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Abstract

Autofluorescence induced by 405 nm excitation may provide a non-invasive optical ap-
proach for characterizing cultured bacteria. This study evaluated the dynamics of autofluo-
rescence in anaerobic bacterial strains using quantitative hue analysis. Twelve reference
strains representing 11 bacterial species were cultured under controlled anaerobic con-
ditions. Eight independent colonies per strain were evaluated repeatedly at 24, 48, 72,
96, and 168 h after inoculation, using 405 nm laser excitation for 45 s at each time point.
Autofluorescence color was assessed using AH, defined as the mean colony hue minus the
agar background hue. The effects of bacterial strain, incubation time, and their interaction
were analyzed using ART-ANOVA. Significant effects were observed for both factors and
their interaction (p < 0.001). Comparatively higher, less negative AH values were observed
for A. odontolyticus, B. fragilis, B. breve, C. acnes, and C. sporogenes ATCC 2486, whereas more
negative values were observed for P. intermedia, P. micra, and A. israelii. P. intermedia showed
the largest visible shift in mean AH, particularly between 48 and 72 h. Temporal changes
were not consistently monotonic, and several strains showed partial reversals at later time
points. These findings indicate strain-dependent temporal changes in colony color relative
to the culture medium. Absolute fluorescence intensity was not quantified. Quantitative
hue analysis may provide complementary information for characterizing cultured anaer-
obic bacteria, but its reproducibility and performance for identifying unknown isolates
require further validation.

Keywords: autofluorescence; anaerobic bacteria; 405 nm laser; hue analysis; incubation time

1. Introduction

Anaerobic bacteria are important members of the human microbiota, colonizing the
oral cavity, gastrointestinal and genitourinary tracts, and skin [1-6]. Although they are part
of the normal microbial community, they may contribute to local and systemic infections
when microbial balance is disrupted, anatomical barriers are compromised, or host defenses
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are impaired [3,4,7-13]. In the oral cavity, anaerobic bacteria are associated with dysbiosis-
related diseases, particularly periodontitis and necrotizing periodontal diseases [14-16].
They are also frequently involved in endodontic infections, periapical inflammatory lesions,
odontogenic abscesses, and deep infections of the head and neck [4,7,17-20]. Interac-
tions between oral microorganisms, including streptococci and other bacterial groups,
further contribute to the complexity of the oral microbiome and its relationship with host
health [21-29]. Some oral bacteria have also been investigated in relation to carcinogenesis
and tumor progression, although these associations vary according to the organism and
biological context [30-37].

Laboratory diagnosis of anaerobic infections remains challenging because many
species are sensitive to oxygen exposure, clinical specimens require appropriate collec-
tion and transport, and some microorganisms grow slowly [3,5,38]. Identification may be
further complicated by phenotypic variability, polymicrobial infections, and organisms
that are difficult to cultivate under routine laboratory conditions [4,19,38—40]. Molecular
approaches can complement culture-based methods [41], while optical techniques may pro-
vide additional information on microbial phenotypes [42—-46]. The selected reference panel
also represents diverse biological groups, including organisms involved in oral microbial
interactions and species investigated for probiotic effects [35,47-53]. Studies of paraprobi-
otic preparations further illustrate the diversity of host-microbe relationships [54]. Thus,
the strains examined should not be considered a homogeneous group of oral pathogens.

The clinical importance of microbial characterization is reflected in studies of antimicro-
bial and antibiofilm strategies for oral microorganisms. These include endodontic materials
and irrigants [55-63], laser-based and photodynamic approaches [64—67], and modified
biomaterials or natural products [68-81]. Such investigations provide a broader microbio-
logical context, but antimicrobial efficacy and optical identification are distinct outcomes.

Autofluorescence is the emission of light by naturally occurring compounds following
excitation at an appropriate wavelength. Previous studies have investigated photoinduced
fluorescence in cultured microorganisms [42,43]. Bacterial autofluorescence may arise from
several endogenous fluorophores, including porphyrins, flavins, and reduced pyridine
nucleotides (NADH and NADPH) [82-87]. Excitation at 405 nm can induce emission at
longer wavelengths [82-85], with porphyrins and their derivatives contributing to red and
orange-red fluorescence in oral bacteria [82,83,85,88,89]. Flavins may contribute to green
emission [84,85,87], whereas NADH and NADPH have excitation maxima near 340 nm [86].
The resulting color reflects the combined contributions of multiple fluorophores and may
be influenced by culture medium composition, pH, heme availability, microbial physiology,
colony morphology, and imaging conditions [46,82-85,90-94].

Digital image analysis allows color to be described using hue, saturation, and bright-
ness. One such model is HSV, referred to as HSB in Image]: hue describes color, saturation
its purity, and value or brightness its light-dark component. Comparing colony hue with
that of the adjacent growth-free agar provides a relative measure of color contrast, although
it cannot fully separate bacterial fluorescence from contributions of the culture medium.
Previous studies have demonstrated that bacterial fluorescence varies with species, strain,
and culture conditions [82-85]. However, temporal changes in the colony-to-background
hue difference in anaerobic cultures remain insufficiently characterized, including the
magnitude and direction of AH changes during incubation.

The aim of the present study was to evaluate the effects of bacterial strain, incubation
time, and their interaction on the colony-to-background hue difference (AH) following
excitation at 405 nm. Eight independent colonies of each reference strain were assessed at
five time points after inoculation to characterize temporal color profiles under controlled
laboratory conditions. The study provides an initial evaluation of AH as a parameter for
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comparing bacterial colony color over time. Further research will be required to establish its
reproducibility, relationship to spectroscopic and biological measurements, and potential
diagnostic value using clinical isolates and independent validation [44—46].

2. Materials and Methods
2.1. Bacterial Strains

The study included 12 reference strains representing 11 species of anaerobic bacteria
from the American Type Culture Collection (ATCC) and the Polish Collection of Microor-
ganisms (PCM). Information on the strains selected for study is presented in Table 1.

Table 1. Reference anaerobic bacterial strains used in the study.

Species Collection No. Strain Code
Actinomyces israelii PCM 2391 Al
Actinomyces odontolyticus ATCC 17929/PCM 2399 AO
Bacteroides fragilis ATCC 25285 BAF
Bifidobacterium breve ATCC 15700 BIF
Clostridium sporogenes ATCC 19404 CLOS
Clostridium sporogenes ATCC 2486 CLOS1
Clostridium perfringens ATCC 13124 CLOP
Cutibacterium acnes PCM 2400 CAC
Fusobacterium nucleatum ATCC 25586 FUS
Parvimonas micra ATCC 33270 PMIC
Porphyromonas gingivalis ATCC 33277 PGIN
Prevotella intermedia ATCC 25611 PIN

2.2. Strain Storage and Culture Conditions

The strains selected for the study were stored at —80 °C in Trypticase Soy Broth
(TSB) (Biomaxima, Lublin, Poland) with 15% glycerol. Each strain was frozen in multiple
replicates. Before each experimental cycle, the strains were cultured on solid Schaedler
Agar with Vitamin K1 and 5% Sheep Blood (Becton Dickinson, Heidelberg, Germany) at
37 °C under anaerobic conditions using the GENbag Anaer system (Biomaxima, Lublin,
Poland) for 48 h to 5 days.

2.3. Experimental Design and Image Analysis

For each strain, a suspension corresponding to 1.0 McFarland was prepared, and 5 uL
aliquots were inoculated onto Brain Heart Infusion (BHI) agar (Biomaxima, Lublin, Poland)
to obtain eight independent colonies. The cultures were incubated at 37 °C under anaerobic
conditions using the GENbag Anaer system (Biomaxima, Lublin, Poland). The same
eight colonies of each strain were evaluated at 24, 48, 72, 96, and 168 h after inoculation.
Thus, each colony contributed five repeated observations, with the colony serving as the
biological replicate.

Fluorescence was excited using a continuous-wave 405 nm diode laser (SmartM,
Lasotronix, Piaseczno, Poland). The laser system was calibrated before the experiments,
and the output power was set to 200 mW. At each observation time, the agar plate containing
eight colonies of the analysed strain was exposed to laser illumination for 45 s. The laser
beam was delivered through a handpiece incorporating a glass optical light guide and
positioned approximately perpendicular to the agar surface at a fixed working distance
of 11 cm. The illumination spot at the sample surface had an approximate diameter of
8 mm, corresponding to an estimated irradiance of 398 mW /cm? and a radiant exposure
of 17.9 J/cm? over the 45 s exposure period. Fluorescence images were acquired through
a yellow emission filter using an iPhone 14 (Apple, Cupertino, CA, USA). To maintain
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consistency, image acquisition was performed using the same phone, laser output settings,
working distance, and relative positioning of the camera and sample. Photographs were
recorded in JPEG format with automatic exposure and white-balance functions enabled,
and the flash was not used. No additional colour modifications were performed after
image capture. However, the smartphone’s built-in image-processing procedures, such as
automatic colour balancing, tone mapping, and computational enhancement, remained
partly beyond experimental control. The images were not captured in RAW/DNG format,
and no calibrated colour target or fluorescence reference standard was included.

Image analysis was performed using Image] software (version 1.54g) and the
HSV /HSB color model. At each observation time, each colony was manually outlined to de-
fine a region of interest (ROI), which was stored in the ROI Manager. The minimum (Hmin)
and mean (Hmean) hue values were recorded for each colony, together with the hue value
of the agar background (BC). The colony-to-background hue difference was calculated as
AH = Hmean — BC and used in all statistical analyses; Hmin was not included in these
comparisons. Hue values were expressed on a 0-255 scale, and direct subtraction was used
because the observed values did not cross the scale boundary. No saturation- or brightness-
based thresholds or additional pixel-exclusion procedures were applied; therefore, pixels
with poorly defined color may have influenced the mean hue values. Higher AH values
indicate a more positive or less negative relative hue difference, not stronger fluorescence.
Values close to zero indicate similar colony and background hues, whereas negative values
indicate a lower hue value for the colony. Thus, AH represents relative color contrast rather
than fluorescence intensity. Images were also examined descriptively for visible color,
colony morphology, and changes over time. This assessment was qualitative and did not
provide an independent measurement of fluorescence intensity. At each observation time,
the plates were temporarily removed from the GENbag Anaer system and photographed
in a completely darkened microbiology laboratory, with the room lights switched off and
the window blinds closed. Immediately after image acquisition, the plates were returned to
anaerobic incubation; the time outside the anaerobic system was kept as brief as practicable.
(Table S1: Descriptive statistics of colony-to-background hue difference.)

2.4. Statistical Analysis

The data were analyzed using R software (version 4.5.3; R Core Team). Prior to
analysis, outliers were assessed based on boxplots using the 1.5 x IQR criterion. Given
the small number of colonies per strain (n = 8) and the limited power of normality tests
in small samples, a non-parametric analysis of variance was performed using the aligned
rank transform ANOVA (ART-ANOVA) method. The analysis was conducted using the
ARTool package (functions art() and artlm()), including the following factors: bacterial
strain, incubation time, and the strain x incubation time interaction. When significant
effects were identified, post hoc analyses were performed using the emmeans package
(functions emmeans() and pairs()) and the multcomp package (function cld()), with Holm
correction for multiple comparisons. Data visualization was performed using the ggplot2,
dplyr, and tidyr packages. Statistical significance was set at p < 0.05. Observations identified
by the 1.5 x IQR criterion were not excluded; all 480 measurements were retained in the
descriptive summaries, figures, and inferential analyses. The ART-ANOVA model included
bacterial strain, incubation time, and their interaction as fixed effects. Colony identity
was not included as a repeated-measures or random effect; therefore, the model did not
explicitly account for within-colony correlation across time.
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3. Results
3.1. Effects of Bacterial Strain, Incubation Time, and Their Interaction on AH

The results of the analysis of variance using the aligned rank transform method (ART-
ANOVA) showed a significant effect of bacterial strain (F(11, 420) = 222.10; p < 0.001),
incubation time (F(4, 420) = 112.68; p < 0.001), and the interaction between bacterial strain
and incubation time (F(44, 420) = 29.92; p < 0.001) on the value of the AH parameter (Table 2).
The obtained results indicate that the colony-to-background hue difference depends on
both the tested strain and the incubation time. Descriptive median and interquartile range
values for every strain and observation time are presented in Table 3.

Table 2. Results of the analysis of variance using the aligned rank transform ANOVA (ART-ANOVA)
method assessing the effect of bacterial strain, incubation time and their interaction on the value of

the AH parameter.
Effect df F p
Bacterial strain 11,420 222.10 <0.001
Incubation time 4420 112.68 <0.001
Strain x incubation time 44,420 29.92 <0.001

Table 3. Median [interquartile range] values of AH for each bacterial strain and incubation time (n = 8
colonies per strain and time point).

Strain 24h 48h 72h 96 h 168 h
Al —4.35[—4.78, —3.86] —2.25[—3.06, —1.05] —6.44[=7.27, —5.77] —6.46 [—7.67, —=5.79] —10.78 [~11.59, —9.82]
AO —2.93[-5.07, —2.46] —2.77[~3.08, —1.66] —2.39 [—4.02, —1.25] —0.27 [—1.16, 0.07] ~1.69 [-2.55, —0.87]
BAF —1.57 [~2.24, —1.22] —2.11[-2.61, —1.10] —1.33 [—2.07, —0.09] —1.57 [-2.08, —0.77] —1.13[—2.08, —0.92]
BIF —1.72[-2.57, —0.98] —1.54[—2.93, —0.48] —~1.99 [—2.69, —0.62] —1.43[-1.91, —0.45] —2.06[—2.78, —1.89]

CAC —2.31[~2.63, —2.08] —2.39[—2.84, —1.93] —2.61[—3.67, —1.86] —2.61[~3.75, —1.89] —2.14[-2.81, —1.81]

CLOP  —1145[—11.65, —10.50]  —10.56 [—11.86, —8.65] —4.00 [—4.89, —3.94] —5.08 [-5.21, —4.53] —5.31[—6.23, —5.15]

CLOS —457[~5.21, —3.47] —2.04 [—2.53, —1.24] —4.00 [—5.41, —2.78] —5.09 [—6.00, —4.67] —5.50 [—6.33, —4.83]

CLOSI  —2.31[-3.39, —1.05] —~1.32[—1.78, —0.39] —1.63[—2.30, —0.81] —1.42[—2.03, 0.07] —1.96 [-3.19, —0.97]
FUS —4.13[—4.53, —3.34] —3.15[—3.64, —2.72] —5.52[—6.82, —4.72] —7.72[—8.84, —6.76] —7.66 [—8.09, —7.13]

PGIN —3.24[—4.00, —2.72] —6.18 [—6.69, —4.99] —9.68 [—10.70, —9.07] —572[—623, —455]  —12.41[-13.26, —11.14]
PIN  —14.03[-15.09, —13.18] —13.27[-13.62, —12.62] —31.77[—32.71, —31.14] —31.70 [-32.77, —=30.92]  —25.86 [—27.96, —24.06]

PMIC —4.04 [—4.50, —3.22] —6.39 [—8.03, —5.17] —9.81[—10.66, —7.35]  —13.02[—14.19, —11.56]  —8.87[—9.39, —8.03]

Values are reported as median [Q1, Q3]. All observations, including values identified by the 1.5 x IQR
criterion, were retained.

3.2. Differences in AH Between Bacterial Strains

Post hoc analyses revealed numerous significant differences between the examined
strains at all analyzed time points. The largest differences were observed between strains
with the highest and lowest AH values, whereas some strains with similar AH values did
not differ statistically significantly. The highest, least negative AH values were observed
for Actinomyces odontolyticus (AO), Bacteroides fragilis (BAF), Bifidobacterium breve (BIF),
Cutibacterium acnes (CAC), and Clostridium sporogenes ATCC 2486 (CLOS1). The lowest,
most negative AH values were recorded for Prevotella intermedia (PIN), Parvimonas micra
(PMIC), and Actinomyces israelii (Al) (Figure 1). These differences describe relative colony-
to-background hue. Absolute fluorescence intensity was not quantified.
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Figure 1. Mean colony-to-background hue differences (AH = Hmean — BC) for each bacterial strain
at 24, 48, 72, 96, and 168 h after inoculation (eight colonies per strain). Time points are displayed
as equally spaced categories; line segments do not represent the rate of change per hour. Strain
abbreviations: Al A. israelii PCM 2391; AO, A. odontolyticus ATCC 17929/PCM 2399; BAF, B. fragilis
ATCC 25285; BIF, B. breve ATCC 15700; CAC, C. acnes PCM 2400; CLOP, C. perfringens ATCC 13124;
CLOS, C. sporogenes ATCC 19404; CLOS]I, C. sporogenes ATCC 2486; FUS, F. nucleatum ATCC
25586; PGIN, P. gingivalis ATCC 33277; PIN, P. intermedia ATCC 25611; PMIC, P. micra ATCC 33270.

3.3. Changes in AH During Incubation

Incubation time had a significant effect on AH, with temporal patterns varying among
strains. The largest visible shift in mean AH was observed for Prevotella intermedia (PIN),
particularly between 48 and 72 h. Parvimonas micra (PMIC), Porphyromonas gingivalis (PGIN),
and Fusobacterium nucleatum (FUS) generally showed more negative values at later than
at initial time points, but these changes were not consistently monotonic. PIN and PMIC
showed a partial increase between 96 and 168 h, while PGIN showed an increase between
72 and 96 h before decreasing again. Changes were also evident in Actinomyces israelii (Al)
and Clostridium perfringens (CLOP); in CLOP, mean AH increased between 48 and 72 h.
Bacteroides fragilis (BAF), Bifidobacterium breve (BIF), and Cutibacterium acnes (CAC) showed
comparatively small descriptive changes over the observation period. The distributions at
each time point are presented in Figure 2. These descriptions concern the observed profiles
and do not establish equivalence or absence of temporal change in any strain.

3.4. Interaction Between Bacterial Strain and Incubation Time

The significant bacterial strain x incubation time interaction indicates that the tem-
poral pattern of AH differed among the examined strains. Within-strain comparisons
identified significant differences between consecutive time points in a subset of strains.
P. intermedia showed a marked decrease between 48 and 72 h, followed by similar mean
values at 72 and 96 h and a partial increase at 168 h. P. micra and P. gingivalis also exhibited
non-monotonic profiles, whereas B. fragilis, B. breve, and C. acnes showed comparatively
small shifts. Figure 3 displays within-strain distributions across time. The interaction
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and Table 1.
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3.5. Between-Strain Variation and Distribution Overlap

The examined strains differed in AH, but their distributions overlapped to varying de-
grees (Figure 4). Statistically significant between-strain comparisons therefore demonstrate
differences in hue contrast at the group level. The strain-dependent temporal patterns may
provide additional characterization features, but no classification model or independent
validation was performed. The accuracy of AH for identifying unknown isolates cannot be
determined from these results.

PMIC 4

PIN -

PGIN 4

FUS 4

CLOS1 4

CLOS 1

Strain

CLOP

CAC -

BIF 4

BAF +

AO A

Al4

30 20 10 0

AHue (Hmean - BG)

Figure 4. Distributions of AH for the examined bacterial strains pooled across the five incubation
time points. Boxplots show the median and interquartile range; the pooled distributions combine
temporal variation with variation among colonies and do not represent independent measurements.
Strain abbreviations are defined in the Figure 1 caption and Table 1.

3.6. Qualitative Assessment

To complement the quantitative AH analysis, the images were examined descriptively
for color appearance, apparent signal visibility, spatial distribution, and temporal changes.
Most examined strains appeared green against the green culture-medium background,
with limited visual color contrast. This limited the assessment of fluorescence distribution
within individual colonies.

Prevotella intermedia ATCC 25611 showed a distinct yellow-to-orange appearance
relative to the green background. The colony color was visually more evident at later obser-
vation times, although the images do not establish a quantitative increase in fluorescence
intensity. The color appearance was observed across the eight evaluated colonies, but
consistency within this experiment does not independently demonstrate inter-experiment
reproducibility or exclude systematic imaging effects. In magnified images, the signal
appeared broadly distributed over the colony, with some variation between central and
peripheral regions.
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24h 48h

Among the predominantly green-appearing strains, differences in colony size, mor-
phology, apparent brightness, and central reflections were visible. In some strains, increas-
ing colony size made the signal more conspicuous at later time points. These observations
cannot distinguish increased biomass, differences in illumination or reflection, and changes
in emission per unit colony area.

The qualitative assessment therefore supports a visible color distinction for P. intermedia
within the examined panel. It is descriptive and should be interpreted alongside AH
as a color feature, without treating perceived brightness or saturation as quantitative
fluorescence intensity measurements (Figure 5).

72h 96h 168h

Actinomyces israelii — PCM 2391 — Al

Clostridium sporogenes — ATCC 19404 — CLOS

Bacteroides fragilis — ATCC 25285 — BAF

Bifidobacterium breve — ATCC 15700 — BIF

Clostridium sporogenes — ATCC 2486 — CLOS1

Fusobacterium nucleatum — ATCC 25586 — FUS

Cutibacterium acnes — PCM 2400 — CAC

Porphyromonas gingivalis — ATCC 33277 — PGIN

Prevotella intermedia — ATCC 25611 — PIN

Figure 5. Representative images of nine selected anaerobic bacterial strains under 405 nm laser
excitation at 24, 48, 72, 96, and 168 h after inoculation. The right-hand images show enlarged colony
views. Most strains appear green against the medium; P. intermedia exhibits a distinct yellow-to-
orange color. The images provide a qualitative illustration of colony appearance; they do not quantify
fluorescence intensity.

4. Discussion

The present study aimed to assess differences in AH values among selected reference
strains of anaerobic bacteria, and to determine whether characteristics of autofluorescence,
as assessed by this parameter, change during successive stages of culture growth. The
results revealed significant effects of bacterial strain and incubation time on AH, as well
as a notable interaction between these two factors. The examined strains differed in their
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overall AH values, as well as in the direction and magnitude of changes over time. The
values were negative, so higher AH denotes a hue difference closer to zero. AH does not
quantify emission strength. While some strains, including Bacteroides fragilis, Bifidobacterium
breve and Cutibacterium acnes, exhibited relatively stable profiles, more pronounced tem-
poral changes were observed for Prevotella intermedia, Parvimonas micra, Porphyromonas
gingivalis and Fusobacterium nucleatum. These findings suggest that image- derived colony-
to-background hue differences varied according to bacterial strain and incubation time
under the experimental conditions used. Although the significant strain x incubation
time interaction supports further evaluation of temporal features, whether these changes
improve classification performance over a single measurement remains undetermined.

The differences observed in the AH values among the examined strains may be related
to variations in the composition and relative contribution of endogenous fluorophores.
Previous studies have demonstrated substantial variation in the fluorescence profiles of
oral bacteria, attributing red and orange-red emission primarily to porphyrins and their
derivatives [82-85,88,89]. These compounds include protoporphyrin IX, coproporphyrins
and metalloporphyrins. The production, accumulation and transformation of these com-
pounds depend on microbial characteristics, as well as the availability of heme and other
components of the culture medium [82,83]. Therefore, the observed differences should be
interpreted as variations in image-derived colony-to-background colour contrast, without
attributing them to specific fluorophores or their abundance. Porphyrins may contribute
to bacterial fluorescence under 405 nm excitation because of their Soret absorption band,
although other fluorophores, including flavins, may also contribute [87]. Previous studies
have reported species-dependent differences in porphyrin production and heme utilization,
including protoporphyrin IX release by B. fragilis and coproporphyrin III production by
C. acnes [95,96]. Red autofluorescence has also been reported in A. odontolyticus and P.
intermedia [88]. However, these findings do not establish the origin of the AH differences
observed here. As fluorophore composition was not directly determined, AH should be
interpreted as an image-derived colony-to-background hue difference rather than as a
measure of specific fluorophores or their abundance. Furthermore, bacterial fluorescence
may depend on culture-medium composition [82,83].

The AH values also changed over the course of the incubation period. The most
pronounced changes were observed for P. intermedia, P. micra, P. gingivalis and F. nucleatum.
For these strains, AH was generally more negative at later than at initial time points, but
the profiles were not consistently monotonic. In particular, PIN and PMIC showed partial
increases between 96 and 168 h, and PGIN increased between 72 and 96 h. AI and CLOP
also showed appreciable descriptive changes. In contrast, B. fragilis, B. breve and C. acnes
exhibited relatively stable profiles. Studies of biofilms partly support the dependence of
autofluorescence on the growth stage, as an increase in red fluorescence and changes in
microbial composition have been observed with biofilm maturation and increasing thick-
ness [93,94,97]. These studies provide context for growth-dependent structural changes but
do not directly explain the observed AH profiles. Antimicrobial and antibiofilm studies also
emphasize the dependence of measured outcomes on the experimental model, exposure
conditions, and biofilm architecture [57,61,62]. Such outcomes should not be inferred from
hue alone. Although previous studies have associated microbial optical properties with
growth conditions and metabolic state [90-93], these factors were not measured in the
present study and cannot be used to explain the observed AH profiles directly. However,
a decrease in AH does not necessarily indicate reduced metabolic activity or decreased
autofluorescence intensity. Similarly, a stable AH value reflects a relatively stable hue differ-
ence between the colony and the culture medium; fluorophore abundance and metabolic
state may still change. Therefore, temporal changes in AH primarily describe changes in
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the color phenotype of the colony during growth. Their relationship to metabolic activity
or fluorescence intensity would require independent measurements.

The significant interaction between bacterial strain and incubation time indicates that
temporal changes in relative hue difference varied among the examined strains. P. intermedia
showed a particularly distinctive profile, with a marked decrease in AH between 48 and
72 h and a more evident yellow-to-orange appearance in the images. This observation can
be considered alongside previous reports of pronounced red fluorescence in P. intermedia
following excitation at 409 nm, with an emission maximum near 636 nm [98], and studies
associating its characteristic fluorescence with protoporphyrin IX and other porphyrin
derivatives [83,90,98,99]. Lennon et al. also reported fluorescence peaks consistent with
protoporphyrin IX and showed that fluorescence depended on the culture medium [83].
However, these findings do not establish the mechanism underlying the AH changes
observed here. Hue, saturation, and brightness represent distinct image properties [100],
and the present study measured relative hue contrast rather than absolute emission intensity.
Porphyrin-related pigmentation and microbial interactions in P. gingivalis [91,101], as
well as differences in heme-acquisition mechanisms among anaerobic bacteria [95,102],
provide broader biological context but were not investigated in this experiment. The
temporal profiles may offer descriptive information for distinguishing the examined strains;
however, classification performance was not assessed, and the potential advantage of
temporal measurements over a single time point remains unknown. Establishing diagnostic
value would require a classification model evaluated on an independent sample set, with
sensitivity, specificity, and accuracy determined [44,45].

The present study has several limitations that should be considered when interpret-
ing the findings. Firstly, the analysis was conducted under controlled in vitro conditions
using a limited number of reference strains, with mostly one strain representing each
species. Consequently, the observed AH profiles should be interpreted as strain-level
observations, obtained under specific culture and imaging conditions used in this study,
rather than as representative characteristics of the respective species. The findings also do
not establish the clinical diagnostic value of the proposed approach, as its performance
was not evaluated using clinical isolates or an independent validation cohort. Another
important limitation is the dependence of autofluorescence on culture conditions, including
the medium composition and the availability of heme and porphyrin precursors [83,91,93].
Furthermore, AH characterizes relative differences in colony and background color but
does not provide a direct measure of fluorescence intensity or spectral composition [100].
The reliability of hue-based analysis may be reduced when image regions have weak or
poorly defined color, while the circular nature of the hue scale may complicate statistical
interpretation. These factors should be considered when comparing measurements across
different samples or experimental settings. Future studies should investigate the influence
of color saturation, brightness, and data-processing choices on measurement robustness and
establish standardized criteria for reliable hue-based comparisons. Colony size, thickness
and heterogeneity, as well as the characteristics of the optical system and image-recording
device, may also influence the results [46,85]. In particular, the smartphone camera oper-
ated with automatic exposure and white-balance settings, and internal image-processing
procedures could not be fully controlled. Although the same device and imaging geometry
were used throughout the experiment, these automatic adjustments may have introduced
variability in the recorded hue values. Therefore, AH should be interpreted as a relative
image-based parameter obtained under the conditions used in this study, rather than as an
absolute colourimetric measurement directly transferable across devices. Future studies
should assess measurement reproducibility using fixed camera settings where possible,
colour calibration, and validated image-acquisition protocols. Although the approximate
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laser spot diameter at the sample surface and the corresponding estimated irradiance
and radiant exposure were determined, the spatial uniformity of irradiance across the
illuminated area was not independently characterized. Consequently, potential variations
in local excitation intensity across the sample cannot be excluded and may have influenced
the measured autofluorescence signals. In addition, repeated exposure to 405 nm laser
radiation may affect subsequent optical measurements through photobleaching or other
light-induced photochemical or biological effects [87]. Although the laser output power
and exposure duration were standardized across samples, these potential effects were not
independently assessed. The possible contribution of laser-induced effects to temporal
changes in AH therefore remains uncertain. Future studies should characterize the spatial
irradiance distribution on bacterial autofluorescence to improve the standardization and
reproducibility of the optical measurements. As no direct spectroscopic analysis or mea-
surements of individual fluorophores were performed, the proposed biological mechanisms
remain hypotheses that require experimental confirmation. Future studies should include
a larger number of strains, including multiple strains of the same species and clinical
isolates, and assess inter-batch and inter-laboratory reproducibility while standardizing
image acquisition. Extending validation to dental substrates would require accounting for
material- and species-dependent microbial colonization [103]. A valuable next step would
be to conduct parallel spectral analysis to better characterize the contribution of individual
fluorophores to the observed signal. Combining AH with other image-derived features
and temporal changes across successive time points would also be valuable, followed
by the development and validation of classification models. The feasibility of detecting
bacterial autofluorescence signals using simple imaging systems with 405 nm excitation has
already been demonstrated [46], whereas the application of multidimensional spectroscopic
data and machine-learning algorithms may improve discriminatory performance [44,45].
Validating such an approach using an independent clinical sample set would help to deter-
mine whether temporal autofluorescence profiles could ultimately support conventional
microbiological identification [44—46]. Accordingly, the present methodology can be used
to quantify and compare relative colony-to-background hue differences under the tested
imaging conditions. However, direct assessment of fluorescence intensity, identification or
quantification of individual fluorophores, and interpretation of metabolic activity require
complementary measurements and further validation. Because the same colonies were
assessed at five successive time points, observations obtained from an individual colony
were correlated. Colony identity was not included as a repeated-measures or random
effect in the ART-ANOVA model. Consequently, within-colony correlation may have been
underestimated and the inferential results, particularly the reported p-values, may be anti-
conservative. The statistical findings should therefore be interpreted as exploratory and
require confirmation using models that explicitly account for repeated measurements. In
addition, temporary removal of the plates from anaerobic incubation during imaging intro-
duced brief exposure to ambient oxygen. Although imaging was performed promptly and
the plates were immediately returned to the GENbag Anaer system, the possible influence
of this transient exposure on subsequent measurements was not independently assessed.

5. Conclusions

1. Bacterial strain was significantly associated with AH, which quantifies the relative
hue difference between the colony and the culture medium under the tested culture
and imaging conditions.

2. AHvaried with incubation time, and the direction and magnitude of these changes
differed among the examined strains.
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3. The significant strain x incubation time interaction indicates strain-dependent tem-
poral patterns of colony color. However, the potential value of these patterns for
bacterial classification has not yet been validated.

4. AH provides a quantitative measure of relative hue difference but does not directly
measure fluorescence intensity, fluorophore abundance, or metabolic activity. Its
diagnostic utility and the potential influence of laser-induced effects require further
investigation using complementary measurements and independent validation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/app162110573/s1, Table S1: Descriptive statistics of colony-to-
background hue difference.
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