)
The periods of circadian rhythms vary very little in response to changes in constant ambient
temperature (TA) and are considered temperature-insensitive or temperature-compensated
at TA’s that support life, and 4) circadian rhythms can be entrained to cyclical patterns of
environmental change. These are typically patterns of light and dark (LD) but can also be
patterns of changing TA such as cycles of high TA and low TA.

1.2

The discovery of circadian rhythms in bacteria
For many years, prokaryotic organisms were considered lacking internal

timekeeping mechanisms, since in many bacteria the lifespan of one generation is shorter
than 24 h; therefore, scientists believed that microbes did not require a circadian clock. It
was not until 1986 when Huang et al. described cyanobacteria as the first microorganisms
expressing daily transcriptional patterns (5). Cyanobacteria are photosynthetic microbes
living in aqueous environments. Although not initially associated with the circadian clock,
rhythmic phenomena involving oscillations in photosynthesis (during the daytime) and
nitrogen fixation (restricted to the nighttime) were found in several strains of
cyanobacteria. These microorganisms can temporally separate the incompatible metabolic
activities of photosynthesis, generating oxygen during the day, and nitrogen fixation,
whose main enzyme nitrogenase is inhibited even by even slight amounts of O 2 (2).
1

In 1998, the molecular mechanism of the cyanobacterial core oscillator was
discovered (6). This oscillation is encoded by one cluster comprising three genes (kaiA,
kaiB and kaiC). The word Kai comes from the Japanese character that means “cycle”. In
the center of this oscillator, KaiC’s daily phosphorylation rhythm of two residues, serine
at position 431 (Ser431) and threonine at position 432 (Thr432), controls the timekeeping
mechanism. These residues are sites of KaiC autophosphorylation, which also has
autophosphatase and ATPase activity. At dawn, KaiC begins in the nonphosphorylated
state, with loosely connected C1 and C2 rings (Figure 1.1). The C2 ring from each
monomer forms an A-loop from its C terminal peptide, which is either hanging loosely or
is inserted into the ring depending on the time of the day. When dangling it can be bound
by KaiA, but only if KaiC is not phosphorylated. During the day KaiA binds and stabilizes
the A-loop. This interaction promotes autophosphorylation of KaiC during the day, starting
at the Thr432 residue. Threonine phosphorylation changes the conformation of the KaiC
structure, in a way that enables serine to become phosphorylated. By the end of the day,
both residues are phosphorylated. The C2 stiffness results in increased interaction between
both rings (Figure 1.1). The A loop stacks into the C2 ring, masking the binding site for
KaiA. C1 and C2 interact so strongly that C1 changes its conformation, which exposes a
B-loop on C1 that is also a binding site for KaiB. At nighttime, KaiA disassociates from
A-loop and an active form of KaiB and binds to C2 ring. As KaiA is no longer attached,
KaiC autokinase activity ends and autophosphatase activity begins. Firstly, threonine
becomes dephosphorylated, followed by serine. By end of the night, KaiC has returned to
its unphosphorylated form, and both rings return to the unstacked configuration with
uncovered A-loop, and the cycle starts all over again (7). The Takao Kondo research group
proved that this oscillation pattern can even be recreated in vitro using only purified
KaiABC protein complex in presence of ATP (8).
The aforementioned daily changes in KaiC phosphorylation and alternating
interactions with KaiA at daytime or KaiB during the night, manages the whole metabolism
of cyanobacteria (9). However, the Kai oscillator does not regulate cyanobacterial gene
expression directly. It acts through the circadian output mechanism, consisting of histidine
kinase SasA, its cognate response regulator RpaA, and the phosphatase CikA, which
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regulate global patterns of gene expression, the timing of cell division, compaction of the
chromosome and many other processes (7).

Figure 1.1 Schematic of the KaiABC central oscillator, adapted from (10).
Homologs of KaiB and KaiC proteins can be found in many other microorganisms,
such as purple bacterium Rhodopseudomonas palustris (11) or Myxococcus xanthus (12);
however, KaiA homologues have only been identified in cyanobacteria thus far (13).
Circadian growth rhythms have been reported in other bacteria, which do not encode the
kaiABC operon, such as Escherichia coli (14), Klebsiella pneumoniae (15), and
Pseudomonas putida (16); however, robust and persistent circadian rhythms have never
been characterized in these microorganisms.
Recently, a circadian clock in Bacillus subtilis have been discovered (17), even
though this bacterium does not encode any of the Kai proteins, its circadian clock is
entrainable to cycles of temperature and LD cycles, but this rhythmicity is biofilm,
temperature and nutrient dependent. Klebsiella (nee Enterobacter) aerogenes is another
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bacterium with a characterized circadian clock which does not depend on the KaiABC.
While the core oscillator driving the circadian clock in K aerogenes is still unknown, our
laboratory discovered and characterized its daily rhythms of motility and gene expression
(18), and established that these bacteria can be entrained to the temperature cycles (19).

1.3

Klebsiella aerogenes features
K. aerogenes is a Gram negative, flagellated bacterium, belonging in the family

Enterobacteriaceae. It is a facultative anaerobic bacillus that possesses class 1 fimbriae
(20). This bacterium has both commercial and biomedical significance. It is an outstanding
hydrogen producer (21) and is capable of synthesizing an important chemical intermediate
2,3-Butanediol (22). K. aerogenes can be found in many environments such as soil, water,
and the bovine rumen (23), but, for the purposes of this dissertation, we will focus on its
commensal relationship with the human host. This bacterium is a minor component of the
human gut commensal microbiota (24) , with up to 107 cfu/g (25). Even though K.
aerogenes’ presence in human gut is not harmful for healthy individuals, its increased
abundance has been connected to atherosclerotic cardiovascular disease (ACVD) (26).
Additionally, K. aerogenes is a nosocomial and opportunistic pathogen, being dangerous
to immunocompromised patients, capable of causing urinary and respiratory tract
infections in hospitalized patients. K. aerogenes accounts for 6 to 17% of all nosocomial
urinary tract infections (UTI) (27, 28). These infections originate from the gastrointestinal
tracts of patients and the hands of hospital staff members, along with unsanitary medical
equipment.
K. aerogenes contains several virulence factors such as pili, which are non-flagellar
projections from the cell surface. These structures allow cells to adhere to the host’s
mucosal and epithelial layers of the urogenital, respiratory, and gastrointestinal tracts (29).
Other pathogenicity factors include production of iron chelating siderophores (30) and the
expression of urease (31), which allows the bacteria to induce infection. Additionally, this
microbe has the potential to develop antibiotic resistance due to its inducible chromosomal
ampC beta lactamase gene and the ability to modify non-specific porins to allow for active
efflux of various drugs from cells (32). K. aerogenes is also capable of causing communityor hospital-acquired bloodstream infections (BSI) and is associated with the worst clinical
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outcomes when compared to the BSI caused by other Enterobacter species; 70% of patients
with K. aerogenes bloodstream infection had poor clinical outcomes. These included acute
kidney injury in 43% of cases, septic shock in 30%, and in-hospital mortality of 28% of
patients (33). Most recently, K. aerogenes have been also a cause of secondary bacterial
infections among patients who have contracted the SARS-CoV-2 coronavirus (COVID19) (34-37). Nevertheless, K. aerogenes is a human gut commensal bacterium and its
presence in human intestinal is not normally harmful for healthy individuals.

1.4

Circadian fluctuations of gut microbiota
The human gut microbiome comprises up to 1000 bacterial species (38). The five

most abundant phyla include Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria,
and Verrucomicrobia, of which the former two represent the vast majority up to 65% of
total microbiota (39). Studies suggest that gastrointestinal microflora diurnal fluctuation is
controlled by the host’s circadian clock; nevertheless, it is not completely understood how
this interaction is regulated. Human gut bacteria may not be subjected to the most common
zeitgeber (from German, meaning time giver), the LD cycle. However, they still encounter
daily fluctuations in body temperature (40), nutrient availability, gastrointestinal
hormones, and levels of host-delivered antimicrobial peptides and gut mucosal antibodies
(41). Studies have shown that intestinal microbiota exhibit population-level rhythmicity.
Several research groups have described daily rhythmic changes in abundance and
functional capacities of intestinal commensal bacteria in both humans and mice (42, 43).
According to these studies, 15-17% of identified OTUs (Operational Taxonomic Units)
exhibit time-of-day-dependent differences in their relative abundance. In addition, the total
biomass of murine gut bacteria and their taxonomic abundance exhibits daily rhythmicity
(44). Diet is considered as one of the main drivers in shaping not only the daily fluctuation
of microbial community (38, 42, 43) but also across the life-time (45). Alternating patterns
of feeding and fasting allow for increased abundance of Firmicutes following the food
intake and a peak of Bacteroidetes and Verrucomicrobia during the daytime fasting period
(43).
At least some of these patterns are regulated by the host’s circadian clock. Disruption
of the host circadian clock mechanism by Bmal-1 or Per1/2 deletion leads to arrhythmicity
5

of the intestinal microbial community, suggesting that this oscillation is regulated by the
host. Daily oscillation of microbial communities requires an intact circadian clock in the
host (42, 43). Interactions between the host circadian oscillator and microbiota are mutual.
The host receives and integrates light signals from the environment by circadian master
pacemaker SCN which regulates the peripheral clock of the intestine and its gut microbial
composition. Another apparent circadian output is rhythmic secretion of pineal melatonin,
also present throughout the gastrointestinal system (46), which can be measured in the
feces of laboratory mice; this rhythm diminishes with age (47).

1.5

The circadian rhythmicity of K. aerogenes
To address the hypothesis that gut bacteria have adapted to melatonin signaling

from the intestine, a computational comparison of the proteome from the human gut
microbiome database and a binding site of human melatonin receptors was performed. The
results indicated 24-42% identity to the sequence of human melatonin receptor and several
proteins produced by the gut microbiome (18). Among these, the highest resemblance was
found in the mntH gene (Manganese transport, H-dependent (48)) from K. aerogenes.
Next, a search for sequences that resembled cyanobacterial kaiABC complexes was
performed. Results revealed that dephospho coenzyme A kinase (coaE) from K. aerogenes
resembles KaiC from S. elongatus. However, motif analyses did not uncover functional
similarities other than the fact that both KaiC and CoaE exhibit kinase activity. Further
analysis of the K. aerogenes genome sequence (49) and genome sequencing of our lab
strain (not published) showed that the circadian clock of this bacterium is likely driven by
a different mechanism, since kaiABC sequences are not present in this bacterium.
Subsequent motility assay experiments with K. aerogenes grown in different
concentrations of melatonin added to Eosin-Methylene Blue Agar (EMB) plates with a
50% reduction in agar to facilitate motility, ranging from 0 nM to 1 nM, revealed
morphological differences among groups (Figure. 1.A). Bacteria cultivated on plates with
melatonin produced much greater diameters of macrocolonies compared to controls in a
dose-dependent fashion. These bacteria produced a new outer ring each day of the culture
with new microorganisms growing on the outer edge of the microcolony but also on the
top on older bacteria (Figure. 1.2B). When the number of rings was calculated and divided
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by time of incubation in 1nM melatonin’s presence, the period of swarming behavior was
25.1 ± 1.4 hrs.

Figure 1.2 K. aerogenes macrocolony morphology.
A) differences between macrocolony cultivated with 1nM or 0nM melatonin. B)
Changes in macrocolony appearance over 4 days, no melatonin was used in this
experiment. Adapted from (50).

To further test this phenomenon, K. aerogenes was transformed with a plasmid
containing a bacterial luciferase cassette from Photorabdus luminesens, which is
commonly employed in cyanobacteria as a real-time reporter of gene expression (51). The
plasmid was modified to contain the promoter of the motility gene motA regulating the
luciferase operon expression, resulting in PmotA::luxCDABE construct. MotA is a
component of the flagellar motor, providing energy for flagella rotation and consequently,
bacterial motility (52). K. aerogenes maintained a free running circadian period of gene
expression in vitro. Measurement of bioluminescence with a Lumicycle32 photomultiplier
system revealed temperature compensated circadian rhythms in 31–44% of cultures. These
cultures were rhythmic in temperatures ranging from 27°C to those corresponding to
human body temperatures (TB) of 34°C, 37°C and even 40°C (18). Additionally, cultures
grown in the presence of 1 nM melatonin were more synchronized than the control plates
(Figure 1.3). It is important to highlight that other indole molecules such as of tryptophan,
serotonin or N-acetylserotonin did not affect K. aerogenes motility or bioluminescence
signal. Other Enterobacteriaceae members, E. coli and K. pneumoniae, tested in this
7

experiment did not exhibit either rhythmicity or melatonin sensitivity in these conditions.
Thus, the circadian clock of K. aerogenes exhibits two canonical characteristics of
circadian clocks in most organisms. It expresses a circadian rhythm that persists in constant
environmental conditions with a period of close to but not exactly 24 hrs. Secondly, the K.
aerogenes circadian rhythm is temperature compensated such that periods were invariant
in constant TA from 27oC to 40oC (Q10=0.96).

Figure 1.3 Rhythmic motA::lux signal
Rhythmic bacterial luciferase signal expressed form the motA::lux plasmid tested under
two temperatures, with 0 nM or 1 nM melatonin present in the semisolid media. Adapted
from (18).
1.6

Temperature entrainment of the K. aerogenes circadian clock
Further experiments were conducted to characterize the remaining canonical

property of this circadian clock- the ability to entrain to cyclical environmental cycles.
Because there is no evidence that these bacteria were sensitive to ambient light, we focused
on cyclical patterns of TA. Core body temperature (TB ) of homeothermic animals such as
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birds and mammals exhibit pronounced circadian patterns of TB , including humans and
mice (53). In humans, the average normal TB range is 37.5oC during the day to 36.5oC
during the night, revealing a daily amplitude of 1oC (54). In mice, the amplitude can be as
high as 4oC (55). The amplitude of this rhythm is affected by health (fever) and chronotype.
We therefore hypothesized that daily patterns of TA simulating the daily patterns of TB,
may act as a zeitgeber for entraining the K. aerogenes clock.
Bacterial cultures were exposed to various periods (T-cycles) of changing TA with
cycles of 1°C (35°C –36°C) or 3°C (34°C –37°C) in amplitude (19). Cultures were
maintained for 5 days in several T-cycles of different periods: 22h (11 hrs. high
temperature, 11 hrs. low temperature), 24 hrs. (12 hrs. high temperature, 12 hrs. low
temperature) and 28h (14 hrs. high temperature, 14 hrs. low temperature). They were then
released into to constant low temperature (34oC or 35oC). Cultures entrained to all T-cycles
with a stable phase relationship () to the rise in TA. When cultures were released into
constant low temperature, rhythms persisted with a  that corresponded to the time of high
temperature, but with a significantly lower amplitude. These data showed that the circadian
clock of K. aerogenes was capable of entraining to a wide array of T-cycles and at 2
different amplitudes.
To determine the nature of temperature entrainment in this microorganism, a phase
response curve (PRC) to pulses of 1-h pulses of 3°C temperature increase (34°C –37°C) at
different times of the circadian day was established. Temperature pulses resulted in phasedependent changes in  (Δ) of the bioluminescence rhythms of these microorganism (Fig.
1.3A) revealing a high-amplitude PRC with Type-0 phase resetting. In this case, the phase
reference (R) was the acrophase, or peak, of the bioluminescence signal. Calculation of a
phase transition curve (PTC), in which the new  was plotted on the y axis and the old
 was plotted on the x axis, revealed a “Type-0” PTC in that the slope of the resultant linear
regression was 0.19 with an r2 value of 0.11 (Fig. 1.3B).
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Figure 1.4 K. aerogenes exhibits “Type 0” phase response curve (PRC) to temperature.
(A) PRC generated by plotting the magnitude of phase shift across 10 phases. Each data
point represents a single culture. A Phase Transition Curve (B) was generated by plotting
the pre-pulse phase against the post-pulse phase from the PRC. Linear regression
analysis is indicated by the solid line segment. The dashed line segment represents a
slope equal to 1. (C) Bioluminescence reporter signal of K. aerogenes, initially highamplitude rhythm damps over time. (D) Spatial differences in bioluminescence
expression are shown with inset images of the quantified signal at 4-h intervals after
baseline correction. Adapted from (19).
Next, microorganisms expressing the bioluminescence reporter were cultivated and
recorded using a Perkin Elmer In Vivo Imaging System (IVIS), which employs a CCD
camera system. This instrument allowed us to characterize the spatial distribution of the
bioluminescence signal in the motility assay. A high amplitude signal of bioluminescence
was recorded in constant temperature for 2.5 days with a free-running period of 25.4 ± 0.4
h (Fig. 1.2C). These results were comparable with our previous reports of data recorded
with the Lumicycle (with t = 24.5 ± 0.5 h) (18). The bioluminescence signal originated
from the center, where bacteria were inoculated and with time proceeded toward the
periphery (Fig.1.2D).
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CHAPTER 2. INVESTIGATION OF K. AEROGENES’ CLOCK CONTROLLED
GENES USING LUCIFERASE REPORTERS
2.1

Introduction
Bacterial luciferase is a self-sufficient biochemical system in which all substrates

can be recycled and formed by a group of enzymes from the lux operon. The DNA
sequences coding the peptides from the bioluminescent system are named the lux genes,
and they are located on the luxCDABE operon from Photorhabdus luminescens. Bacterial
luciferase is an enzyme that produces blue/green light of approximately 490 nm in spectral
wavelength, transforming chemical energy to photons of visible light (56). However, the
luxCDABE cassette used in this study, in contrast to eukaryotic luciferase, includes not
only luciferase, but also the enzymes that supply and regenerate the substrates of the
bioluminescent protein. Luciferase is a heterodimeric peptide, composed of two units,
encoded by the luxA and luxB genes. The substrates of bacterial luciferase are reduced
flavin mononucleotide (FMNH2), molecular oxygen, and long chain fatty aldehydes. The
remaining genes from lux operon creates Fatty Acid Reductase Enzyme Complex. This
complex comprises of luxC (reductase), luxD (synthetase), and luxE (transferase). Bacterial
luciferase is commonly employed real-time reporter of gene expression used to study
circadian rhythmicity in cyanobacteria (51) and B. subtilis (17).
K. aerogenes colonies exhibit rhythmic motility patterns (Fig. 1.2A) and
demonstrate circadian expression of motA gene as recorded by the bacterial luciferase
reporter (18). K. aerogenes maintain a circadian period of gene expression not only during
temperature entrainment but also during the free running conditions, which was established
using the bacterial luciferase real-time reporter. This observation is in accordance to the
metagenomic analysis reported by Theiss et al. (42) indicating daily oscillation in the
functional composition of microbial genes (microbiome) with the antiphase fluctuations of
distinct gene groups in murine microbiota. Specifically, Theiss et al. demonstrated higher
expression of genes involved in energy metabolism, DNA repair, and cell growth during
the active phase (darkness) and upregulation of environmental sensing, detoxification, and
flagella assembly genes during the resting phase (light). Upregulation of motility genes in
the resting phase of the host reported by Thaiss et al. can be explained by the need to seek

nutrient sources and mucus penetration (42, 57). Therefore, K. aerogenes, like other
commensal bacteria regulates its life cycle, using a circadian clock, to maximize the
benefits of interaction with the host and optimize its own fitness by expressing diurnal
patter of motility.
Clear morphological changes visible with a naked eye in the appearance of growing
colony of K. aerogenes (Fig. 1.2) indicate that these bacteria move at a certain time of the
circadian day, but they can also regulate its cell division in circadian fashion similar to
cyanobacteria (58). As we pointed out earlier, the K. aerogenes bioluminescence rhythm
has a very high amplitude during the temperature entrainment (19), and upon releasing to
the free running conditions rhythm persists for at least 4 days. However, the amplitude of
this signal greatly decreases in constant conditions. This is in accordance with Sturtevant’s
work on continuously cultured K. pneumoniae. When these bacteria were exposed to the
12:12 light dark cycle, cultures displayed rhythmic changes in the optical density with a
period of 24.1 h. However, when bacteria were grown in the constant dim light or darkness
this rhythm decreased in amplitude and damped out (15).
To test rhythmicity of other genes, bacteria were transformed with a plasmid
containing luciferase cassette driven by the selected promoter region from K. aerogenes
genome. We chose three candidate genes, coaE, ftsZ, and mntH, based on their function or
sequence homology. CoaE gene encodes dephospho coenzyme A kinase, which resembles
KaiC. CoaE is also the final enzyme involved in the biosynthesis of the important cofactor
coenzyme A (59, 60). Manganese transport, H-dependent (MntH) protein, as the name
suggests, is involved in transport of Mn (II) ions (61). In the enterobacteria, this locus is
subjected to complex regulation in response to manganese, iron, and reactive oxygen
species. Transport of divalent metal ions into the cell by MntH is dependent on the
membrane potential and extracellular pH (62). MntH was identified during the search for
homologs of human melatonin receptors among gut microbiota encoded peptides (18). FtsZ
is a cell division protein, it is ubiquitous in bacteria and can also be found in chloroplasts
(63). FtsZ is a GTPase with a structure similar to tubulin; forms ring-shaped polymers at
the site of cell division; other proteins such as FtsA, ZipA, and ZapA, interact with and
regulate FtsZ function. FtsZ was selected as an indicator of bacterial cell division.
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2.2
2.2.1

Methods
Reporters’ construction
Previously described plasmid PmotA::luxCDABE (18) was isolated and digested

with the EcoRI restriction enzymes to replace the promotor sequences. Promotor region of
coaE, mntH, or ftsZ were amplified using the polymerase chain reaction (PCR) and a highfidelity polymerase (Quanta Biosciences, Gaithersburg, MD) and subsequently ligated,
using ElectroLigase® (NEB, Hitchin, UK), to a backbone of the digested plasmid.
Subsequently, bacteria were electroporated with one of the reporter plasmids.

2.2.2

Bioluminescence monitoring
1 ml of semisolid (0.67% agar) eosin methylene blue (EMB) agar, with or without

1nM melatonin, was placed in the black 24-well microplate with clear bottom (VisiPlate24 Black, Perkin Elmer, Waltham, MA, USA). Media was allowed to solidify and dry
completely under a biosafety cabinet. Subsequently, 1 μl of overnight culture was spotted
into the center of each well and allowed to dry. Wells were sealed with 18x18 mm cover
glasses by sterile vacuum grease and placed into the in vivo imaging system (IVIS
Spectrum, Perkin Elmer, Waltham, MA, USA) for 96 hours. Bioluminescence
measurement were taken every hour using 1 sec exposure time. Living Image Software
(IVIS Spectrum, Perkin Elmer, Waltham, MA, USA) was used for bioluminescence
analysis for Average Radiance [p/s/cm²/sr] quantification within selected ROIs (regions of
interest).

2.2.3

Bacteria number quantification
Bacteria were cultivated and recorded using cooled CCD camera (Perkin Elmer In

Vivo Imaging System (IVIS)) as described above. At the same time the number of colony
forming units (CFUs) responsible for the bioluminescence signal was evaluated. CFUs
were assessed in the initial overnight culture, used for the inoculation, and from selected
wells from the 24 well plate during the each timepoint. Briefly, every 6 hours plate was
removed from IVIS and content of 2 wells was collected and placed in two separate sterile
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tubes with 10 mL water. Tubes were shaken vigorously until the semisolid agar completely
broke down and bacteria were transferred into the solution. This suspension was serially
diluted and platted on agar plates for the CFU assessment. CFUs were counted after the 12
hours incubation.

2.2.4

Plasmid stability
We implemented the 24-well microplate for the macrocolonies cultivation, 1 ml of

semisolid (0.67% agar) eosin methylene blue (EMB) agar (HiMedia Laboratories,
Mumbai, India) was placed in each well. Bacteria collected from 3 wells per timepoint
were serially diluted in 24 hr intervals for 6 days. For the subsequent CFU count, we used
a “dribble” plate serial dilution technique. Dribble plating is a method for reducing the
number of plates needed for counting bacteria. It is a modified standard protocol, where 10
μl of 8 serial dilutions of bacteria are applied simultaneously on the edge of 100 X 100 mm
agar plates using a multichannel pipet and allowed to run down (dribble) the length of the
plate parallel to each other (64). Each sample was plated on soli EMB agar with or without
tetracycline to allow assessment of plasmid loss. After overnight incubation, CFUs were
counted manually.
2.2.5

Impact of fresh air on the bioluminescence signal
K. aerogenes expressing PmotA::lux reporter was inoculated in the center of 35 mm

plates filled with semisolid EMB. Plates were covered with 40 mm cover glasses by sterile
vacuum grease and placed into a Lumicycle automated photomultiplier-based
bioluminescence recorder (Lumicycle, Actimetrics, Il). After 24 hours, cover glasses were
removed for 3 seconds from half of the plates, remaining half was left intact to serve as a
control. This procedure was repeated every 24 hours for 8 days.
2.2.6

Analytical statistics

Daily patterns of gene expression were analyzed using the MetaCycle package 1.2.0
(65) in RStudio version 1.3.1, with JTK_CYCLE and Lomb-Scargle methods and the
circadian minimum-maximum period range of 22-28 hours. We used meta2d (ARS, JTK,
LS) for all reporters. Based on the noisiness of these data and because MetaCycle was
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designed for microarray data, we also ran a less stringent cosinor function with harmonics:
CircWave (Hut; https://www.euclock.org/results/item/circ-wave.html), with the same
range of possible periods. CFUs data were also analyzed using CircWave.
2.3
2.3.1

Results
Rhythmicity and spatial distribution of coaE, ftsZ and mntH reporters
The free-running rhythms of coaE, ftsZ and mntH promoter activity in K. aerogenes

were identified implementing bacterial luciferase as a real-time reporter of gene
expression. Daily rhythms were detected for all three reporters, independent of melatonin
presence in the growth media. A free-running rhythm in the abovementioned reporters’
activity occurred when bacteria were incubated in constant temperature conditions. The
period calculated over a 72-hour window following media inoculation was 22.45± 0.25
hours for PcoaE::lux and 22.93± 0.27 hours for the same reporter when melatonin was in
the media (Figure 2.1A), statistical test revealed significant increase in period length when
semisolid agar contained 1 nM melatonin (ANOVA, p=0.003). The free running period of
PftsZ::lux was 23.05± 0.12 (Figure 2.1B), and 23.03± 0.13 with melatonin (Figure 2.1C).
The free running period of PmntH::lux was 23.12± 0.12, and 23.1± 0.18 with melatonin.
Self-sustained, free-running rhythms in promoter activity of coaE, ftsZ and mntH was
detected in 100% of cultures when period was calculated over a 72-hour window. However,
during the fourth day of experiment we observed a drastically decrease in the number of
rhythmic colonies, which was associated with the loss of bioluminescence signal is some
wells (Supplemental Video 2.1).
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Figure 2.1 Free running rhythm of coaE, ftsZ, and mntH::luxCDABE reporter.
A. Periods (Tau, measured in hours) of coaE, ftsZ andP mntH::luxCDABE reporters
rhythms varied between 22 and 23.5 hours, when calculated over a 72-hour window. B.
and C. Normalized bioluminescence of ftsZ::lux rhythms from control (B) and melatonintreated (C) cultures show circadian rhythms at 37°C. Each color represents separate
well (n=10/condition).
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The bioluminescence signal captured with IVIS allowed us to also characterize the
spatial distribution of the bioluminescence signal in the motility assay. A high amplitude
signal of bioluminescence was recorded in constant temperature for 4 days with a freerunning period ranging from 22 to 23.5 hours, however, each day of the experiment the
bioluminescence signal decreased. These results were comparable with our previous
reports of data recorded with the Lumicycle (with tau = 24.5 ± 0.5 h) (18). The
bioluminescence signal originated from the center, where bacteria were inoculated and
with time proceeded toward the periphery (Supplemental Video 2.1). Interestingly, we
observed spatial differences between coaE and ftsZ reporters. From the second day of the
experiment coaE bioluminescence signal covered a larger area of the well comparing with
ftsZ. This could be a result of three-dimensional differences in the expression of these genes
within the macrocolony. Additionally, we observed morphological differences in the
appearance of the macrocolonies, which only became apparent after 3 days of culture.
Implementing the luciferase reporter, driven by a promoter cloned from the host’s genome,
on the plasmid introduces additional copies of that promoter in the cell. The plasmid we
used in this experiment contains the medium-copy-number p15A ori (origin of replication),
which means that each bacterium contain around 10 copies of this plasmid (66). Depending
on the sigma factor which binds to the promoter before the gene is transcribed additional
copies of this promoter may recruit limited copies of transcriptional factors resulting in
disrupted gene expression. This could explain differences in the macrocolony appearance,
which may also be responsible for the spatial differences in bioluminescence signal.
2.3.2

Decrease of bioluminescence rhythm amplitude
As briefly mentioned earlier, the K. aerogenes bioluminescence signal decreases in

amplitude after release to constant temperature. There are several possible explanations
why the signal reduces with time. First, the oscillator itself within each bacterium could be
damping, or that the individual bacteria could be losing the synchrony among each other
in the culture. While this is possible, we find very little change in period or waveform
shape, suggesting the decrease in amplitude is not a form of damping. At this point,
however, without identifying the core oscillator, we cannot determine whether the
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oscillator is damping or not. Additionally, establishing the synchrony at a single cell
resolution in bacteria, which in the case of K. aerogenes are only 1.0 μm wide by 3 μm
long, is very challenging, especially since these are fast growing, motile microorganisms.
Another possibility is that these microorganisms are losing the plasmid carrying the
luciferase reporter. Even so, we have tested the stability of the plasmid, and plasmid loss
was not significant during 6 days of the motility assay (Figure 2.2), therefore we excluded
it as a reason for signal decrease.

Figure 2.2 Plasmid stability
A. plasmid map, B. K. aerogenes was cultivated on EMB or EMB with tetracycline for
144 hours. Every 24 hours samples were collected for CFUs count and subsequent
evaluation of plasmid stability.
Other explanations could be that the bacteria are either entering the stationary growth
or even dying in these culture conditions. To test the numbers of live bacteria in our culture
settings, we developed a novel protocol, allowing for evaluation of live bacteria responsible
for the bioluminescence production at various circadian times. Briefly, bacteria were
cultivated on 24-well plates in constant temperature. At the same time, we monitored the
bioluminescence signal to test the correlation between number of life bacteria and the
amount of light produced. Content of 2 wells per timepoint was removed from the plate
and serially diluted in 6 hr intervals for 2 days. Fractions of bacterial suspension were
plated and incubated for subsequent colony forming unit (CFUs) enumeration. During the
initial 12 hours of the experiment, both the number of CFUs and the amount of
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bioluminescence increased rapidly (Figure 2.3) (50). After the first peak, bacteria did not
increase their numbers probably because they entered the stationary phase and
bioluminescence signal decreased. After 24 hours post inoculation, bacteria started to
divide rapidly again, and the second smaller peak of bioluminescence was observed at
timepoint 2CT06. However, even though the amount of CFUs was still rising until the
2CT18, the bioluminescence signal did not follow the same pattern. Statistical analysis
using CircWave reveled rhythmicity in the bioluminescence intensity and colony forming
unit numbers.

Figure 2.3 Relationship between bioluminescence and CFUs.
Both bioluminescence and colony forming units (CFUs) of Klebsiella aerogenes
expressing the luciferase reporter are rhythmic in vitro. Bioluminescence trace of
bacteria grown in constant conditions for 2 days in IVIS. CFUs collected from the
same 24 well plate reveled circadian rhythmicity in the number of life K.
aerogenes grown in vitro. CFUs are depicted on the logarithmic scale.

Next, we wanted to test if these bacteria enter stationary growth, which may be
responsible for differences in the gene expression pattern. To do so, we performed an RNASeq experiment on planktonic cultures of K. aerogenes, and we sequenced exponential and
stationary cells (discussed in detail in chapter 3). Differential gene expression (DEG)
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analysis revealed that coaE, ftsZ, and mntH are differentially expressed between growth
stages. However, motA is not differentially expressed (Table 2.1). These results suggest
that transitions between exponential and stationary growth may contribute to the
rhythmicity of gene expression, but since motA is also rhythmic but is not affected by the
growth stage, then other factors must be responsible for the circadian pattern of its
expression. We would like to point out that the RNA-Seq was performed on bacteria
collected from planktonic cultures, but rhythmicity of luciferase reports was investigated
on semisolid agar, additionally RNA-Seq samples were collected from bacteria grown in
TSB and reporter’s analysis were performed using EMB media. Both the growth conditions
and variations in nutrients available in the media may affect gene expression, therefore it
is difficult to make direct comparisons. Nevertheless, alternating zones of exponential and
stationary bacteria, corresponding to the visual variations in the morphology of
macrocolony (Figure 1.2) could be an explanation of spatial differences in gene expression
Table 2.1 Expression of candidate genes in exponential and stationary growth
locus tag

gene

product

EAE_11320

coaE

dephospho-CoA
kinase

5541.97

9440.88

-0.76

4.26E-12

TRUE

EAE_11285

ftsZ

5541.97

9440.88

-0.76

4.26E-12

TRUE

EAE_00290

mntH

86.02

552.386

-2.68

9.14E-32

TRUE

EAE_15515

motA

cell division
GTPase
manganese
transport
protein
flagellar motor
protein

17.84

28.14

-0.65

0.12696

FALSE

readcounte
xpo_con

readcount
stat_con

log2Fold
Change

padj

significant

Lastly, light production generated by the bacterial luciferase depends on oxygen
(67). As discussed in the introduction, bioluminescence reaction depends on the
molecular oxygen and substrates availability. To prevent loss of moisture, each well must
be sealed with the cover glass after bacteria are inoculated, which inhibits air circulation.
When plates were removed from the IVIS, several wells, especially located in the center
of the plate, were full of water. Therefore, we made a conclusion that insufficient amount
of oxygen is responsible for loss of bioluminescence signal during the last day of
experiment. Additionally, we hypothesized that new doses of oxygen would increase the
amplitude of bioluminescence signal. To test this, we developed a novel protocol, in
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which bacterial were cultivated on plates with semisolid agar kept in the photon counter.
Every 24 hours, cover glasses from half of the plates were lifted for 3 second and placed
back and sealed again. Daily doses of fresh air drastically increased the bioluminescence
signal (Figure 2.4). The peak of bioluminescence occurred 372 ± 33 minutes after
providing extra oxygen to the bacterial cultures. When these differences were quantified,
the average amplitude of bioluminescence signal from oxygen treated plates was 33 times
higher when comparing to the control plates.

Figure 2.4 Impact of oxygen on the amplitude of bioluminescence recording.
Background subtracted bioluminescent signal of PmotA::lux K. aerogenes from
conventionally cultured (red) and oxygen-treated (blue) plates shows significant
increase in the amplitude after oxygen exposure.

2.4

Discussion
I concluded, based on the obtained results, that motA, coaE, and mntH are clock-

controlled genes. They are expressed in a circadian fashion; however, the amplitude of
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bioluminescence decreases with each day of cultivation. The drastic drop of amplitude is a
result of insufficient oxygen concentration. Additionally, K. aerogenes on the population
level divides rhythmically Most bacteria exhibit cell division times that are much more
frequent than is the 24-hr. day, making circadian patterns in bacteria necessarily a multigenerational phenomenon (58). At the same time, even rapidly growing S. elongatus shows
rhythmicity of cell division with the generation time of 8-12 hours long. Cyanobacteria
divide during the daytime (LD) or subjective day (LL) and stop dividing in early subjective
night. This behavior is driven by kaiC-dependent clock (58). In contrast, K. aerogenes
divide every 30 ± 0.3 min in exponential growth phase (68). Nevertheless, I still observe a
circadian pattern of gene expression at a population level recorded by bioluminescence
reporters. Study of the cyanobacteria circadian clock on the single cell resolution revealed
that individual bacterial cells are rhythmic but this synchrony is lost after 166 ±100 days
(69), which, in the case of K. aerogenes, when taking into account a drastic differences in
length of the generation time would correspond to only 2.75- 5.5 days. Subsequently, I
reported circadian pattern of K. aerogenes CFUs over 2 days window.
K. aerogenes, as a human gut commensal bacterium, lives in rhythmic conditions
of fluctuating core body temperature, daily changes in concentration of host-delivered
antimicrobial peptides, gut mucosal antibodies, nutrient availability, and shifting
composition of commensal gut bacteria community. Therefore, it is understandable that
this bacterium over a course of coevolution with humans adapted to its host circadian
rhythmicity and developed its own mechanism to anticipate diurnal changes in its
environment. The understanding of this phenomenon will provide important insights into
the complexity of microbiome host interactions and human health. The fact that a
commensal gut bacterium has its own endogenous clock adds to the hierarchical
organization of human circadian rhythms. Paulose and Cassone (70) have proposed that
circadian organization resembles a meta-organism of circadian clocks within circadian
clocks: the circadian oscillators in the brain entrain circadian oscillators in the periphery
(71, 72), such as in the intestines, which subsequently affects bacterial circadian clocks.
Even though this chapter provides evidence of three clock-controlled genes rhythmicity
and recent findings demonstrated a daily pattern of K. aerogenes motility (18), suggesting
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a vigorous circadian behavior, further assessment of rhythmicity of other genes is required
and more importantly identification of its core oscillator is crucial at this point.
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CHAPTER 3. TRANSCRIPTIONAL EFFECTS OF MELATONIN ON THE GUT
COMMENSAL BACTERIUM KLEBSIELLA AEROGENES
3.1

Introduction
The biosynthesis of melatonin in the gastrointestinal system is a curious

phenomenon, in that GI melatonin never enters the systemic circulation. Human and mouse
gut tissue, specifically enterochromaffin cells (ECs) (73, 74), secrete melatonin into the
lumen in concentrations exceeding serum levels (75). Melatonin is synthesized from the
dietary essential amino acid tryptophan, and its concentration is increased after food
consumption (76). Additionally, gut melatonin is secreted in a circadian fashion in young
laboratory mice and zebra finches (77, 78). Therefore, intestinal microbiota, including K.
aerogenes, experience cycles of exposure to this hormone, potentially enabling melatonin
to act as an external cue, or time giver (zeitgeber), to which the circadian clock of K.
aerogenes could entrain. Additionally, melatonin has an impact on rhythmicity of the gut
microbiota as a whole (79).
As part of a genomic screen for gut microbiota that exhibit genomic signals that
may confer sensitivity to the pineal and gut hormone melatonin, K. aerogenes was
identified as an organism that expressed sequences that were similar to the human
melatonin receptor (18). This screen was conducted because many authors had found that
melatonin was secreted into the lumen of the gut in several vertebrate species (77, 80) and
hypothesized that melatonin may be an exocrine signal for gastrointestinal microbiota (70).
Further investigation revealed that the area of macrocolonies grown on semi-solid agar was
greater in the presence of 1nM melatonin than did colonies grown on agar without
melatonin (18). This effect was dose-dependent and specific to melatonin, since
tryptophan, serotonin and N-acetylserotonin had no effect in concentrations ranging from
1 pM to 1 nM. Melatonin also synchronized a circadian rhythm of gene expression in this
bacterium, which was 1) temperature compensated and 2) capable of entraining to cycles
of ambient temperature (TA) similar to changes in human body temperature (19).
In order to identify melatonin-sensitive sequences in the K. aerogenes genome, I
conducted an RNA sequencing screen on planktonic, aerated cultures maintained in the
presence or absence of 1 nM melatonin and under conditions of exponential growth vs

stationary phase. RNA sequencing (RNA-Seq) is an unbiased high-throughput sequencing
technique utilized to characterize the global transcriptional response of organisms,
including bacteria, during varying conditions, such as different growth phases (81, 82).
This technique permits the simultaneous analysis of the entire genome, in contrast to older
methods such as microarrays or quantitative PCR (qPCR), which are limited to known loci.
RNA-Seq allows not only for characterization of mRNA expression pattern but also for
identification of novel genes and non-coding RNAs.
The aims of this experiment were twofold: first, to characterize the transcriptome
of K. aerogenes and to establish a differential gene expression as the culture matures, and
second, to characterize transcriptomic changes induced by melatonin during the
exponential and/or stationary growth phases. The RNA sequencing experiment was
performed to characterize the global transcriptome of cultured K. aerogenes from triplicate
cultures of the wild type strain during the early exponential and early stationary phase.
Additionally, samples from triplicate cultures treated with 1nM melatonin were also
collected in the same fashion, giving a total of four experimental conditions.

3.2
3.2.1

Methods
Media and culture conditions
The K. aerogenes strain (PmotA::luxCDABE) and melatonin (Sigma Aldrich, St.

Louis, MO) were the same as in our previous study (18). Tryptic soy broth (TSB) (200 mL)
was inoculated with an overnight culture of K. aerogenes in 1:100 ratio. Triplicate flasks
were prepared with either 0nM or 1nM of melatonin. All 6 flasks were incubated in a
shaking incubator at 150 rpm and 37 °C until the desired optical density (OD) was reached.
Exponential growth samples were collected at OD 600=0.3 and stationary samples were
collected at OD600=3.0, these values were selected based on the growth curved obtained in
our lab using NanoDrop 2000c (ThermoFisher Scientific, Waltham, MA). Aliquots (3 mL)
were collected, bacteria were mixed with a transcription stop solution (5% acidic phenol
in ethanol (83)), centrifuged at 3000 rpm and 4°C, and bacterial pellets were stored at 80°C until the extraction.
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3.2.2

RNA extraction
RNA was isolated using the hot phenol method. Nucleic acid concentrations were

measured using a Qubit® RNA Assay Kit in a Qubit® 2.0 Fluorometer (Life Technologies,
CA, USA). RNA integrity was assessed using the RNA Nano 6000 Assay Kit of the Agilent
Bioanalyzer 2100 system (Agilent Technologies, CA, USA). Total RNA samples were
submitted to Beijing Novogene Bioinformatics Technology Co., Ltd. (Beijing, China). A
total of 3 µg RNA per sample was used as input material for the library preparation and
sequencing. Ribosomal RNA depletion was achieved using a Ribo-ZeroTM Magnetic Kit
(Illumina, Inc.).

3.2.3

Library preparation
A library for Strand-specific Transcriptome sequencing was made with NEBNext®

Ultra™ Directional RNA Library Prep Kit for Illumina® (NEB, USA) following the
manufacturer’s recommendations, and index codes were added to each sample. Briefly,
fragmentation was carried out using NEBNext First Strand Synthesis Reaction Buffer（
5X). After cDNA synthesis, fragments of preferentially 150~200 bp in length were purified
with the AMPure XP system (Beckman Coulter, Beverly, USA). The PCR reaction was
conducted using Phusion High-Fidelity DNA polymerase, Universal PCR primers and
Index (X) Primer. Finally, products were purified (AMPure XP system), and library quality
was assessed on an Agilent Bioanalyzer 2100 system. RNA sequencing was performed at
Novogene Co., Ltd. (Beijing, China) on an Illumina Hiseq platform and paired-end reads
were generated.
The reference genome and gene annotation files of K. aerogenes KCTC 2190 (49)
were obtained from the NCBI database. Clean reads were aligned to the reference genome
using Bowtie2-2.2.3. (84). The number of reads that mapped to each gene was evaluated
by HTSeq v0.6.1. Then the expected number of Fragments Per Kilobase of transcript
sequence per Millions (FPKM) base pairs sequenced, of each transcript was calculated
based on the length of the gene and depth of sequencing. FPKM considers the effect of
sequencing depth and gene length for the reads count at the same time, and it is used for
estimating gene expression levels (85).
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3.2.4

Differential expression analysis

To quantify the gene expression levels, the FPKM of each gene was calculated. In
general, an FPKM value of 1 was set as the threshold for determining whether the gene is
expressed or not. K. aerogenes KCTC 2190 genome that I used as reference (49) contains
5,007 annotated genes (86). Principal component analysis (PCA) of the normalized
expression patterns of each sample showed that there were culture conditions with
specific trends among the specimens, with biological replicates isolated from the same
growth conditions clustered together (Fig. 1A). The DESeq R package (1.18.0) (87) was
implemented to identify the differentially expressed genes (DEGs). The obtained pvalues were adjusted using the Benjamini and Hochberg’s FDR estimation method, and
transcripts with an adjusted P-value <0.05 calculated by DESeq were identified as
differentially expressed.
3.2.5

sRNA analysis
Novel intergenic transcripts, discovered by Rockhopper (88), were aligned with

sequences in NCBI NR database using Blastx. Novel transcripts without NR annotation
and with the length between 50 and 500 nucleotides were designated sRNA candidates.
RNAfold (89) and was applied to predict the secondary structures of sRNAs.
3.2.6

Attachment to the abiotic surface
To test the surface attachment of K. aerogenes I used modified methods from

Myers-Morales and colleagues (90). Briefly, overnight cultures of K. aerogenes were
diluted in 1:100 ratio with TSB containing 0 nM or 1 nM melatonin. The cell suspension
(100 µl) was inoculated into wells of a UV-sterilized clear, flat bottom 96-well plate
(Greiner Bio-One, Monroe, NC) and incubated statically for 24 hours at 37°C. Unbound
cells were removed by rinsing with water, followed by inversion of the plate, and tapping
on absorbent paper. Adhered cells were subsequently stained using 0.1% crystal violet. The
stain was removed by careful washing with water, and the wells were allowed to dry
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completely. Stain was eluted using 33% acetic acid. Quantification was performed using a
plate reader (iMark™ Microplate Absorbance Reader, Bio-Rad, Hercules, CA, USA) by
recording absorbance at 600 nm wavelength. Normality of data distribution was tested
using JMP followed by one way ANOVA test (SAS Institute, version 14.0.0).

3.3
3.3.1

Results and Discussion
RNA-Sequencing of cultured Klebsiella aerogenes
The RNA sequencing experiment was performed to characterize the global

transcriptome of cultured K. aerogenes from triplicate planktonic cultures of the wild type
strain during the early exponential and early stationary phase. Additionally, samples from
triplicate cultures treated with 1nM melatonin were also collected in the same fashion,
giving a total of four experimental conditions (Figure 6B).
3.3.2

Transcriptional differences during culture maturation
Comparative analysis of exponential and stationary cells revealed clear

transcriptional differences between two growth stages (Fig. 6B). I detected expression of
4890 various transcripts, with 4395 (89.9%) mRNAs constitutively expressed under every
experimental condition (Fig. 6C). Additionally, 39 small RNAs (sRNAs) were identified,
which to the best of our knowledge, is the first report of sRNA expression in this bacterium.
Moreover, 21 sRNAs were significantly differentially expressed, either down or
upregulated when compared exponential and stationary growth (Table 3.9).
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Figure 3.1 Differential gene expression of K. aerogenes.
A. Principal Component Analysis reveals growth conditions specific patterns of gene
expression. B. Cluster analysis of differentially expressed genes in four experimental
groups. C. Venn diagram illustrating the number of shared and unique genes identified
among the four growth conditions, FPKM>1 represents the expression threshold.
Bacteria during the exponential phase show constant growth rate and uniform
metabolic activity; they are rapidly dividing, and their abundance increases exponentially.
As the number of microorganisms increases, and the nutrient availability is limited,
bacteria enter the stationary phase, where division rate slows, as does the synthesis of
peptidoglycans, proteins, and nucleic-acids (91). Stationary phase cells are a
differentiated cell-type less frequently studied in bacteria. Most microbes have developed
complex mechanisms for surviving in nutrient-limited conditions; cells can enter and
persist in this long-term limited growth stage until eventual death after completely
exhausting the available nutrients. Subsequently, this non-exponentially growing state
also leads to diverse changes in their physiology, metabolism and energetics, ranging
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from carbon storage and cell wall modifications to macromolecules synthesis and
stability (92).

Figure 3.2 Comparison of DEGs during the exponential and stationary growth.
Comparison of differential gene expression (DEG) of K. aerogenes during the
exponential and stationary growth. A. Volcano plot showing up and downregulated
genes, each dot represents one gene. B. Venn diagram showing the number of genes
expressed in two growth stages, FPKM>1 represents the expression threshold. C.
Scatterplot depicting 20 the most significantly downregulated KEGG pathways in
exponential cells as compared with the stationary cells, X-axis represents the name of the
pathway, and the Y-axis represents the rich factor. The size stands for the number of
difference genes and the color stands for different Q values. D. Upregulated KEGG
pathways in exponential cells as compared with the stationary cells.
I found that 6.7% of genes were differentially expressed as cultures mature. 4395
transcripts were detected in all samples (Fig. 6C). Comparison of control samples from the
two growth stages using Venn diagram, with the FPKM >1 as the expression threshold
showed 126 were unique to the exponential growth, and 198 were exclusively expressed
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in the stationary growth (Fig. 7B). When DEGs from the same samples were plotted, 1827
were upregulated and 1828 were downregulated (Fig. 7A, Table S3.1).
To further characterize these differences, I examined the functions of DEGs using
the Kyoto Encyclopedia of Genes and Genomics (KEGG) pathway enrichment. To
investigate changes occurring as a culture matures, the percentage of genes in each KEGG
category was analyzed. Twenty of the most significantly enriched pathways (q < 0.05)
among the differentially expressed genes are illustrated in Fig. 7C and D. Fig. 7C represents
downregulated pathways in exponential cells as compared with the stationary cells, and
Fig. 7D depicts upregulated pathways. Analysis of these revealed the differences in many
processes, including metabolic pathways, flagella assembly, protein export, ribosomal
pathway, amino acids degradation, and biosynthesis of secondary metabolites.
3.3.3

Melatonin induced transcriptional changes
Even though melatonin is widely considered as a neurohormone mainly secreted

by the pineal gland, it is also found in the gastrointestinal lumen partly from pineal
secretion (93), but melatonin biosynthetic enzymes are also present in enterochromaffin
cells and intestinal mucosa (94, 95). Biosynthesis of gut melatonin is a curious
phenomenon. Human and mouse gut tissue, specifically enterochromaffin cells (ECs) (73,
74), secrete melatonin into the lumen in concentrations exceeding serum levels (75).
Melatonin is synthesized from the dietary essential amino acid tryptophan, and its
concentration is increased after food consumption (76). Furthermore, gut melatonin is
secreted in a circadian fashion in young laboratory mice and zebra finches (77, 78).
Therefore, intestinal microbiota, including K. aerogenes, experience cycles of exposure to
this hormone, potentially enabling melatonin to act as an external cue, or time giver
(zeitgeber), to which the circadian clock of K. aerogenes could entrain. Additionally,
melatonin has an impact on rhythmicity of the gut microbiota as a whole (79).
Conversely, several bacteria have also been reported to modulate melatonin
biosynthesis. For example, colonization of human gastric mucosa with H. pylori influences
expression of enzymes involved in melatonin biosynthesis pathway in the gastrointestinal
track. Specifically, the levels of two enzymes, arylalkylamine-N-acetyltransferase (AA-

31

NAT) and acetylserotonin methyltransferase (ASMT), were decreased in H. pylori positive
patients (96). Additionally, endogenous spore forming gut bacteria produce metabolites
which stimulate the host’s serotonin (melatonin precursor) secretion by ECs (97).
Furthermore, collection of cultured human gut bacteria metabolome activates melatonin
receptors MTR1A and MTR1B (98). This evidence supports the hypothesis that gut
melatonin plays an important role in the complicated relationship between the gut
commensal microbiota and its host. However, the transcriptional differences induced by
melatonin in specific members of gut bacteria have not been characterized to date. This
paper aims to address this gap in our knowledge.
Our RNA-Seq experiment revealed that melatonin affected different genes
depending on the growth stage: 81 genes were differentially expressed in exponential
growth, from which 34 were upregulated and 47 were downregulated (Fig. 3.3A, Table
S3.2). During stationary growth, 30 genes were differentially expressed (Fig. 3.3B, Table
S3.3); I observed 11 upregulated and 19 downregulated mRNAs. The presence of
melatonin in the media affected genes within many KEGG pathways, but none of them
were significantly enriched as a whole. Nevertheless, specific genes within these pathways
were affected with statistical significance. Since this analysis did not provide enough
information and did not assign many genes to any category, I manually screened the
remaining differentially expressed genes. They will be discussed below.
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Figure 3.3 . Melatonin induced differential gene expression
Comparison of melatonin induced differential gene expression (DEG) of K.
aerogenes. A. Volcano plot depicting numbers of upregulated and downregulated
genes between exponential cells grown with 1nM and 0nM melatonin, each dot
represents one gene. Genes which do not show significant differential expression
are in blue. B. Volcano plot depicting numbers of upregulated and downregulated
genes between stationary cells grown with 1nM and 0nM melatonin.
I also identified 2 genes among the melatonin affected DEGs from exponential and
stationary growth, which were common to both. These were two transcripts encoding
periplasmic proteins: maltose regulon periplasmic protein MalM and an unannotated
transcript, which encodes a putative periplasmic protein (Table 3.1). The CDD database
suggested that this putative protein belongs to aldolase family, resembling the keto-3deoxygluconate 6-phosphate (KDGP) aldolase that catalyzes the conversion of KDGP to
produce pyruvate and glyceraldehyde-3-phosphate (99). In E.coli, KDGP aldolase is
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encoded by the eda gene (Entner-Doudoroff aldolase) which is under control of at least 3
transcriptional regulators GntR, KdgR, and PhoB (100). Subsequently, I observed
differential expression of GntR gene in our dataset (see below, section 3.3.1.).
Additionally, eda is necessary for the colonization of the large intestine of streptomycintreated mice (101). In Salmonella enterica, DgaF catalyzes the same reaction as that
performed by Eda, a KDGP aldolase in the Entner-Doudoroff pathway, and these enzymes
may substitute for each other in their respective pathways (102). Interestingly, during
exponential growth both transcripts were upregulated whereas in the stationary phase both
were downregulated. This could be due to the various binding sites for different
transcriptional regulators in their promoter sequences, or regulation by numerous sRNAs.

Table 3.1 Melatonin sensitive DEGs affected in both growth stages

3.3.3.1 Transcriptional regulators
Within the 81 DEGs from exponential cells, I identified downregulation of five
transcriptional regulators: TetR family transcriptional regulator, Helix-Turn-Helix (HTH)
DNA binding domain from the MerR superfamily, DNA-binding transcriptional regulator
Crl, phosphonate utilization transcriptional regulator PhnR, and GntR family regulatory
protein (Table 3.2). The transcription factor family GntR, first described in Bacillus subtilis
and named after the gluconate-operon repressor, is widely distributed among bacteria and
regulates various biological processes (103). These regulatory proteins are comprised of a
DNA-binding domain and a signaling domain, connected together. All representatives of
this family share highly similar N-terminal HTH (helix-turn-helix) DNA-binding domains,
but the C-terminal domains are often dissimilar and bind specific coactivator molecules
that change their conformation and allow DNA binding. In many bacteria, GntR family
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transcription factors are involved in regulation of carbohydrate transport and metabolism,
and in at least one bacterial species, Streptococcus mutans, biofilm formation (104).
Subsequently, I observe differential expression of genes involved in these processes.
The second downregulated transcription regulator belongs to the MerR
superfamily. These regulators also possess HTH DNA-binding domain, and they are
known to regulate expression of metal ions transporters and oxidative stress regulons (105).
Their mechanism of action is based on reconfiguration of spacer sequence located in the
promoted region between -35 and -10 promoter element. This change in MerR
transcriptional regulator expression could be the reason of lower abundance in 8 genes
related to the stress response (Table 3.7). Melatonin also affected many transcripts
encoding metal ion transporters and proteins binding metal ions (Table 3.8), which are
discussed in detail in a separate section below (section 3.3.3.7.).
Table 3.2 Relative expression of transcriptional regulators in K. aerogenes grown with
1nM melatonin as compared with control cells
Gene ID

Product

Description

Growth stage

fold change

EAE_03430
EAE_17995

GntR
MerR

exponential
exponential

-1.677
-1.729

EAE_10115
EAE_11960

TetR
Crl

exponential
exponential

-1.730
-2.055

EAE_07360

PhnR

GntR family regulatory protein
MerR superfamily transcription
regulator
TetR family transcriptional regulator
DNA-binding transcriptional regulator
Crl
phosphonate utilization
transcriptional regulator PhnR

exponential

-2.556

The third downregulated transcriptional regulator was identified as sigma factorbinding protein Crl. In E. coli, this protein interacts with the sigma S (RpoS, σS), a stressresponse sigma factor, which is activated when bacteria face unfavorable conditions, such
as low temperatures, or during the stationary phase of growth (106). RpoS-dependent gene
activation results in general stress resistance of bacterial cells (107). The Crl protein, was
originally recognized as a sigma factor, but it actually binds to the σS to promote its affinity
to the RNA polymerase. This protein increases expression of stress response genes and
those required for production of curli fibers involved in biofilm formation (106). In E. coli,
Crl protein is accumulated in stationary phase only at 30 °C but not when temperature is
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increased to 37 °C (108). Once again, this lower expression of Clr could be responsible for
the desecrated levels of stress response genes and biofilm related genes.
The next transcriptional regulator downregulated by 1nM melatonin was the TetR
family transcriptional regulator. Members of this family are involved in control of
multidrug efflux pumps, biosynthesis of antibiotics, response to osmotic stress and toxic
chemicals, control of catabolic pathways, differentiation processes, and pathogenicity
(109). TetR also controls the expression of tetracycline resistance efflux pump tetA, which
removes antibiotic out of the cell before it can attach to the ribosomes and inhibit protein
synthesis. The last transcript in this category, phosphonate utilization transcriptional
regulator PhnR is usually found nearby to or inside of operons for the degradation of 2aminoethylphosphonate (AEP) in Salmonella (110).

3.3.3.2 Fimbria
Fimbria (also known as pili) are a type of appendage used by bacteria for
attachment to each other or their surroundings; they are also recognized as virulence factors
(111). Adhesive fimbria-mediated interactions can promote biofilm formation and are
often essential to the successful colonization of the host by both commensal and pathogenic
bacteria species (112). To our knowledge, research investigating K. aerogenes fimbria have
been very scarce. Previous reports indicated that this microorganism possesses at least 2
kinds of fimbria: type 1 fimbriae, which consist of polymers of single polypeptide subunits
of 18000 molecular weight, and hemagglutinating thin non-channeled fimbriae (113, 114).
In this experiment I observed melatonin induced differential expression of 5 genes from the
pilus category (Table 3.3).

The gene that was the most upregulated in the exponential cells grown with
melatonin (fold change = 4.129) was a minor fimbrial subunit pmfE (Proteus mirabilis
fimbria). PmfE is a tip adhesin, facilitating attachment to the surrounding surface.
Proteomic analysis performed on P. mirabilis from the stationary aerated planktonic
culture identified PmfE among the most abundant extracellular proteins (115).
Additionally, I observed upregulation in 2 other genes involved in pilus biogenesis papD
and papC. PapC, also known as the usher, is the outer membrane protein driving pilus
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assembly. PapD is a periplasmic chaperone preventing pilin molecules from accidentally
assembling in the periplasmic space (116).
Melatonin also upregulated cell adhesion genes in stationary cells. Aforementioned
genes were type 1 major fimbrial protein FimA and major fimbrial subunit PmfA, which is
similar to the E. coli protein FimF, involved in the regulation of length and mediation of
adhesion of type 1 fimbria (117). The same paper reported that the major fimbrial subunit
gene fimA in combination with either the fimF or the fimG are required for mannosespecific adhesion through pili in E. coli. Stationary growth is characterized by increased
fimbriation in general (115). However, our results suggests that melatonin may induce
fimbriation even more.
Table 3.3 Relative expression of fimbrial genes in K. aerogenes grown with 1nM
melatonin as compared with control cells
Gene ID

Product

Description

Growth stage

fold change

EAE_02585
EAE_02420
EAE_02425
EAE_02410
EAE_02610

PmfE
PapD
PapC
FimA
PmfA

minor fimbrial subunit
P pilus assembly chaperone
P pilus outer membrane usher protein
P pilus pilin
major fimbrial subunit

exponential
exponential
exponential
stationary
stationary

4.129
1.975
1.881
1.295
1.409

3.3.3.3 Biofilm
A biofilm is a community of sessile bacteria attached to the surface. 65-80% of
human bacterial infections involve biofilms (118). Biofilms also pose serious problems in
environmental and industrial settings (119). Moreover, biofilms found on urinary catheters
frequently involve K. aerogenes (120). This microorganism forms biofilm by secreting
extracellular matrix carbohydrates comprised of repeats of D-glucose, L-fucose and Dglucuronic acid, which contributes to the mechanical stability of the biofilm (121, 122).
When melatonin was present in the media during the exponential growth, I
observed lower expression of 4 genes involved in biofilm formation (Table 3.4), probably
due to the downregulation of the same GntR family transcription factor. These biofilm
related genes enriched by melatonin were the two-component-system connector protein
YcgZ and regulator of acid resistance influenced by indole AriR, the biofilm formation
regulatory protein BssS and the regulator of biofilm through signal secretion BssR. YcgZ
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and ariR were both downregulated with an approximately 3-fold change. AriR is a
regulatory protein, and it is also known under alternative name YmgB; this gene is located
on the ymgABC operon in E. coli. AriR was reported to play a role in biofilm development
and acid-resistance (123). It reduces biofilm formation in rich medium containing glucose,
represses cellular motility and protects microorganisms from acid. AriR, after
dimerization, binds to genes involved in biofilm formation via a ligand. In vitro YmgB
binds to the DNA non-specifically (123). BssS (previously known as YceP) is also the
biofilm regulatory protein (124). BssR (previously known as YliH) and BssS (YceP) are
involved in repression of motility in the biofilms. They are activated in E. coli biofilms
(125). As reported by Domka and colleagues, deletion of bssS and bbsR in E. coli increases
the biofilm formation, reduces the level of intracellular indole, and increases motility. BssS
mutants showed increased motility through increased transcription of fliC and motA. These
mutants also had altered expression of stress response genes and the phosphotransferase
system (PTS).
Subsequently, our dataset showed downregulation of stress response regulated
genes and PTS genes, probably as the result of lower abundance of BssS and BssR. It is
worth pointing out that these bacteria were grown in planktonic culture conditions in
agitated flask and no surface adhesion or biofilm formation was observed. Therefore, these
genes may have additional undiscovered functions. However, our lab has shown that when
melatonin is present in the semisolid agar, the size of K. aerogenes macrocolony drastically
increases (18).
Table 3.4 Relative expression of biofilm genes in K. aerogenes grown with 1nM
melatonin as compared with control cells
Gene ID

Product

Description

Growth stage

fold change

EAE_14355

YcgZ

exponential

-3.148

EAE_14345

AriR

exponential

-3.088

EAE_16280
EAE_14770

BssS
BssR

two-component-system connector
protein
regulator of acid resistance influenced
by indole
biofilm formation regulatory protein
regulator of biofilm through signal
secretion

exponential
exponential

-1.675
-1.819

3.3.3.4 Phosphotransferase system (PTS)
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The phosphotransferase system is a carbohydrate uptake mechanism depending on
the energy generated from phosphoenolpyruvate (PEP). It catalyzes transport and
phosphorylation of mono and disaccharides across the cell membrane. PTS is a type of
active transport used for translocation and phosphorylation of various sugars into the
bacterial cell. This system consists of three components: 1) cytoplasmic Enzyme I, which
is a PEP-dependent protein phosphorylating kinase; 2) heat-stable phosphoryl carrier
protein (HPr); and 3) sugar specific Enzyme II complex consisting of IIA, IIB, IIC, and
sometimes IID proteins (126). Enzyme I and HPr are general energy coupling enzymes,
common to all Enzyme II complexes, and catalyzing transfer of phosphoryl group from
PEP. Enzyme II is substrate specific, and its responsible for sugar translocation through
the membrane using IIC permease and subsequent phosphorylation of this sugar particle.
After being released from EII into the cytoplasm phosphorylated sugars enter glycolysis
and generate PEP and ATP. Additionally, PTS possess regulatory functions related to
carbon, nitrogen and phosphate metabolism, chemotaxis, potassium transport, and
virulence of some bacteria (127).
Examining differences in exponential cells I identified 2 downregulated genes from
the PTS system involved in carbohydrate transport: mannitol transporter MtlA and maltose
transporter MalX (Table 3.5). I also saw downregulation in 2 genes encoding PTSdependent dihydroxyacetone kinase subunits, DhaK and DhaL, which at the same time are
involved in glycerolipid metabolism and carbohydrate metabolic process. DhaK is the
dihydroxyacetone-binding subunit and DhaL contains the nucleotide-binding site (128).
DhaK

catalyzes

the phosphoenolpyruvate (PEP)-dependent phosphorylation of

dihydroxyacetone via a phosphoryl group transfer from DhaL-ATP.
Stationary cells were characterized by upregulation of a carbohydrate transport
gene called lactose/cellobiose-specific PTS family enzyme IIC component. This enzyme
catalyzes the transfer of a phosphoryl group from IIB to sugar substrates associated with
their translocation across the cell membrane (129). At the same time, I noticed
downregulation of PTS maltose/trehalose specific EIIBC component and transcriptional
regulator encoding component EIIA, which phosphorylation state is critical to the gene
regulation. Dephosphorylated EIIA prevents adenylate cyclase from converting ATP to
cyclic AMP (cAMP) when the preferred substrate is available. When EIIA is
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phosphorylated, it can no longer inhibit adenylate cyclase, which leads to increased
concentration of cAMP and that induces expression of different EIIC specific for transport
of other sugars.
Table 3.5 Relative expression of PTS genes in K. aerogenes grown with 1nM melatonin
as compared with control cells
Gene ID

Product

Description

Growth stage

fold change

EAE_06200
EAE_18025
EAE_03850
EAE_03855
EAE_10515
EAE_09655

MtlA
MalX
DhaK
DhaL
CelB
MtlA2

exponential
exponential
exponential
exponential
stationary
stationary

-1.835
-1.788
-2.633
-2.292
1.330
-1.413

EAE_09695

TreB

mannitol transporter IIBC component
maltose transporter
dihydroxyacetone kinase subunit
dihydroxyacetone kinase subunit
lactose/cellobiose-specific enzyme IIC
transcriptional regulator/PTS system,
IIA component
trehalose/maltose-specific transporter
subunits IIBC

stationary

-1.730

3.3.3.5 Carbohydrate transport and metabolism
Among the most upregulated transcripts during the exponential growth, I identified
3 genes involved in maltose transport: gene encoding maltose regulon periplasmic protein
malM, maltoporin lamB, and malG maltose permease (Table 3.6). In E. coli, malM and
lamB belong to malK-lamB-malM operon and is consequently part of the maltose regulon
(130). A slightly smaller fold change (upregulation of 2.66-fold) was observed for the
pyruvate formate lyase pflB; this enzyme belongs to many metabolic pathways, including
carbohydrate metabolism, pyruvate metabolism, propanoate metabolism, and butanoate
metabolism. In E. coli, this gene regulates anaerobic glucose metabolism (131) and
catalyzes the reversible conversion of pyruvate and coenzyme-A into formate and acetylCoA. Interestingly I also observed downregulation of pyruvate formate-lyase 3-activating
enzyme YbiY in the stationary cells.
Additionally, 1nM MEL in stationary cells caused upregulation of 2 genes involved
in O-glycosyl compounds hydrolyzation: bglC and bglA both encoding 6-phospho-betaglucosidase. Simultaneously, I observed downregulation of maltose and trehalose
transporters. Maltose and trehalose are disaccharides in which sugar groups are connected
via an O-glycosidic bond. Glucose is the preferred energy source in many bacteria; when
this simple sugar is depleted, alternative sugars are acquired from the media. Disaccharides
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need to be broken down by enzymes such as 6-phospho-beta-glucosidases. This will
increase intercellular levels of glucose, which will become phosphorylated by EIIA
component of the PTS. Dephosphorylated EIIA will prevent adenylate cyclase from
producing cAMP and stop expression of alternative sugar transporters. The aforementioned
chain of events could be responsible for lower expression of MalM maltose periplasmic
protein and PTS system trehalose specific EIIBC component in the stationary cells.
Table 3.6 Relative expression of carbohydrate transport and metabolism in K. aerogenes
grown with 1nM melatonin as compared with control cells
Gene ID

Product

Description

Growth stage

fold change

EAE_08405
EAE_08400
EAE_08380
EAE_22035
EAE_08405
EAE_00580
EAE_17965

malM
LamB
MalG
pflB
malM
BglA
BglC

maltose regulon periplasmic protein
maltoporin lamB
maltose permease
pyruvate formate lyase 1
maltose regulon periplasmic protein
6-phospho-beta-glucosidase
Aryl-phospho-beta-D-glucosidase

exponential
exponential
exponential
exponential
stationary
stationary
stationary

3.324
2.870
2.491
2.663
-1.986
1.348
1.789

3.3.3.6 Stress response
The ability to monitor the environment for toxic molecules and other disturbances
is essential for bacterial survival. Therefore, bacteria evolved diverse signaling
mechanisms to adapt their gene expression to unfavorable conditions. As microbial culture
matures nutrients are depleted and metabolites are accumulating. Expression of stressrelated genes is crucial, especially during the transition to the stationary phase, due to
limited resources and oxidative stress (132). On the other hand, melatonin possesses potent
antioxidant properties (133); for example, it has been reported to reduce oxidative stress in
neonates with sepsis, asphyxia, and respiratory distress (134).
In our experiment, I observed lower abundance of 5 genes related to stress response
when analyzing samples collected from exponential growth with 1nM melatonin (Table 7).
Among them was the most downregulated gene under these conditions, the translation
inhibitor protein RaiA (fold change -4.33). RaiA production is induced during stationary
phase or cold temperatures (135) and when experiencing nitrogen limitation stress (136).
During environmental stress RaiA stabilizes the 70S ribosome against dissociation, inhibits
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translation elongation and increases translation accuracy. Interestingly, in our dataset I also
observed an alternative transcript overlaid with RaiA, which I named Novel00008. This
mRNA was 380 bp and expanded both upstream and downstream from originally annotated
raiA, which measures only 336 pb.
The remaining down-regulated stress response genes were two universal stress
proteins: uspA and uspB (Table 3.7). The levels of UspA in E. coli become elevated in
response to a variety of stress conditions, such as starvation for carbon, nitrogen,
phosphate, sulfate, and amino acids and exposure to oxidants (137). UspB is transcribed
under stress conditions including starvation and is required for wild-type ethanol tolerance
in stationary phase (138). Furthermore, I observed a reduction of another gene connected
to stress response to the reactive oxygen species; lipoprotein expression was reduced by
over 2-fold. Additionally mRNA encoding YchH, a protein proven to be involved in
reducing stress related to H2O2, cadmium and acid exposure (139), was also downregulated
(fold change= -2.9). Interestingly, ychH mutants show increased biofilm formation (139).
During stationary growth, melatonin also decreased expression of two stress related
proteins DnaK and GroES (fold change -1.4 and -1.7 respectively), and increased
expression of a gene which in our analysis was named Novel00128. This novel transcript
was 263 bp long and it overlayed the universal stress protein F (UspF), which in the original
genome annotations is 426 bp long. UspF (former YnaF) is a nucleotide binding protein,
which is predicted to dimerize and to have an ATP-binding site (140). Even though uspF
encodes a universal stress protein F, according to Nachin et al. uspF plays a minor role in
the oxidative stress defense. Instead UspF promotes fimbria-mediated adhesion at the
expense of motility, uspF mutant displayed an enhanced motility without an increase in the
number of flagella (137).
DnaK is a chaperone protein not only assisting in heat shock response, but also in
a number of cytoplasmic cellular processes including folding of newly synthesized
polypeptide chains (141), rescue of misfolded proteins (142) and protein secretion (143).
Overexpression of DnaK and other stress related genes have also been reported in E. coli
biofilms (119). Co-chaperonin GroES synthesis essentially increases at various cell
stresses; this protein assists with protein folding as well (144). Previous research in E. coli
related to GroE established its connection to the KDPG aldolase. When GroE levels were
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reduced the synthesis of KDPG aldolase increased in E. coli (145). However, in this
experiment I observed reduction of both transcripts during the stationary growth with 1nM
melatonin.
Table 3.7 Relative expression of stress response genes in K. aerogenes grown with 1nM
melatonin as compared with control cells
Gene ID

Product

Description

Growth stage

fold change

EAE_05770
EAE_05775
EAE_16700
EAE_18855
EAE_01045
Novel00008
EAE_10730
EAE_09130
Novel00128/EA
E_20600

UspB
UspA
YchH
lipoprotein
RaiA
RaiA
DnaK
GroES
UspF

Universal stress protein B
Universal stress protein A
stress response protein
response to oxidative stress
translation inhibitor protein
translation inhibitor protein
molecular chaperone
co-chaperonin
universal stress protein F

exponential
exponential
exponential
exponential
exponential
exponential
stationary
stationary
stationary

-1.98
-1.57
-2.90
-2.07
-4.33
-5.64
-1.4
-1.7
1.39

3.3.3.7 Metal ion transport and binding
Metal ions can be toxic to microbes in high concentrations. However, bacteria
require certain metal ions called trace elements for normal growth. In most cases the
requirement for these ions arises from their roles as cofactors. Examples of such metallic
cofactors include iron, copper, magnesium, manganese, zinc, cobalt, and selenium (146).
On the other hand, melatonin has been described to form metal complexes with aluminum,
cadmium, copper, iron, lead, and zinc (147-149). Therefore, when melatonin is present in
the environment it must reduce the pool of available metal ions and affect expression of
enzymes requiring them as cofactors or metal ion transporters. Additionally, melatonin has
also been reported to protect against nickel toxicity (150).
I observed that melatonin affected many genes involved in metal ion transport and
binding during both growth stages (Table 3.8). Most of these involved iron binding, but I
also detected differences in genes related to copper, nickel, zinc, and selenium. Most of
these genes were downregulated apart from yfaE, cusB, and rcnA. YfaE was upregulated
by melatonin during the exponential growth. YfaE is a [2Fe-2S] cluster-containing
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ferredoxin in many bacteria including E. coli and K. aerogenes. It is located on one operon
next to nrdB ribonucleotide reductases responsible for the conversion of nucleotides to
deoxynucleotides. YfaE participates in diferric-tyrosyl radical maintenance in
ribonucleotide reductase (151).
At the same time, I also observed significant downregulation (3-fold) of another
ferredoxin YkgJ. Two remaining upregulated genes during exponential growth were two
efflux transporters: copper efflux system (cusB) and nickel/cobalt efflux transporter (rcnA),
their expression was increased 2-fold by melatonin. CusB belongs to the copper ion two
component system, involved in the detoxification of copper and silver ions in E. coli as
part of the CusCFBA operon (152). RcnA is an inner membrane ABC-type transporter, in
E. coli K-12 important for Ni2+ and Co2+ homeostasis (153). Two copper ion binding
proteins were also downregulated: the biofilm formation regulatory protein BssS (already
discussed in the biofilm section) and CutC copper homeostasis protein, which is involved
in modifying intracellular copper content (154).
Two genes belonging to D-glucosaminate degradation pathway, DgaE
selenocysteine synthase and DgaF, were also downregulated by melatonin. DgaE converts
the d-glucosaminate-6-phosphate to 2-keto-3-deoxygluconate 6-phosphate (KDGP), which
is then cleaved by the KDGP aldolase DgaF (already discussed earlier in section 3.3.) to
form glyceraldehyde-3-phosphate and pyruvate (102). DdaE is located on one operon with
DgaF and mannitol/fructose-specific PTS transcriptional regulator component EIIA (also
mentioned previously, section 3.3.4.), all of them were downregulated by melatonin in
stationary cells. In Salmonella enterica, these genes are encoded on dgaABCDEF operon,
however, in K. aerogenes they are encoded in a different order on the operon, which only
contains dgaE, dgaF, dgaA, and two other genes encoding dihydroorotase and 3carboxymuconate cyclase.
Remaining downregulated transcripts included EfeB iron-dependent peroxidase
was differentially expressed in exponential cells. EfeB is a periplasmic protein involved in
the recovery of exogenous heme iron and contains a Tat (twin-arginine translocation)
signal sequence, suggesting that is exported in a folded state (155). Downregulation of this
gene by melatonin may be very important in clinical setting, since K. aerogenes is
associated with deadly blood infections (33).
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The most downregulated gene among 30 DEGs in stationary cells grown with 1nM
MEL was hydrogenase nickel incorporation protein HypB (fold change -2.3) which is
involved in the coenzyme biosynthetic process. The HypB protein, in E. coli, is responsible
for the maturation of all hydrogenase isoenzymes. It is required for the incorporation of
nickel into the large subunit of hydrogenases (156). During stationary growth, melatonin
also downregulated uup (divalent iron ion ABC transporter), hypF (zinc ion binding
carbamoyltransferase), ybiY pyruvate formate-lyase 3-activating enzyme, hydN (formate
dehydrogenase-H), and appB (Cytochrome bd-II ubiquinol oxidase subunit 2). YbiY is
interacting selectively and non-covalently with one [4Fe-4S] cluster. HydN also contains
[4Fe-4S] cluster and facilitates electron transport from formate to hydrogen. AppB encodes
subunit of Cytochrome bd-II and is involved in generating proton-motive force (157), and
uses heme as a cofactor, these differences may have an impact on changes in energetics in
melatonin treated cells.
Table 3.8 Relative expression of ion transporters and ion binding proteins in K.
aerogenes grown with 1nM melatonin as compared with control cells
Gene ID

Product

Description

Growth stage fold change

EAE_16280
EAE_22905
EAE_02500
EAE_09975

BssS
CutC
RcnA
CusB

exponential
exponential
exponential
exponential

-1.675
-1.684
2.172
2.248

EAE_24250
EAE_21475
EAE_16085
EAE_06085
EAE_01610
EAE_01685

YfaE
YkgJ
EfeB
Uup
HypF
HypB

exponential
exponential
exponential
stationary
stationary
stationary

1.656
-3.131
-1.804
-1.389
-1.504
-2.298

EAE_09640
EAE_01615

DgaE
HydN

stationary
stationary

-1.778
-1.704

EAE_19675
EAE_14725

AppB
YbiY

biofilm formation regulatory protein
Copper homeostasis protein
nickel/cobalt efflux transporter
copper/silver efflux system
membrane fusion
2Fe-2S ferredoxin YfaE
ferredoxin
iron-dependent peroxidase
divalent iron ion ABC transporter
zinc ion binding carbamoyltransferase
hydrogenase isoenzymes nickel
incorporation protein
selenocysteine synthase
formate dehydrogenase-H ferredoxin
subunit
cytochrome bd-II ubiquinol oxidase
pyruvate formate-lyase 3-activating
enzyme

stationary
stationary

-1.564
-1.640
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3.3.4

Klebsiella aerogenes transcribes numerous small RNAs
RNA-Seq has the ability to discover non-coding RNAs (ncRNAs). In prokaryotes,

non-coding RNAs with length between 50 and 500 nucleotides, with a stable secondary
structure, are defined as small RNAs (sRNA). They are recognized as key regulators of
prokaryotic gene expression. Most sRNAs regulate target genes by base pairing with their
mRNAs post transcriptionally, which affects the transcript stability and/or the translation
rate (158). This process is often facilitated by the RNA chaperone Hfq, stabilizing the
sRNA and allowing its interaction with the target mRNA (159). Small RNAs are not only
capable of modulating transcription, mRNA stability, translation, but are also responsible
for DNA maintenance or silencing. They are usually encoded on intergenic regions, but
sometimes they can be transcribed from the internal promoter within gene’s coding
sequence. They act through various mechanisms of actions, such as changes in RNA
conformation, protein binding, base pairing with mRNA, or interaction with DNA just to
name a few.
Our analysis identified 39 sRNA transcribed in tested conditions by the K.
aerogenes: 14 encoded on the negative strand and 25 encoded on the positive strand
(Supplemental Table S3.4), additionally when sRNAs were mapped on the genome they
were distributed almost across the whole genome (Fig. 3.4). The biggest differences in the
sRNA expression occurred during culture maturation. Twenty-one sRNAs were
significantly differentially expressed, either down or upregulated when compared
exponential and stationary growth (Table 3.9). I also determined their secondary structures;
examples of four sRNA are depicted on Fig. 3.5. I did not further investigate these sRNAs,
but I provide the results as a resource to other investigators to study them in the future
using the experimental approach.
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Figure 3.4 Map indicating location of sRNAs on the K. aerogenes genome
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Table 3.9 sRNA expression pattern
Gene_id

readcount_expo_con

readcount_stat_con

log2FoldChange

pval

padj

sRNA00001

1661.38506

28.6096106

5.8597

1.02E-12

2.89E-12

sRNA00009

499.442458

71.2882052

2.8086

8.58E-60

9.26E-59

sRNA00013

659.34819

95.8834936

2.7817

9.90E-26

4.80E-25

sRNA00026

4.00014301

42.5159031

-3.4099

1.38E-11

3.73E-11

sRNA00027

356.571513

84.678909

2.0741

0.0011199

0.0018667

sRNA00035

620.289457

189.709148

1.7092

1.56E-14

4.79E-14

sRNA00042

181.075443

634.487767

-1.809

1.78E-10

4.57E-10

sRNA00043

14.9054966

1438.24867

-6.5923

2.79E-257

2.79E-255

sRNA00053

31.9621992

4.77211771

2.7437

1.90E-06

3.92E-06

sRNA00061

658.265716

255.432909

1.3657

0.011227

0.01665

sRNA00066

3803.19258

1102.70974

1.7862

0.0001737

0.00031008

sRNA00076

9.07422177

165.897356

-4.1924

1.58E-11

4.26E-11

sRNA00084

8.82746273

828.212619

-6.5519

1.48E-56

1.51E-55

sRNA00111

864.965138

291.309708

1.5701

5.00E-07

1.07E-06

sRNA00116

158.407657

39.0178968

2.0214

2.89E-10

7.36E-10

sRNA00126

44.5816367

5.93101536

2.9101

0.0025687

0.0041066

sRNA00129

12.9948782

1261.6247

-6.6012

4.10E-242

3.59E-240

sRNA00139

604.077775

3188.35381

-2.4

1.41E-82

2.24E-81

sRNA00143

12.7835526

150.111322

-3.5537

4.22E-36

2.79E-35

sRNA00145

401.023505

597.039793

-0.57414

0.004809

0.0074597

sRNA00146

277.30279

555.075034

-1.0012

6.40E-12

1.76E-11
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Figure 3.5 . Predicted secondary structures of selected sRNAs.
A. sRNA00001, B. sRNA00053, C. sRNA00008, and D. sRNA00137, respectively.
3.3.5

Attachment to the abiotic surface
Surface adhesion is the first step of bacterial colonization and biofilm formation. It

can be mediated through nonspecific factors such as electric charge of the membrane and
surface hydrophobicity (160), or specialized adhesins located on the outer membrane, such
as fimbria and other non-polymeric proteins (119). Most microorganisms express several
different adhesins on their cell surface, which enables them recognition and attachment to
various molecules, such as host tissues or abiotic surfaces like glass or plastic. In general,
bacterial adhesins are organized as thin, thread-like organelles referred to as fimbriae,
although they can also exist as non-polymeric protein species on the cell surface. For
example, E. coli K-12 implements type 1 fimbria (161, 162), flagella (161), antigen 43
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(162), and curli (163) for facilitation of surface attachment. Furthermore, bacteria perform
major changes on transcriptional level during transition from planktonic to sessile
conditions (119).

After observing melatonin induced transcriptional differences in

expression of type 1 fimbria in our dataset, I hypothesized that melatonin increases fimbriamediated attachment to the abiotic surfaces.
To test this hypothesis, I performed crystal violet biofilm assay to investigate
differences in attachment in static cultures incubated with 0nM or 1nM melatonin. Our
results demonstrated that K. aerogenes grown with 0nM melatonin accumulated on an
abiotic surface at a lower rate comparing with bacteria cultivated with 1 nM melatonin
(Fig. 3.6). K. aerogenes produced significantly more attached biofilm biomass in the
presence of MEL during 24 hours of incubation. These changes in the amount of adherent
biomass are probably caused by the increase in fimbria gene expression induced by MEL.
Therefore, we concluded that 1nM melatonin increases fimbria-mediated attachment to the
abiotic surfaces.

Figure 3.6 Impact of 1nM melatonin on fimbria mediated attachment.
The biomass of K. aerogenes that adhered to 96-well plates after 24-h static culture was
quantified by crystal violet staining. Biofilm biomass of bacteria grown in TSB with 0 nM
melatonin (control) or 1 nM melatonin. Bars represent the means from two independent
experiments, and error bars show SDs. Statistical differences were determined with one
way ANOVA. ***, P >0.001.
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3.4

Conclusions
We hypothesized, based on our previous research (18), that introduction of 1nM

melatonin into the culture media will affect the global transcriptome of K. aerogenes.
Levels of melatonin found in the GI track are 10-400x higher when compared to serum
concentration (164, 165). Melatonin is an important signal in circadian rhythmicity, but it
is also known for its antioxidant and anti-inflammatory properties (95). Pineal secretion of
melatonin is under photoperiodic control. However, the release of MT from GIT is likely
related to food intake (166, 167), which in turn is at least partially regulated by the lightsensitive circadian clock in the hypothalamic suprachiasmatic nuclei (168).
The most important conclusion from this experiment is that melatonin affects
different genes depending on the growth stage, with the exception of two transcripts
encoding periplasmic proteins maltose regulon periplasmic protein MalM and KDGP
aldolase. Additionally, the number of DEGs affected by melatonin during stationary
growth is much lower than the number of DEGs identified in exponential cells. Melatonin,
however, affected expression of transcripts encoding proteins ranging from the outer
membrane, through the periplasm, and cytoplasm; processes that were most affected by
melatonin include pilus biosynthesis, biofilm formation, stress response, carbohydrate
transport, and metal ions homeostasis. Graphical summary of processes affected by
melatonin is depicted on Fig. 3.6.
In our previous manuscript, we reported K. aerogenes melatonin sensitivity and
observed phenotypical differences in macrocolony appearance between plates with 0nM or
1nM melatonin. We also detected circadian expression of PmotA::luxCDABE reporter
(18). This RNA-Seq experiment showed that motA (flagellar motor protein) expression is
not directly sensitive to melatonin nor does its expression vary depending on growth stage.
Therefore, circadian pattern of the luciferase signal and its synchronization must be a result
of another mechanism, possibly rhythmic cell division. Melatonin also increased the area
of macrocolony/biofilm. However, that experiment was performed on semisolid agar.
Subsequently, this RNA-Seq detected lower expression of several genes related to
the biofilm formation, during exponential growth. Additionally, we observed higher
expression of various pili genes in the exponential and stationary growth. Pili-mediated
interactions promote biofilm formation (112). Therefore, we concluded that these
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phenotypical differences induced by melatonin were the consequence of differential
expression of biofilm and pili genes. Regarding melatonin induced synchronization of
cultures, we observed that this indole molecule downregulated expression of 5
transcriptional regulators, thus these differences may be responsible for synchronization of
luciferase signal between separate plates. Based on the results of this RNA-Seq experiment
and observed changes in biofilm, pili, and stress response genes expression we concluded
that melatonin helps K. aerogenes in colonization of the host and attachment to its gut
epithelium.

Figure 3.7 Graphical summary of RNA-Seq results.
Figure shows processes that were either up or downregulated by melatonin in
exponential and stationary growth phase (created with BioRender.com).
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CHAPTER 4. K. AEROGENES EXPRESSES CIRCADIAN RHYTHMICITY WITHIN
THE GASTROINTESTINAL SYSTEM OF THE LABORATORY MOUSE
4.1

Introduction
The vertebrate circadian clock is controlled by a gene network of “clock genes” and

their products (3). The “positive elements” Clock and Bmal1 are transcribed and translated
in the cytoplasm where their protein products form dimers that reenter the nucleus and
stimulate the transcription of the “negative elements” the period genes (Per1, 2 and 3) and
cryptochromes (Cry1 and 2), as well as other “clock-controlled genes.” These are translated
in the cytoplasm, form oligomers that reenter the nucleus, where they inhibit the activity
of the CLOCK/BMAL1 dimers. This loop effects a 24 hr cycle, and disruption of this autoregulatory gene network alters or abolishes overt circadian rhythms (3).
At the physiological level, the mammalian (including human) circadian system is a
hierarchical system in which a master pacemaker in the hypothalamic suprachiasmatic
nuclei (SCN) interacts with downstream circadian clocks in the periphery, such as
gastrointestinal track (169). Our lab and others have established that the gastrointestinal
system expresses a circadian clock that is still dependent on the aforementioned clock
genes (170-172). This clock controls a wide array of clock-controlled genes in the
gastrointestinal tract (173) and is required for circadian gastrointestinal rhythms, because
double knockout of Per1 and Per2 abolishes gastrointestinal rhythms (174). In addition, the
gastrointestinal clock can be synchronized by light-dependent sympathetic afferents from
the SCN and timed feeding regimens, which supersede the effects of light (71).
Additionally, human gut commensal microbiota also demonstrates rhythmicity in the
abundance of certain phyla (43, 57).
A balanced gut microbiome is crucial to human health, and dysbiosis has been
correlated with many diseases (41). Human gut microbiota not only exhibits circadian
rhythmicity in relative abundance of certain phyla, but also the on the functional level.
During the resting phase genes responsible for motility, detoxification and environmental
sensing genes are upregulated, whereas during the active phase DNA repair, cell wall
synthesis and energy metabolism transcripts were highly expressed (42). The human gut
microbial community comprises mainly Bacteroides and Firmicutes, while Klebsiella
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aerogenes belongs to the Proteobacteria, which is listed as the fourth most numerous phyla
in the gut microbiome (175).
K. aerogenes is a minor member of human gut microbiota. It is a Gram-negative,
flagellated, indole-negative bacterium. K. aerogenes expresses a temperature-compensated
circadian rhythm in bioluminescence (18). Subsequent research has shown the circadian
patterns of bioluminescence can be entrained to cycles of 1°C and 3°C in amplitude
equivalent to the daily patterns of human body temperature (TB) (19). This raises the
possibility that circadian patterns in bacterial commensals may be synchronized to their
host’s circadian clock in vivo via entrainment of the bacterial clock. The present study
explores whether infection of K. aerogenes in the gastrointestinal tract of a heterologous
host, the laboratory mouse, would persist in vivo and whether the bacteria would persist in
their rhythmicity under these admittedly artificial circumstances.

4.2
4.2.1

Methods
Bacterial cultures
Clinical isolates of Klebsiella aerogenes were cultured in LB Broth at 37°C in a

shaking incubator. K. aerogenes were made competent by the CaCl2 method, and
PmotA::luxCDABE plasmid extracted from the host strain was transformed into K.
aerogenes by heat shock (18). Transformants were selected on tetracycline-supplemented
medium and stored as glycerol stocks in -80°C for future studies.
4.2.2

Analyses of Intestinal Bacterial DNA Abundance
Male C57/BL6J mice were housed at the University of Kentucky Division of

Laboratory Animal Research (UKDLAR). Before bacteria administration, animals were
housed in 12 hrs: 12 hrs of light:dark (LD 12:12) conditions as per UKDLAR policy. We
refer to this experiment as ‘cross-sectional’ to emphasize that animals were sacrificed at
each timepoint along the course of the experiment. To increase the likelihood of
colonization, mice (N=65; 4 experimental mice/timepoint; N=1 mock infected/timepoint)
were administered streptomycin sulfate (5 g/L) in the drinking water for 24 hr and then
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switched to regular water for an additional 24 hr. Transformed bacteria were cultured
overnight at 37°C in LB broth, then diluted in 1:10 in fresh LB media and incubated for 3
hrs at 37°C. Bacteria were centrifuged and washed with sterile PBS, and the bacterial
concentration adjusted to 1 x 109 CFU/200 μl in PBS for mouse oral inoculations (176).
Bacteria were administered via oral gavage with a 22-gauge, ball-tipped feeding needle.
Mock infected mice were administered PBS alone.
Mice were maintained in a 12 L: 12D light dark cycle (LD) for the first day of
sampling; then they were transferred to constant darkness (DD) the following day. At 2
hrs. after lights on (Zeitgeber Time (ZT) 2), 4 infected mice and 1 uninfected mouse were
anesthetized with an intraperitoneal injection of a ketamine (100 mg/kg) / xylazine (5
mg/kg) mixture and sedation was maintained using 1% isoflurane. Colons were removed,
flash frozen in -40°C isopentane and stored at -80°C until analysis. This procedure was
repeated at 6 hrs (ZT6), 10 hrs (ZT10), 14 hrs (ZT14), 18 hrs (ZT18) and 22 hrs (ZT22)
following lights on the previous day. Lights were disabled the following day, and mice
were subjected to the same procedures under DD conditions. The sampling times were
designated Circadian Time (CT)2, CT6, CT10, CT14, CT18, CT22 and 2CT2 to reflect
times following expected “lights on.”
4.2.3

Extraction and Quantification of Enteric Bacterial DNA
Frozen segments of colon tissue were thawed, and approximately 20 mg was

homogenized in 700µL Trizol and Lysing Matrix E (Mp Biomedicals) using a FastPrep®
FP120 Cell Disrupter for 30 seconds. Homogenization was followed by PCI
(Phenol/chloroform/isoamyl alcohol; 25:24:1) extraction of total DNA. The supernatant
was transferred to a new tube and 1/5th volume of chloroform was added and mixed
thoroughly. Samples were centrifuged, and the aqueous layer was transferred to a new tube.
At this stage, 20 µg of RNAse A was added to the sample and incubated at 37°C for 20
min. Next, an equal volume of PCI mixture was added to the tube, mixed and centrifuged.
Subsequently, the supernatant was precipitated using sodium acetate and ethanol. The
resulting DNA was re-suspended in nuclease-free water. The DNA from a pure culture of
K. aerogenes was extracted implementing the same protocol.
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Subsequently, we used quantitative PCR (qPCR) to measure the abundance of total
bacterial, enterobacterial, and K. aerogenes specific genes followed the protocol published
by Castillo and coworkers (177), implementing the primers in Table 4.1. Variable
sequences in the 16S rRNA genes allowed us to differentiate all bacteria (Figure 4.1A) and
members of the Enterobacteriaceae (Figure 1B), which includes K. aerogenes. Specific K.
aerogenes’ signal was detected using primers directed at the sequence conferring
tetracycline resistance in our reporter strain (Figure 1C). Standard curves were constructed
using genomic DNA from K. aerogenes. Genomic DNA of wild type K. aerogenes was
serially diluted to concentration of 7ng; 0.7ng; 0.07; 0.007; 0.0007 and 0.00007 ng. Realtime PCR was performed with the StepOne real-time PCR system (Applied Biosystems,
Foster, CA). The reaction was performed in 20μL volume using PerfeCTa ® SYBR®
Green FastMix® (Quantabio). The reaction conditions for amplification of DNA were
50°C for 2 min, 95°C for 10 min, 40 cycles of 95°C for 15 s and 60°C for 1 min. Relative
quantity of bacterial DNA was normalized based on the concentration of total input DNA
assessed with Qubit (ThermoFisher Scientific, Waltham, MA).
Table 4.1 Primers sequences
Target

Orientation

Sequence

Source

All micro

forward

GCAGGCCTAACACATGCAAGTC

(175)

reverse

CTGCTGCCTCCCGTAGGAGT

(176)

forward

ATGGCTGTCGTCAGCTCGT

(177)

reverse

CCTACTTCTTTTGCAACCCACTC

(178)

forward

GACAGCATCGCCAGTCACTA

This study

reverse

GAGCCCGATCTTCCCCATCG

This study

Enterobacteria

Tetracycline
(PmotA::lux
specific)

4.2.4

RNA quantification of host mRNA

Total RNA from colonic tissues was extracted by ZYMO Direct-Zol RNA mini-Prep kit
with DNAase treatment (ZYMO Research, Cat. R2052, Seattle, WA). The mRNA
expression was measured by gene expression quantification using multiplexed, colorcoded probe pairs (NanoString nCounter, Nanostring Technologies, Inc., Seattle, WA).
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4.2.5

Statistical Methods

Circadian patterns were analyzed using the MetaCycle package 1.2.0 (178) in R
statistical language version 3.6.1, with JTK_CYCLE and Lomb-Scargle methods and the
circadian minimum-maximum period range of 20-28 hours, combining the two measures’
p-values for rhythmicity using the Fisher method. Since MetaCycle was designed for
microarray data, we also ran a less stringent cosinor function with harmonics: CircWave
(Hut; https://www.euclock.org/results/item/circ-wave.html), with the same range of
possible periods.

4.3
4.3.1

Results
Enteric Bacterial DNA quantification
Infected mice exhibited high amplitude rhythms in All Micro 16S rDNA (meta2d

(JTK, LS) p=0.000888) such that peak DNA values were observed at ZT10 in LD and at
CT2 and CT22 in DD (Figure 1A). Total Enterobacteriaceae (Entero) 16S rDNA also
showed a high amplitude rhythmic pattern (meta2d (JTK, LS) p=0.004664), but,
unsurprisingly, at much lower levels. Peaks in Entero 16S rDNA occurred at ZT6 in LD
and at ZT22 and CT14 in DD (Figure 4.1B). A much smaller subset of Entero 16S rDNA
was observed for tetracycline resistance DNA from the plasmid of the infected K.
aerogenes bacteria. Interestingly, a similar pattern of expression was observed as with the
Entero 16S rDNA (meta2d (JTK, LS) p<0.0001), with a peak at ZT22 in LD and a peak a
CT6 in DD (Figure 4.1C). A third peak was not observed.
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Figure 4.1 qPCR DNA quantification from enteric bacteria.
Relative DNA abundance via qPCR from the enteric microbiome of mice infected with
Klebsiella aerogenes, of the All-Micro 16s rDNA (A), Enterobacteriaceae specific 16s
rDNA (B), and tetracycline resistance DNA transformed into the infecting strain of K.
aerogenes (C). Four infected mice’s microbiomes at each time point with three technical
replicates, each; one uninfected mouse’s microbiome at each time point with three
technical replicates. Indicators of MetaCycle’s p-value for rhythmicity of < 0.01 as **, <
0.001 as ***, < 0.0001 as ****.
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4.3.2

Host mRNA
NanoString analysis of intestinal mRNA rhythms showed that the circadian

organization of the gastrointestinal tract remained intact during the course of this study.
Among the clock genes (Figure 4.2), positive element Bmal1 was expressed rhythmically
with peak values at ZT2 in LD and CT2 in DD (Figure 4.2A), while no rhythm was
apparent in Bmal1 partner Clock (Figure 4.2C). Negative elements Per1, Per2 and Per3
were also expressed rhythmically antiphase from the positive elements, with Per1 peaking
at ZT10 and CT12 (Figure 4.2B), Per2 peaking at ZT14 and CT14 (Figure 4.2D), and Per3
peaking at ZT10 and CT14 (Figure 4.2F). Both cryptochromes were expressed
rhythmically as well, cry1 was variable, peaking at ZT2, ZT22, and CT22 (Figure 4.2E)
and Cry2 peaking at ZT14 and CT14 (Figure 4.2G). Reverb-α was also expressed
rhythmically in these tissues, peaking at ZT10 and CT14 (Figure 4.2H). (all rhythmic
Figure 4.2 core clock gene meta2d (JTK, LS) p<0.0001, except Per1 p=0.000944).
There was evidence of a host immune response in three genes we have examined
previously (Figure 4.3). These included interleukin-1 receptor-associated kinase 4 (Irak4),
interleukin-8 (Il8), and inhibitor of nuclear factor kappa-B kinase subunit beta (IκbkB).
These patterns did not meet our criteria for rhythmicity, but their levels were notably higher
than our previously published levels using identical techniques and NanoString code sets
(47). The levels of these select genes (relative abundance of Irak4 874.8 ± 40.23, Il8 2936
± 384, IκbkB 283.3 ± 21.08) are elevated relative to values that Paulose et al. (47) reported
(relative abundance of colon Irak4 ~300-550, Il8 ~1000 -2500, IκbkB ~150).
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Figure 4.2 Gene expression of clock host genes
Relative abundance via NanoString from the mice infected with Klebsiella aerogenes,
of the host Core Clock Genes, as labelled. Four mice’s intestinal tissues at each time
point with three technical replicates. Indicators of MetaCycle’s p-value for
rhythmicity of < 0.001 as ***, < 0.0001 as ****
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Figure 4.3 Gene expression of immune function genes
Relative abundance via NanoString from the mice infected with Klebsiella
aerogenes, of the host immune function genes, as labelled. Mean and standard
error for four mice’s intestinal tissues at each time point with three technical
replicates. Indicators of MetaCycle’s p-value for rhythmicity of < 0.05 as *
4.4

Discussion
The discovery that at least one of the bacterial species within our gut microbiome

expresses a circadian clock in culture that is entrained by cycles of ambient temperature
(TA) commensurate with rhythms of body temperature (TB) and is synchronized by a
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pineal/gut hormone raises an important insight on the nature of the relationships among
our brains, our gastrointestinal system and our microbiome (18, 19). However, in the
absence of data showing that the rhythms generated by this bacterial clock persist within
the gastrointestinal system of its host, it is difficult to ascribe biomedical importance of
these observations. The present observations indicate that Klebsiella aerogenes’
rhythmicity persists in the gastrointestinal system of the laboratory mouse provide such
evidence. Further, the data show that the infection itself had no effect on the host’s
gastrointestinal clock, since the patterns of clock genes observed here were
indistinguishable from previous clock gene transcriptomics studies from our lab in
laboratory mice (47, 170, 173).
A couple of caveats are worth mentioning. The abundance of tetracycline-resistance
gene decline in DD after 2 cycles. However, measures of endogenous microbiota do not
decline during this period (Figure 4.1A, B). This may be because the mouse is a
heterologous host for this commensal bacterium. The Klebsiella aerogenes strains used
here derived from clinical isolates from humans, and K. aerogenes is normally found within
the human microbiome (24). There is no evidence that K. aerogenes normally populates
the mouse gastrointestinal system (179). In order to maximize infection, the animals used
in this study were treated with antibiotics prior to inoculation of Klebsiella aerogenes to
deter microbial competition. Even so, the infection was not stable (Figure 4.1C). This may
be due to an elevated immune response by the host mice to this zoonotic organism. The
fact that the relative values for immune response genes Irak4, Il8 and IκbkB (Figure 4.3)
were elevated when compared to previous studies in our lab (47), even though relative levels
of clock genes were identical, suggests an immunological response to K. aerogenes. IRAK4 fa
is a protein kinase involved in signaling innate immune responses from Toll-like receptors
(180). IL-8 is a chemokine produced by macrophages and epithelial cells. Additionally, it

can be secreted by any cells with Toll-like receptors that are involved in the innate immune
response(181). IΚBKB is activated by multiple stimuli such as inflammatory cytokines,
bacterial or viral products, DNA damages or other cellular stresses (182). It may also be
due to the endogenous microbiome competing with the experimental infection and
gradually removing the “intruder” from the gastrointestinal system. The phylogenetic

63

relationships among members of the gut microbiome are a major determinant of the ability
of a bacterium to establishment within the microbial community (183).
Even so, the data still strongly suggest that K. aerogenes’ rhythmicity persisted
within the gastrointestinal system of the mouse (Figure 4.1C). Simultaneously, it is also
clear that other members of the gastrointestinal microbiome are expressed rhythmically in
the same mice (Figure 4.1A, B). In any case, the data provide more evidence that at least
one member of the gastrointestinal microbiome interacts with its host through the
expression of an endogenous circadian clock that may entrain to its host clock.
Previous studies have clearly shown that broad classes of microorganisms
comprising the gastrointestinal microbiome are expressed rhythmically in content,
taxonomic diversity, and spatial distribution (57, 184). Further, the host’s clock is known
to affect the expression of microbiome rhythmicity (57, 185), and that microbiome
rhythmicity may impact the host’s circadian clock and its metabolism. The present data do
not directly address this dynamic, since by these measures we have no evidence that our
infection affected either host’s molecular or behavioral (data not shown) rhythmicity, and
our data suggests that the host’s circadian genotype does not abolish bacterial rhythmicity.
However, because of the aforementioned caveats and the fact that K. aerogenes is a rather
small component in even its normal human gastrointestinal microbiome, our data do not
dispute these aforementioned observations.
Instead, it suggests that the gastrointestinal microbiome may be an ecosystem in
which multiple members interact with their host in a variety of disparate, although
coordinated, ways. In our case, bacteria that express endogenous circadian rhythms
synchronize their endogenous rhythms to rhythmic signals from the host’s gastrointestinal
system, including changes in TB or endocrine (e.g., melatonin) signals. This adaptation
would enable populations of bacteria to anticipate changes in the microbial ecosystem.
Other bacteria may directly react to signals deriving from the host. Intriguingly, there may
be yet another class of bacteria whose rhythmicity derives from signals they receive by
quorum sensing in other bacterial species. Recently, a new study discovered a circadian
clock in another member of human gut microbiota Bacillus subtillis (17). However, the
tested conditions did not correspond to the human body temperature, and the rhythmicity
was temperature, nutrient, and biofilm dependent. Finally, let us not forget the largely
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unexplored eukaryotic members of the gastrointestinal microbiome, which add another
level to the complexity of gut microbiota interactions.
In this scenario, the host’s circadian clock in the SCN is entrained to the LD cycle
via the retinohypothalamic tract (RHT). The SCN, in turn synchronizes multiple
downstream processes, including a semi-independent circadian clock in the gastrointestinal
(GI) system through. The GI clock may entrain to these signals or in the event of unusual
feeding schedules, may synchronize to the timing of a meal. These signals are integrated
by the gastrointestinal clock, which in turn provides rhythmic physiologic (TB), humoral
(melatonin) or nutritional (food) signals that are integrated in the microbiome in a complex
fashion.
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CHAPTER 5. DISCUSSION
5.1

Summary of presented research

For many years, bacteria, as a rapidly dividing organisms, were considered lacking
a circadian clock mechanism. The reasoning behind it was that since a lifespan of one
generation, at least for some species and especially K. aerogenes, is much shorter than 24
hours scientists believed that timekeeping mechanism was unnecessary. However, in 1986,
the circadian filed was transformed by the discovery of daily transcriptional patterns in
cyanobacteria (5). In 1998, Ishiura and coworkers identified the kaiABC gene cluster as the
cyanobacterial core oscillator (6). In 2005, the Takao Kondo research group demonstrated
that in contrast to transcription-translation feedback loop (TTFL) responsible for circadian
rhythmicity of eukaryotes, cyanobacterial timekeeping depends on posttranslational
modifications, more specifically phosphorylation state of KaiC and its altering interaction
with KaiA and KaiB (8), as discussed in Chapter 1. In 2016, the chronobiology field was
shocked once again after the demonstration of circadian rhythmicity in another prokaryote
K. aerogenes (18). This discovery was fascinating not only because it was a second
bacterial circadian clock, but also because K. aerogenes is a human gut commensal and
opportunistic pathogen. Additionally, the K. aerogenes clock is sensitive to an important
circadian signaling molecule, melatonin. In the preceding chapters, my co-authors and I
detailed experiments investigating the clock-controlled genes, rhythmicity of K. aerogenes in
vivo and the role of melatonin on transcriptome of this bacterium.

Melatonin synchronized a circadian rhythm of motA::lux expression in K.
aerogenes, which was 1) temperature compensated and 2) capable of entraining to cycles
of ambient temperature (TA) similar to daily changes in human body temperature (19). The
question is outstanding if other genes are also expressed in circadian fashion. To test this, we
constructed three new luciferase reporters using promoter regions of coaE, ftsZ, and mntH
genes driving the expression of luxCBDAE operon. Then we recorded the bioluminescence
signal from there reporter strains for several days, as described in Chapter 2. The results
revealed that expression of the above-mentioned genes is rhythmic. However, the amplitude of
the signal decreases with each day of cultivation. We demonstrated that there is a lack of
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correlation between a number of live bacteria and the amount of light produced and that the
plasmid carrying the reporter is not lost as the culture matures. Instead, reduction of amplitude
is a result of depleted oxygen necessary for light production by bacterial luciferase complex.
After we successfully determined rhythmicity of 4 clock-controlled genes in in vitro
culture, the next question to be answered was whether K. aerogenes is rhythmic within its
host. In our experiments we used a clinical strain of this bacterium. However, before
establishing rhythmicity in a human host, we first wanted to collect preliminary data using
the laboratory mouse as a model organism. Since K. aerogenes does not occur in the mouse
gut microbiota normally, we treated mice with antibiotic first to increase the likelihood of
colonization as described in Chapter 4. Next, animals were orally gavaged with K. aerogenes
suspension, sacrified every 4 hours for 2 days. Total DNA was extracted from colonic tissue
and associated microbes, followed by quantification of total bacteria, enterobacteria, and K.
aerogenes using qPCR. Results demonstrated rhythmicity of total bacterial abundance,
enterobacteria, and K. aerogenes. Additionally, enterobacteria and K. aerogenes showed
similar daily patter, with different amplitude.
The last question I wanted to address was how melatonin synchronizes the circadian
clock of K. aerogenes and how does it affect its gene expression. To achieve this, I
implemented an RNA sequencing technique. I demonstrated that the majority of melatoninsensitive genes are growth stage specific, as described in Chapter 3. Melatonin affected a
higher number of transcripts in exponential growth than in stationary cells. It upregulated
genes associated with fimbrial biogenesis, carbohydrate transport and metabolism, and metal
ion transport and binding. On the other hand, melatonin downregulated expression of several
transcriptional regulators, biofilm related genes, PTS, and other subset metal ion transport
and binding genes. These results suggest that melatonin not only plays a role in
synchronizing the circadian clock of K. aerogenes, but also affects pathogenicity and host
colonization of this bacterium.
This chapter will discuss how the research presented within this dissertation may
integrate with what is known about other bacteria and reveal some directions that future
research could take to further explore these phenomena.
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5.2

Circadian rhythmicity in bacteria
The observation of circadian rhythmicity outside the cyanobacterial phylum have been

infrequent and the molecular mechanism remain unclear. To date, circadian rhythmicity has
been demonstrated in 3 nonrelated bacterial species: Synechococcus elongatus (phylum
Cyanobacteria), Klebsiella aerogenes (phylum Proteobacteria), and most recently Bacillus
subtilis (phylum Firmicutes) (discussed in Chapter 1). However, indication of circadian
rhythmicity in other bacteria such as E. coli have been reported for the first time in 1930, where
Rogers and Greenbank used a 15-meter-long spiral tube filled with media and dye, inoculated
one end with bacteria, and observed growth and/or motility pattern. Motile strains of E. coli
were incubated at constant temperature for 8 days and rhythmic pattern of growth was observed
(186). Three decades later, Halberg and Conner went a step further and calculated the period
of growth rate at 20.6 hrs. (14). E. coli is closely related to K. aerogenes and they are both
recognized as human gut commensal bacteria and opportunistic pathogens. However, more
recent experiments with implementation of the same bioluminescence reporter used for K.
aerogenes did not detect rhythmicity in E. coli DH5α (18). E. coli is probably the most
extensively studied bacterium, with many domesticated strains. It is possible that during the
selection, potential timekeeping mechanisms were lost in those laboratory strains. Klebsiella
pneumoniae have also been recognized as a human gut commensal (187), even though for
many years it was only known as a dangerous pathogen. Sturtevant described rhythmicity of
K. pneumoniae based on OD measurements collected from batch culture maintained in LD
cycle, but this pattern did not persist in the constant conditions (15). The human gut microbiota
is a very dynamic environment that has gained a lot of interest in the past decade due to its
complexity and importance for human health. This dynamic ecological niche is prone to
increased diversity through horizontal gene transfer (HGT) even among unrelated species. It
has been reported that human-associated microorganisms, including gut bacteria, experience
25-fold more HGT than bacteria residing in other ecologically diverse environments (188).
Therefore, it is very likely that human gut microbiota contains more bacteria expressing its
own timekeeping mechanism.
Nevertheless, till today only 3 bacteria have been proven to fulfill all 4 conditions
required for the true circadian clock (Discussed in Chapter 1). Synechococcus elongatus was
the first bacterium with a defined circadian clock, and it has been thoroughly studied in the
past 30 years, becoming a circadian model organism (4, 7, 189, 190). The cyanobacterial clock
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is a truly remarkable mechanism, depending on posttranslational modifications, in contrast to
eukaryotic timekeeping mechanisms. Cyanobacteria separate two incompatible mechanisms,
photosynthesis, and nitrogen fixation, in time rather than space. This core oscillator comprises
of 3 proteins KaiA, KaiB, and KaiC, and their output mechanism consisting of RpaA, SasA,
and CikA (7). Neither K. aerogenes nor B. subtilis encode kaiABC in their genome.
Nevertheless, their robust rhythmicity has been reported (17-19). It has been demonstrated that
the ability to anticipate daily changes in the environment gives S. elongatus the advantage of
adaptive selection and increased fitness (191), which is probably the same reason why K.
aerogenes, bacterium occupying a very competitive niche of human GI track evolved a time
tracking mechanism. K. aerogenes is constantly exposed to the rhythmic environment of its
host, which imposed a selective pressure for development of temporal program.
Additionally, nearly the entire gene expression of S. elongatus is rhythmic (190, 192),
which, comparing to the eukaryotic model organisms, is a much greater ratio of rhythmic
transcripts (193). Due to limitations in our methodology, we are still restricted to testing
rhythmicity of one gene at a time. However, the steps have been undertaken to build a
bioreactor (flexostat) as described in Appendix 1 to be able to collect samples for the evaluation
of total mRNA rhythmicity. So far we demonstrated rhythmic expression of motA (18), mntH,
coaE, and ftsZ genes (described in Chapter 2). The bacterial cell division gene ftsZ is expressed
in a circadian fashion in Synechococcus (194). Our data obtained from ftsZ::lux reporter show
that K. aerogenes’ ftsZ expression is also rhythmic. Additionally, we observed small
differences in period length between tested promoters, which was also described cyanobacteria,
where depending on environmental conditions period of different gene expression varies (189).
Furthermore, K. aerogenes demonstrate rhythmic macrocolony formation, with new
ring creating at the edge of the biofilm each day (18, 50). This pattern is observed disregarding
of rhythmic temperature cycle or constant temperature. Similar observations were made in
Pseudomonas putida exposed to light/dark circles, however when bacteria were cultivated in
the darkness no rings were visible (16). Additionally, comparable concentric ring growth
pattern have been described in Neurospora crassa (195). This macrocolony can be also referred
to as a biofilm, ability to create biofilms is recognized as a pathogenicity factor. Therefore, a
better understanding of circadian rhythmicity is crucial, especially because K. aerogenes is a
deadly nosocomial pathogen, which expresses at least a small part of its total transcriptome
rhythmically and modulates its gene expression in presence of melatonin. Additionally, this
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bacterium also causes urinary tract infections (UTI). Urinary melatonin levels also show a
circadian fluctuation, similar to melatonin concentration in the blood (194, 196).
Why do we care? The discovery of K. aerogenes timekeeping mechanism adds to the
hierarchical organization of human circadian rhythms (70). This orchestra of multiple
oscillators starts with the generations of rhythm in the suprachiasmatic nucleus (SCN), then
the signal is transferred to the lover level and results in synchronized rhythmicity of individual
organs. Many studies proved that the GI tract itself contains a circadian clock regulating daily
patterns of gene expressions, proteins secretion and motility (174). Studies suggest that
gastrointestinal microflora is controlled by host’s circadian clock (197); previous studies have
shown that bacterial signaling to the gut via TLRs (Toll-like receptors). The rhythmic gut
environment acts as a time-giver (zeitgeber), to the commensal microbiota.
The ability to predict daily changes in the environment would give advantage to K.
aerogenes, which is a minor component of gut microbiota and needs to compete with numerous
and more abundant species. For example, rhythmicity in motility would give advantage during
the fasting periods and allow bacteria to travel toward food. The capability to predict food
intake by the host would allow adaptation to the metabolism and schedule high energy tasks
when nutrients are available. Another example could be rhythmicity in cell division or fimbia
biogenesis, which would allow to produce progeny only during favorable conditions or allow
attachment to the epithelium layer during bowl movement. Alternatively, the circadian clock
would also aid in surviving outside the host following the defecation (198). From the pathogen
point of view, the circadian clock would also increase the likelihood of colonization of diverse
body sites or development of the infection since immune response to acute infections is also
controlled by a circadian clock. For example, mice infected by oral gavage with Salmonella
were colonized to higher levels during the early rest period (zeitgeber time 4, ZT4) comparing
to ZT16 (199).

5.3

Daily timing and the gut microbiota
In the past decade the complex relationship between the human host and its microbiota

became a central topic in scientific research and medicine. Our view of bacteria diametrically
changed from being our enemies to becoming our best allies. Unsurprisingly, chronobiologists,
just like members of almost every other biomedical field, focused their attention on commensal
microbiota. The human gut microbial community is exposed to the rhythmic changes in hosts’
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body temperature (40), nutrient availability (if the host ingest nutrients rhythmically),
gastrointestinal hormones concentration (like melatonin), and levels of host-delivered
antimicrobial peptides and gut mucosal antibodies (41). Therefore, the selective pressure of
daily changes in their environment may led to the evolution of circadian clocks in the individual
bacterial species like K. aerogenes.
Recently, circadian rhythmicity of another human gut commensal bacterium B. subtilis
has been described. However, the rhythmicity has not been reported for the physiologically
relevant temperatures (17). Nevertheless, daily patterns of relative abundance in the gut
commensal bacteria phyla have been described by several research teams (41-43, 197).
Moreover, the factors driving this rhythm have been investigated. Among them rhythmic food
intake is the main factor (43), however sex (44), intact circadian clock (42), and rhythmicity of
immune response also play a role (199). These experiments demonstrated that Firmicutes
abundance peak during the active phase (night for mice) and is driven by food intake. Increased
richness of Bacteroidetes and Proteobacteria during the resting phase (day for mice) was
induced by fasting. Our data described in Chapter 4 follow similar patter, where we observed
increase abundance of Enterobacteria (members of Proteobacteria phyla) at ZT6, ZT22, and
CT14. Small discrepancies between these two studies could be caused by altering microbial
community with antibiotics and introducing new species. Additionally, we did not follow the
food intake pattern during that preliminary experiment, which could be responsible for higher
abundance at the end of active phase (ZT22) and during early subjective night (CT14).
The mechanisms by which the host communicates time of day, nutritional and other
environmental factors to the gut microbiome are not completely understood. Circadian
expression of Toll-like receptors (TLRs) by intestinal epithelial cells mediates the dialog
between the host and its gut commensal microbial community (200). TLRs are conserved
glycoproteins present on the surface of many eukaryotic cells (116). They possess a
transmembrane domain, and humans have several different TLRs, each recognizing a different
microbe-associated molecular pattern (MAMPs) such as flagellin, lipopolysaccharide etc.

5.4

Microbes and their relationship to melatonin
Melatonin is an important neurohormone, involved in sleep and circadian clock

maintenance and can be found in abundance in the gastrointestinal (GI) lumen.
Biosynthesis of gut melatonin is a curious phenomenon. Human and mouse gut tissue,
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specifically enterochromaffin cells (ECs) (73, 74), secrete melatonin into the lumen in
concentrations exceeding serum levels (75). Melatonin is synthesized from the dietary
essential amino acid tryptophan, and its concentration is increased after food consumption
(76). Additionally, gut melatonin is secreted in a circadian fashion in young laboratory
mice and zebra finches (77, 78). Therefore, intestinal microbiota, including K. aerogenes,
experience cycles of exposure to this hormone, potentially enabling melatonin to act as an
external cue, or time giver (zeitgeber), to which the circadian clock of K. aerogenes could
entrain.
The important characteristic of the circadian rhythmicity in K. aerogenes is its
sensitivity to melatonin. Many studies provide evidence for the melatonin production by
gut tissue in different animals (46, 47, 164, 201), and, at least in young laboratory mice,
the concentration of this hormone in feces shows diurnal rhythmicity (47). Melatonin
concentration found in the gut is 10–100 times higher than in the serum, and increased
secretion coincidences with the food consumption (165, 202). Additionally, many edible
plants contain this hormone (203). A recent study showed that melatonin suppresses
dysbiosis of gut microbiome through a Toll-like receptor (TLR) 4 signal pathway (204).
Others have shown that melatonin reduces body weight by modulation of gut of microbiota
composition, particularly by changing the ratio of Firmicutes to Bacteroidetes and by
increasing the number of Akkermansia, which are associated with lean individuals (205).
In the case of K. aerogenes rhythmicity, we observed that melatonin synchronizes the phase
of these bacteria even across different culture plates. This could be happening by affecting
an element of two component systems, which are important in regulation of S. elongatus
circadian rhythmicity, or other transcription regulators, but this hypothesis still requires
empirical research. We need to highlight that in our experiments melatonin is constantly
present in the agar media. Therefore, we have also hypothesized that rhythmic
administration of melatonin could entrain K. aerogenes cultures.
Additionally, melatonin has an impact on rhythmicity of the gut microbiota as a
whole (79). Other bacteria have also been reported to modulate melatonin biosynthesis.
For example, colonization of human gastric mucosa with H. pylori influences expression
of enzymes involved in the melatonin biosynthesis pathway in gastrointestinal track.
Specifically, the levels of two enzymes, arylalkylamine-N-acetyltransferase (AA-NAT)
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and acetylserotonin methyltransferase (ASMT), were decreased in H. pylori positive
patients (96). Additionally, endogenous spore forming gut bacteria produce metabolites
which stimulate the host’s serotonin (melatonin precursor) secretion by ECs (97).
Furthermore, collection of cultured human gut bacteria metabolome activates melatonin
receptors MTR1A and MTR1B (98). This evidence supports the hypothesis that gut
melatonin plays an important role in the complicated relationship between the gut
commensal microbiota and its host. However, the transcriptional differences induced by
melatonin in specific members of gut bacteria have never been characterized to date. This
dissertation aims to address this gap in our knowledge.

5.5

Prospects for future research
The circadian rhythmicity in K. aerogenes was discovered in 2016 (18), and as a

newly discovered phenomenon there are still many questions to be answers. Identification
of the core oscillator driving the circadian clock in K aerogenes is a priority. Our biggest
challenge so far was a low amplitude rhythm during subsequent days of incubation,
however, establishing the relationship between the amount of available oxygen and the
bioluminescence signal described in Chapter 2 will allow for finding a higher amplitude
rhythm. Additionally, a phase response curve (PRC) in response to fresh air should be
characterized. Once a high amplitude output will be identified, transposon mutagenesis
experiments will allow for targeting every gene encoded by K. aerogenes. Transposons are
“jumping genes”, which have been used in genetics to generate random mutations. Using
this technology will accelerate identification of genes driving rhythmic gene expression in
K. aerogenes. Additionally, total RNA sequencing on samples collected over a circadian
period would identify rhythmicity of gene expression. Unfortunately, we still face a
challenge of being able to collect samples for this kind of research. A flexostat described
in appendix 1 would enable circadian sample collection of planktonic cultures maintained
in constant optical density. Additionally, flexostat would also allow for testing the
hypothesis that gut melatonin serves as a zeitgeber (time giver) for K. aerogenes circadian
clock.
Chapter 3 of this dissertation explored the differential gene expression induced by
melatonin. We identified a total of 109 genes (2% of the genome) that were differentially
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expressed, however, since this was a first report of an effect of melatonin on bacteria, we cannot
make any comparisons to different species. Nevertheless, we know that melatonin affects the
expression of biofilm related and fimbrial genes and increases the amount of biomass attached
to the abiotic surface (discussed in Chapter 3). If one wanted to further investigate the
mechanism underlying this differential gene expression, one of the possible explanations
would be melatonin sensitive riboswitches. Riboswitches are RNA molecules capable of
recognizing and binding low-molecular-weight metabolites.

They are typically found

upstream of a coding region of mRNA. They can assume two alternative stem loop
conformations that switch back and forth depending in response to the metabolite. They can
affect expression on the transcriptional or translational level

We also characterized rhythmic abundance of K. aerogenes in vivo using a
heterologous host (described in Chapter 4), but the question about the rhythmic abundance
and temporal relationship of these bacteria with its commensal host remains. K. aerogenes
is best known for living in the human GI track. Most humans, in contrast to mice, defecate
once per day, therefore studying circadian rhythmicity of gut microbial abundance in
humans is challenging. Thais and coworkers used anal swabs to investigate bacterial
rhythmicity (42).
In conclusion, we identified melatonin as a novel source of host-commensal microbiota
communication within the gut and potential zeitgeber for the whole microbiota community,
or at least some members of this group. Discovery of the circadian clock and melatonin
sensitivity in human commensal bacterium is an important milestone in the chronobiology
and human microbiome field, and these phenomena are likely not restricted to one species.
Further investigation of the circadian rhythmicity in K. aerogenes and identification of its
core oscillator still need to be elucidated. Nevertheless, we have enough evidence to believe
that this bacterium has a robust clock mechanism.
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APPENDICES

APPENDIX 1. FLEXOSTAT, A MACHINE FOR STUDYING THE CIRCADIAN CLOCK OF K.
AEROGENES

1.1. Introduction
Batch culture method have been used for many years to study circadian gating of
cell division in Euglena (210), cyanobacteria (211), and even K. pneumoniae (15). Batch
culture is defined as method of cells cultivation in a volume of medium in a tank or
fermenter under defined parameters (e.g., nutrient type, temperature, etc.) up to a given
density. Another way used to investigate rhythmic division in cyanobacteria is
continuously diluted culture, using a chemostat (from chemical environment is static) (58).
However, these approaches cannot be used for a rapidly dividing bacterium as K.
aerogenes. Synechococcus elongatus divides every 8-12 hours, K. aerogenes divides every
30 minutes when nutrients are available. To overcome this challenge, a feedback cycle
managed by measurements of changes in optical density is required. This can be achieved
using a turbidostat, a device that provides a static culture environment in the liquid setting
with dynamic adjustment of the flow rate to make the turbidity constant. Turbidostats are
not commercially available, and chemostats are very expensive and normally consist of
only one chamber. Therefore, we started building our own machine, which is an open
source and customizable turbidostat. Flexostat is an eight-channel turbidostat machine
designed by Takahashi and coworkers (212). This machine will allow us to grow bacteria
in constant conditions for several days and enable us automated sample collection (Figure
A1.1). This approach will enable not only production of a temperature cycles but also a
cycle in the concentration of melatonin, which is not possible in our current approach where
we grow bacteria on semisolid agar. Additionally, sample aliquots will be collected
automatically from continuous cultures in preset intervals of time.
1.2. Methods
Flexostat is an open-source design and we followed developer’s construction
manual with a minor modifications, which have been described in the results
(https://depts.washington.edu/soslab/turbidostat/pmwiki/pmwiki.php?n=Main.HomePag).
All ABS plastic parts were 3D printed at the College of Design, University of Kentucky.

We implemented the latest version of PCB Main Circuit Board Flexostat V2.1.
Programming tools and scripts have been downloaded from https://github.com/flexostat
and installed on our local laptop. Arduino OD boards and main boards have been ordered
from allpcb.com (ALLPCB, Zhejiang, China). Delrin parts were laser cut from 5 mm
Delrin sheet at the College of Design, University of Kentucky by Pooya Mohaghegh.
Silicone Conformal Coating used to protect electronic boards was purchased from MG
Chemicals Ontario, Canada. Polycarbonate plastic box (160.02mm x 160.02mm x
61.00mm) have been manufactured by Hammond Manufacturing Co, Ontario, Canada.

1.3. Results
Flexostat components have been successfully made and/or ordered and assembled
following the construction manual (Figure ???). We made minor changes to the design.
First, we changed the volume of the syringe pump from 3 mL to 5 mL to increase
injection volume. We also added another port to the molded tube stoppers (Figure A1B).
Due to multiple leakages, we protected every OD board and main board using silicone
conformal coating. Furthermore, main board have been placed in the polycarbonate
plastic box for additional moisture control. Software have been installed as well. As
shown on supplementary video, most of the components of flexostat are working. The
video is shoving the first successful flexostat test run. At the beginning of the video four
chambers are shown, we only used four chambers for this test to reduce the amount of
media used. Then the working pinch valves corresponding to each chamber are zoomed
in. Each time the new media is pushed to the chamber pinch valve needs to be open. We
had to use clamps on tubbing, because even when the pinch valves are closed some
leakage occurs, probably due to too small size of delrin pinchers. Next a carboy filled
with fresh media is shown, followed by a caption of a laptop screen with servostat.py
script controlling the flexostat and collecting OD measurement. The background noise is
created by spinning motors, which control magnetic stirrers for each chamber. The
problem we encounter when using flexostat is that the syringe pomp is not moving when
the script is running. This syringe pomp has been tested and can be controlled when
typing commends manually using putty during priming the system, however, due to some
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script error syringe is not responding to the script. I have contacted Dr. Takahashi asking
for help, but he could not provide the solution.

Figure A1 Flexostat components and OD measurements.
A. Eight chambers with connected tubing, main board, and pinch valves. B. Single
chamber with laser shining through, optical density board, and motor
underneath. C. Two channels showing exponentially increasing OD over time. B.
OD recorded from eight corroded boards. C. OD captured from 7 channels, tubes
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were switched between channels first time after 35 minutes of experiment and
second time after 97 minutes.
1.4. Conclusions
We successfully constructed flexostat and have been able to collect optical
density measurements multiple times. Unfortunately, high humidity, lack of sufficient
electronics, and programming knowledge we have not been able to modify scripts and fix
optical density boards to obtain better results and make flexostat fully functional. Further
work is necessary and collaboration with computational scientists and electrical engineers
is necessary to complete this work.
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APPENDIX 2. FIMD MUTANTS
2.1 Introduction
Here, a reverse genetic approach was used to identify a mechanism regulating a circadian
behavior in K aerogenes. Candidate genes, were identified in our previous study (18) based on the
protein Basic Local Alignment Search Tool (pBLAST) and homology to the human melatonin
receptors. Unique microbial proteins were also compared to the cyanobacterial KaiABC complex,
which is a model prokaryotic core oscillator (7). Dephospho coenzymeA kinase (CoaE) was
identified as KaiC orthologue and manganese transport protein (MntH) as the protein most
resembling melatonin receptor. However, bioinformatics analysis did not reveal any similarity to
KaiA. CoaE was firstly designated as yacE (213). This enzyme catalyzes the final step of coenzyme
A cofactor biosynthesis, which is a transfer of phosphate moiety from ATP to the
dephosphocoenzyme A (dCoA). It is also an essential gene in E. coli therefore its deactivation is
lethal to bacteria (214, 215). Therefore, mntH was selected as a candidate for gene inactivation
implementing Lambda Red system. In this technique a PCR product with arms of homology to
desired sequences and kanamycin resistance gene in the middle. Incorporation of the antibioticresistant gene is a simple way to screen for recombined strains.
Wild-type K. aerogenes was transformed with a plasmid containing Lambda Red-mediated
recombineering sequences (216). World recombineering was created as a shorter version of
homologous recombination-mediated genetic engineering. This method facilitates genomic
insertion of single-stranded (ssDNA) or double-stranded DNA (dsDNA) at the replication fork of
growing cells (217). More importantly, this recombination is proficient with DNA homologies as
short as 36 basic pair (bp) on the ends of linear DNA substrate and it was developed by Datsenko
and Wanner for inactivation of chromosomal genes in E. coli K-12 (218, 219), which is effective

for other members of Enterobacteriaceae family including K.aerogenes (22). Lambda red is
a bacteriophage, which naturally poses an ability to insert sequences into bacterial chromosomes.
The system responsible for this phenomenon comprises of three proteins Gam, Bet and Exo. Gam
is inactivating host’s RecBCD system from destroying linear exogenous DNA. Exo is a dsDNAdependent exonuclease with 5’

3’ activity, which will degrade ends of substrate DNA at 5’ side

generating 3’ overhangs. Sometimes when dsDNA is very short Exo can also completely degrade
complementary strand. Bet is a ssDNA annealing protein which protects ssDNA ends created by
Exo (220).

Lambda operon was supplied into the electrocompetent K. aerogenes with the low copy
plasmid containing a Ptac-red-gam sequence and a temperature-sensitive origin of replication by
electroporation (220). This plasmid also contains chloramphenicol resistance gene which allowed
for simple identification of transformed bacteria. Subsequently, substrate DNA with 40 bp
homology to the beginning and end of target genes and kanamycin resistance gene in the middle
was electroporated. Incorporation of the antibiotic-resistant gene was verified by colony PCR with
primers specific to the inserted sequence.

2.2 Methods
2.2.1 Mutagenesis
For the mntH gene knock-out we designed new primers: forward 40mntH2kanR_F
GCATTAAACATAGCAAAGGCTATATTTCCAGGGGCAGAAACTGACTGCAAAC
CCTGCA, and reverse 40mntH2kanR_R ATTGATAAAGGGAGCGCAAGCTCCCT
TTTTTGTTGCCGTACGCTCAGTGGAACGAAAAC. The beginning of each primer
contained 40 bp homology to the mntH followed by 18 bp homology to the kanamycin
resistance gene (KanR). Amplification was performed using high fidelity polymerase
(Quanta Biosciences, Gaithersburg, MD) and pCas plasmid as a template (221). PCR
product was purified using a Monarch PCR clean up kit (NEB, Hitchin, UK), and
subsequently electroporated into K. aerogenes carrying a λ Red construct on the pKM200
plasmid (220). Bacteria were allowed to recover after the electroporation for 1 hour in TSB
media without antibiotics, and subsequently grown on plates containing kanamycin. After
overnight incubation the bacterial colonies resistant to kanamycin were selected. To
confirm successful incorporation of PCR product into the genome we used colony PCR
and kanR specific primers: Rev_KanR CGACTGAATCCGGTGAGAAT, and For_KanR
CTAAACTGGCTGACGGAATT.
2.2.2 Motility assay
Motility assay was performed according to protocol from Paulose et al. 2016 (18). Briefly,
2uL of overnight culture of K. aerogenes was inoculated onto semisolid Eosin Methylene
Blue Agar (HiMedia Laboratories, Mumbai, India) with 0 nM or 1nM melatonin. Plates
were incubated at constant temperature of 37°C.
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2.2.3 Flagella staining
Flagella staining was performed using differential staining method, implementing Ryu
stain and protocol published by Breakwell and coworkers (222).
2.2.4 Sequencing and genome assembly
Chromosomal DNA extraction was performed using PCI (phenol–chloroform–isoamyl
alcohol) extraction method, subsequent Illumina short-read genome sequencing. Obtained
reads were assembled using Minia 3, a short-read assembler based on a de Bruijn graph
(223). Contigs were mapped to the wild-type reference genome of K. aerogenes
KCTC2190 (49) using CLC Genomics software (224). Single-nucleotide variant (SNV)
analysis was performed using the same software (224).
2.2.5 Biofilm assay
Biofilm assay was performed according to the same protocol as described in CHAPTER 3
section 3.2.6 Attachment to abiotic surface.
2.3 Results and Conclusions

Colony PCR confirmed presence of kanamycin resistance gene in all tested mutants. At the
same time, we could still detect mntH sequences in all tested strains. Figure A2.A depicts
results from 5 representative mutant. Therefore, we concluded that electroporated PCR
product incorporated into the genome off target. Next, we performed motility assay to test
whether mutation abolished melatonin sensitivity of K. aerogenes. Interestingly, all tested
mutants were still sensitive to melatonin (Figure A2.B), which was established by visual
inspection of created macrocolonies. However, many mutants showed disrupted motility
(Figure A2.B). This led us to hypothesis, that this mutation increased the number of
flagella. To test this, we performed flagella stanning. Results confirmed our hypothesis,
both tested mutants △2a1 and △5b1 were hyperflagellated (Figure A2.B), which explained
the increased size of macrocolonies.
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Figure A2 fimD mutants characteristics
To locate the gene that was interrupted by kanR sequence we performed whole
genome sequencing using Illumina platform. After genome assembly and mapping to the
reference genome we identified 20 genomic variations common to △2a1 and △5b1 (Table
A2.1). We observed 16 single-nucleotide variants, three multi-nucleotide variants, and
deletion of single nucleotide. Majority of these variations occurred in the intergenic
regions. However, we identified changes of three nucleotides in fimD usher protein and
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single nucleotide variation in transcriptional regulator. Since CHAPTER 3 is the first report
of sRNAs in K aerogenes we also tester whether any of these changes overlap with newly
identified sRNA. None of these variations occurred within identified sRNAs.
Next, we hypothesized that variations within fimD would interfere with proper
fimbria biogenesis. Fimbria are a type of appendage used by bacteria for attachment to
each other or their surroundings, allowing cells to adhere to the host’s mucosal and
epithelial layers (29). Fimbria are very small and they are only visible with help of
antibodies or electron microscopy (225). To our knowledge, research investigating K.
aerogenes fimbria and biofilm have been very scarce. Previous reports indicated that this
microorganism possesses at least 2 kinds of fimbria, type 1 fimbriae and hemagglutinating
thin fimbriae (113, 114). Due to lack of an antibody or access to the electron microscope,
we performed biofilm assay to indirectly test differences in K. aerogenes fimbria
biogenesis. We observed significant reduction in the amount of attached biomass for both
△2a1 and △5b1 mutant (Figure A2C).
Therefore, based on the obtained results we concluded that observed phenotypes
are the result of variation within fimD fimbrial gene. We could not identify any sequence
responsible for hyperflagellation. I used undigested plasmid as a template for the PCR
reaction. Small amount of plasmid must have been still present in the cleaned PCR
product which was used for the electroporation and was responsible for the false positive
results of antibiotic screening. Extended expression of Lambda Red system results in
spontaneous mutations (220), which probably caused observed single and multinucleotide variations in △2a1 and △5b1 mutants.
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Table A2.1 List of genomic changes common to both fimD mutants
Reference
Position
17179
17182
19563
19579
19822
19829
21583
950915
950921
1695467
1695471
2330402
2330404
2331149
2331203
2331540
2331618
2838188
5269122
5269171

Type

Length

MNV
SNV
SNV
MNV
SNV
SNV
SNV
SNV
SNV
MNV
SNV
SNV
SNV
SNV
Deletion
SNV
SNV
SNV
SNV
SNV

2
1
1
2
1
1
1
1
1
3
1
1
1
1
1
1
1
1
1
1

Reference

Allele

GA
A
A
AG
A
A
G
C
G
TCA
T
G
C
G
G
G
C
A
G
T

TC
C
T
TT
C
C
T
G
A
AAC
A
A
T
C
A
G
T
T
A

fimD
fimD
intergenic
intergenic
intergenic
intergenic
transcriptional regulator
intergenic
intergenic
intergenic
intergenic
intergenic
intergenic
intergenic
intergenic
intergenic
intergenic
intergenic
intergenic
intergenic

Table legend: The type of variant: SNV (single-nucleotide variant), MNV (multi-nucleotide
variant), insertion, deletion, or replacement.
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APPENDIX 3. IMPACT OF MELATONIN ON GROWTH DYNAMICS AND CELL
MORPHOLOGY OF K. AEROGENES
3.1 Introduction
While multicellular organisms' growth is normally assessed in terms of their size,
microbial growth is mostly measured by the increase of population, either by counting the
number of cells or the overall biomass. Bacteria most commonly reproduce in an asexual
process known as binary fission, where a single cell splits into two equally sized daughter
cells, there are exceptions to this rule, but for the purpose of this chapter we will focus on
the binary fusion only. Cell elongation is the first step, which involves appropriate
enlargement of the cell membrane and cell wall, as well as an increase in cell volume. In
order to have two copies of its nucleoid, one for each newly produced cell, the cell begins
to replicate its DNA. The protein FtsZ is required for the creation of the septum, which
appears as a ring in the middle of the cell. The entire process of cell division, for fast
growing bacteria like K. aerogenes, can take as little as 30 minutes.
Bacterial growth curve is a standard way to depict proliferation of
planktonic bacterial culture. It is often used for evaluating fitness differences between wild
type bacteria and subsequent mutants (226) or testing drug impact (227). Timed sampling
of cell growth in culture, either by measuring optical turbidity or by performing colonyforming unit (CFU) tests, is commonly used to determine growth dynamics. A typical
growth curve consists of lag, exponential, stationary and death phase (Figure A3.1). The
most common approach to evaluate microbial growth in solution is the measurement of the
optical density at 600 nm (OD600). However, instead of detecting the physical absorbance
of light energy by absorbing molecules, the absorbance mode is simply used to measure
the extent of light scattering. This approach determines the amount of light that passes
through bacterial suspension, which can be correlated to the increasing number of cells. It
is a rapid, cost effective and user-friendly way to evaluate growth stage of bacterial culture.
Unfortunately, this method has several limitations, it does not differentiate between life of
dead bacteria, and it does not reflect changes in cell size or shape, which occur during
transition between stages. Nevertheless, it is a standard technique and use of microplate
reader allows for the reproducible, real-time observation of bacterial growth dynamics. In

this experiment we investigated an impact of melatonin on proliferation and morphology
of K. aerogenes.

Figure A3.1 Theoretical bacterial growth curve
3.2 Methods
K. aerogenes growth curve was captured using The Synergy™ HT Microplate Reader
and protocol by Kurokawa and Ying (228). Briefly, K. aerogenes was inoculated on 96
well plate filled with TSB with 0 nM or 1 nM melatonin. Plate was sealed using microplate
sealing film and inserted into the plate reader. Optical density measurements were
performed in 30 min internals for 24 hours using kinetics mode. Bacteria were incubated
in 37°C with medium shaking. Statistical differences between growth curves were
evaluated by measuring are under the curve followed by T-test comparison. Gram-stained
bacteria were observed and photographed using Olympus TH4-100 microscope. Length
measurements were performed using Fiji software (distribution of ImageJ). Statistical
analyses, ANOVA followed by a pairwise student’s T-test, were conducted with JMP Pro
14 (SAS Institute Inc., Cary, NC).

3.3 Results and Conclusions
The data from this experiment has provided a standard growth curve for K.
aerogenes that demonstrates the lag, log, and stationary phases of growth as shown in
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Figure A3.2, as well growth curve in response to 1nM melatonin. We observed
significant differences in optical density when bacteria were cultivated with melatonin, in
this case absorbance values were higher when compared to the control samples.
Additionally, after 12 hours we noticed an unexpected decline in OD600, which
corresponds to the CFU data presented on Figure 2.4 (Chapter 2, section 2.3.1). Due to
time restraint this was not tested further, however, it would be interesting to investigate
the morphology of bacteria at this optical density and to perform 48 hours long
experiment.

Figure A3.2 Growth curve of K. aerogenes grown with 0nM melatonin (gray) and 1nM
melatonin (blue)

Next, we examined the morphological differences between exponential and
stationary cells and investigated melatonin effect on the size and/or shape of K.
aerogenes. To achieve this, we performed Gram staining on exponential cells with 0nM
or 1nM melatonin, and stationary cells with 0nM or 1nM melatonin. Results showed that
exponential bacteria are rod shaped, and the morphology is not affected by melatonin.
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The average length of K. aerogenes cells is significantly higher during exponential
growth than stationary growth, both in the presence of 0nM and 1 nM melatonin (Figure
A3.3). The stationary cells however were round, which is in accordance with data from E.
coli (229), additionally bacteria cultivated with 1 nM melatonin were significantly shorter
(Figure A3.3). These melatonin induced variances in cell size could be responsible for the
difference in absorbance measurements (Figure A3.2). As previously discussed, OD600
values are dependent on the size and shape of the cells from the solution being sampled
as well as the cell density (116), therefore significant difference in morphology would
affect optical density values. Additionally, to explain molecular changes responsible for
size variations we reevaluated 30 differentially expressed genes in stationary cells grown
with 1 nM melatonin discussed in Chapter 3. Unfortunately, we could not identify any
genes directly correlated with cell size. However, this morphological variation could be a
result of indirect effect of altered gene expression.

Figure A3.3 Size differences between exponential and stationary cells
3.5 Acknowledgments
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