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Abstract
By leveraging the unique qualities of microorganisms, engineered living materials (ELMs) offer functional and economic 
advantages in everyday applications along with notable ecological benefits. This study contributes to the growing field of 
biodesign by examining the potential of Flavobacteria for thermochromic ELMs. Many Flavobacteria, commonly found in 
marine environments, produce iridescent structural colorations as their colonies expand on semi-solid surfaces through 
gliding motility. In this study, we analyzed the effects of temperature variations on flavobacterium Cellulophaga lytica PLY-
A2, characterizing distinct changes in colony growth and iridescent colorations at a macroscopic and microscopic scale. 
Using scanning electron microscopy, we investigated the relationship between iridescent color and the underlying cell-based 
optical structures. By providing insights into the temperature-responsive behavior of Flavobacteria, our findings highlight 
their potential for future thermochromic ELMs—with applications ranging from sustainable food packaging to smart 
textiles—while encouraging further characterization studies within biodesign research.
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1　Introduction

Inspired by the efficiency of natural living systems and 
driven by recent advances in synthetic biology and materi‐
als science, the field of engineered living materials (ELMs) 
has attracted substantial attention [1–5]. ELMs incorporate 
living cells as essential components that either construct the 
material itself or modulate its performance [3]. This integra‐
tion can result in materials with novel functionalities, such 
as self-healing and biosensing, supporting a wide range of 
applications in healthcare, sustainable energy production, 
and advanced materials development [1].

In recent decades, there has been a growing interest in 
developing living systems in fields such as design [6–8], 
human–computer interaction (HCI) [9–11], and architec‐
ture [12–14]. The integration of microorganisms as de‐
sign elements presents opportunities to create products 
that offer novel interaction possibilities, as well as more 
sustainable production and end-of-life processes. Contrib‐
uting to these efforts, this study explores the potential of 
Cellulophaga lytica (C. lytica) PLY-A2 for sustainable 
thermochromic living materials. In their natural environ‐
ments [15], these bacteria grow at temperatures ranging 
from 0 °C to above 30 °C, making them suitable for moni‐
toring human environments.

In many living color-changing materials, microorganisms 
exhibit dynamic changes in colorations in response to envi‐
ronmental stimuli, including temperature. This responsive 
behavior may be either inherent to the organisms or the re‐
sult of genetic engineering [16]. For example, a living sen‐
sor for chemical stimuli was developed by genetically modi‐
fying bacteria to achieve high levels of control, accuracy, 
and robustness [17]. Alternatively, biologists, engineers, 
and designers have leveraged microorganisms’ inherent re‐
sponses to develop living color-changing materials. For in‐
stance, researchers have explored how microalgae respond 
to mechanical stress to develop mechanoluminescent living 
composites [18]. These studies highlight the advantages of 
unmodified biological systems over human-made alterna‐
tives in terms of sensitivity, energy efficiency, and autonomy.

When integrating microorganisms into living materials, 
designers must develop a thorough understanding of the 
complex and dynamic nature of microbial responses. This 
poses a challenge, as many microbial species exhibit consid‐
erable variability in their responses and are often influenced 
by multiple stimuli, making input–output relationships diffi‐
cult to identify [19]. Characterization studies are therefore 
essential in biodesign, as they offer insights into how differ‐
ent input mechanisms affect the spatiotemporal expressions 
of microorganisms. Accordingly, this study provides a de‐
tailed characterization of the growth and colorations of 
C. lytica PLY-A2 colonies in response to temperature 
variations.

C. lytica belongs to the Flavobacteriia class, of which 
many strains produce structural color as bacterial cells orga‐
nize into photonic crystals during growth on semi-solid sur‐
faces, including agar plates [20, 21]. Flavobacteria’s cell or‐
ganization has been associated with their ability to prey on 
other bacteria, suggesting that their photonic properties may 
be a secondary effect of this behavior [22].

The iridescent colorations of Flavobacteria are easily 
observable and highly sensitive to environmental condi‐
tions [23, 24], sparking interest across microbiology, mate‐
rials science, design, and HCI communities. Recently, Sulli‐
van et al. [25] reported the potential of Flavobacteria’s iri‐
descent biofilm as a platform for large-scale, sustainable, 
structurally colored materials, offering methods for control‐
ling their optical, spatial, and temporal properties. Research‐
ers have also explored genetic modifications as a way to al‐
ter the structural colorations in bacterial colonies [21, 26], 
underscoring Flavobacteria’s potential for optical ELMs, 
such as living sensors. Moreover, Flavobacteria have been 
introduced to the design and HCI communities by Groutars 
et al. [23], who proposed a design space of input mecha‐
nisms and potential applications for living color interfaces. 
Risseeuw et al. [27] expanded on this work by directly inter‐
acting with Flavobacteria through pressing, tilting, and 
swiping, fostering a personal and dynamic interplay be‐
tween humans and microbes.

While some publications have addressed the effects of 
temperature on Flavobacteria, particularly the colorations of 
C. lytica (Fig. 1), the broader impact of temperature varia‐
tion remained unknown. To bridge this knowledge gap, our 
study reports for the first time the effects of temperature 
variations on C. lytica growth and provides a detailed char‐
acterization of the resulting temporal expressions. In doing 
so, we aim to explore the potential of these microorganisms 
for thermochromic living materials.

2　Experiments

This study comprised three sets of experiments, with the 
second and third sets building on the findings of the first. 
All experiments focused on the species C. lytica, specifi‐
cally the non-harmful PLY-A2 strain. This section outlines 
detailed procedures for each experiment.

2.1　Experiment 1: capturing and characterizing 
temporal expressions of C. lytica PLY-A2 in 
response to temperature variations

To analyze the effects of temperature variations on the 
growth and colorations of C. lytica PLY-A2, the bacteria 
were grown for at least two weeks in large glass Petri 
dishes (⌀ 200 mm). Each Petri dish contained 200 mL of 
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marine (MAR) medium supplemented with 15 g/L agar 
and nigrosine pigment as a contrasting agent, as described 
by Groutars et al. [23]. During the incubation period, colo‐
nies were exposed to two different temperatures by plac‐
ing them in a 21 °C incubator and a 4 °C refrigerator. To 
eliminate humidity as an influencing factor [23], the incu‐
bator was set to a relative humidity of 65%, matching the 
conditions inside the refrigerator. Additionally, Petri 
dishes were sealed with Parafilm tape to reduce moisture 
loss during observation.

This experiment included four groups (A–D) of replicate 
samples (Fig. 2a), all inoculated at the center from a plate 
culture using an inoculation loop, and incubated upside 
down to safeguard colonies from condensation. Groups A 
and B, consisting of three samples each, served as controls 
and were subjected to constant temperatures for most of the 
experiment. Group A was incubated at 21 °C throughout, 
while Group B was transferred to 4 °C after 24 h. During 
the first 24 h post-inoculation, all groups were incubated at 
21 °C to allow the bacteria to equally adapt to the new 
medium. Groups C and D were alternated between the two 

temperatures, spending 3 d at 21 °C and 11 d at 4 °C per 
cycle. After two full cycles of temperature shifts, Group C 
remained at 21 °C (Day 31), while Group D continued un‐
dergoing temperature shifts. This approach was intended to 
examine whether temperature-induced responses remained 
visible in older regions of the colonies under both condi‐
tions. To account for potential colony disruption due to 
movement between storage conditions, Groups C and D 
were prepared with four samples each instead of three.

Every weekday, all samples were photographed using a 
camera (EOS 250D, Canon, Japan) mounted on a tripod, 
equipped with a macro lens and ring flash (Figs. 2b and 
2c). The camera was positioned 50 cm from the samples 
and configured with an exposure time of 0.25 s, ISO 800 
sensitivity, an aperture of f/25, and a custom white balance 
calibrated using a color reference card. To capture the iri‐
descent color, each sample was photographed at incident 
angles of 45° and 60° (similar to the method described in 
[23]). Two different laser-cut bases were used, each 
wrapped in dark fabric to minimize reflectivity during 
imaging.

Fig. 2  Procedure for Experiment 1. (a) Timeline showing the temperature conditions over time for Groups A–D. (b, c) Image capture setup with 
laser-cut bases for incident angles of 45° (b) and 60° (c)

Fig. 1  Effect of temperature on the growth of C. lytica on solid marine medium. (a) Iridescence kinetics of a colony incubated at 25 °C 
(left) and a colony transferred to 4 °C after 1 d (right). Reproduced from [24], with permission from the Federation of European Microbio‐
logical Societies. (b) Structurally colored colonies grown at 21 °C (left) and 8 °C (right). Reproduced from [23], with permission from the 
authors
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Images were examined to characterize the colony color‐
ations in terms of texture, hue, and angle dependence, and 
were digitally analyzed to extract data on colony expansion 
rates. Although automated approaches—such as brightness 
thresholding [23]—were explored, accurately detecting 
colony surface areas was challenging due to the pointillistic 
edges of the colonies and color similarity to the agar me‐
dium. Consequently, each colony’s radius was measured 
using manually placed digital markers. ArUco markers, con‐
sisting of unique binary patterns [28], were generated with a 
Python script and imported into Photoshop as a custom 
brush (Sect. S1.1 in the supplementary information). While 
this manual approach may have introduced some degree of 
human error and variability due to colonies not being per‐
fectly circular, it provided a consistent and practical solu‐
tion given the visual constraints. After image annotation, 
the fiducial markers were detected using a separate Python 
script (Sect. S1.2 in the supplementary information), allow‐
ing for the calculation and plotting of colony radii and the 
analysis of expansion rates across experimental groups and 
conditions.

2.2　Experiment 2: capturing hue 
homogeneity across temperature-induced 
color variations in C. lytica PLY-A2

We further analyzed the response of C. lytica PLY-A2 to 
temperature variations by examining hue homogeneity 
across differently colored regions. This experiment focused 
on the purple, orange, and green colorations induced by 
temperature variations, as detailed in Sect. 3.1.

Triplicate samples were inoculated and cultivated as de‐
scribed in Sect. 2.1, following the temperature cycling of 
Groups C and D (i.e., alternating between 3 d at 21 °C and 
11 d at 4 °C) over a 31-d period (Fig. 3a). Macro and micro 
images were captured for each of the three colored regions. 
The purple regions were photographed after 28 d of growth, 
while the orange and green regions were imaged after an ad‐
ditional 3-d incubation at 21 °C.

For macro imaging, colonies were photographed at inci‐
dent angles of 45° and 60° using the same setup described 
in Sect. 2.1, but from a distance of 30 cm. The resulting im‐
ages were corrected for perspective distortion and masked 
to isolate the targeted color regions.

Additionally, the colored regions were imaged at 50× 
magnification to closely examine their hue characteristics 
(Figs. 3b–3d) using a microscope (Carl Zeiss Axio Vert.A1, 
Zeiss, Germany) with a camera (Sony A6100, Sony, Japan). 
For each colored region, three sections were excised from 
each colony, placed in small Petri dishes (⌀35 mm), and 
covered with plastic foil. This setup allowed the lens to fo‐
cus on the colorations, with each section being photo‐
graphed three times while illuminated from the side at ap‐
proximately 45° using a torch.

Macro and micro images were examined to assess the 
hue homogeneity of the purple, orange, and green color‐
ations, acknowledging that the RGB capture system and in‐
terpolation process may not fully represent the true charac‐
teristics of iridescent colors. Additionally, a custom Python 
script (Sect. S2 in the supplementary information) was 
used to digitally analyze the images and plot the average 
hue distribution for each coloration across the different 

Fig. 3  Procedure for Experiment 2. (a) Timeline showing the temperature conditions over time and the image capture points for the different 
colorations. (b–d) Steps for capturing microscopic images of the different colored regions in C. lytica PLY-A2 colonies: (b) cutting sections 
from the colony; (c) placing the sections in small Petri dishes to position them close enough for proper lens focus; (d) observing and capturing 
images using the microscope
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perspectives—namely, 45° and 60° incident angles for 
macro images, and a 90° view with side illumination for 
micro images.

2.3　Experiment 3: conducting SEM analysis of 
temperature-induced color variations in 
C. lytica PLY-A2

The underlying optical structures of the purple, orange, and 
green colorations in C. lytica PLY-A2 colonies (as detailed 
in Sect. 3.1) were analyzed using a scanning electron micro‐
scope (SEM), following the protocol illustrated in Fig. 4. 
The entire procedure was conducted twice: first, to preserve 
biofilms (i.e., the surface-adhered layer of cells within the 
colony) for the analysis of optical structures, and second, to 
collect loose cells from the colonies for accurate cell size 
measurements. This required slight modifications to the pro‐
tocol, as detailed in the following paragraphs. Photographs 

of the SEM sample preparation process are provided in 
Sect. S3.1 in the supplementary information.

C. lytica PLY-A2 was cultivated in large glass Petri dishes 
(⌀200 mm) using MAR medium [23] without nigrosine, as 
preliminary tests suggested that nigrosine dissolves in the 
fixative solution, potentially interfering with SEM analysis. 
Two groups of triplicate samples were cultivated, both sub‐
jected to temperature variations (Fig. 4a). The group desig‐
nated for analyzing the purple region remained incubated at 
4 °C until fixation on Day 31. Conversely, the group in‐
tended for analyzing green and orange regions was trans‐
ferred to 21 °C for the final 3 d.

To prevent contamination, abnormal growth, or other in‐
consistencies that could compromise the study’s validity, 
colonies were cultivated in triplicate. After cultivation, 
one representative colony was selected for each colored re‐
gion to proceed with the preparation process. These colo‐
nies were placed upside down overnight, with 250 mg of 

Fig. 4  Sample preparation procedure for SEM analysis: (a) cultivation; (b) iodine-treatment; (c) fixation; (d) ethanol dehydration; (e) HMDS-
treatment (hexamethyldisilazane); (f) gold coating; (g) carbon taping; (h) SEM
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pulverized iodine crystals in the lids of the Petri dishes 
(Fig. 4b), allowing iodine vapor to kill the cells without al‐
tering their optical structures [26]. During this period, the 
colonies selected for green and orange colorations were 
kept at room temperature, whereas the colony designated 
for the purple coloration was returned to 4 °C to prevent 
temperature-induced color changes. The amount of iodine 
crystals for this sample was increased to 500 mg to account 
for the reduced vapor pressure at lower temperatures. Since 
the iodination process temporarily alters the color of the 
agar medium, the colored regions were marked on the bot‐
tom of the Petri dishes with a permanent marker beforehand 
for easy recognition.

For SEM analysis of the biofilm, cell arrangements were 
preserved by placing a coverslip on top of the colony and 
gently pipetting a fixative solution (phosphate-buffered sa‐
line with 2% glutaraldehyde, following Refs. [25, 26]) be‐
tween them (Fig. 4c, top). After 2 h, the coverslips—three 
per colored region—were carefully removed with the bio‐
film adhering to them. These coverslips were then subjected 
to ethanol dehydration to remove water (Fig. 4d, left) and 
immersed in hexamethyldisilazane (HMDS) (Fig. 4e) to pre‐
vent structural collapse during drying [29].

For SEM analysis of loose bacterial cells, three cut-outs 
were obtained from each colored region and submerged in 
the fixative solution to detach the biofilm from the growth 
medium in small fragments (Fig. 4c, bottom). The resulting 
suspension was carefully pipetted into an Eppendorf tube. 
Ethanol dehydration was then performed in a stepwise man‐
ner, with centrifugation before each solution change and 
vortexing to ensure thorough mixing with each new ethanol 
concentration (Fig. 4d, right). The dehydrated sample was 
subsequently transferred onto a coverslip before immersion 
in HMDS.

A gold coating was then applied to all coverslips (Fig. 4f) 
to establish a conductive surface, preventing charging and 
minimizing thermal damage during SEM imaging. The 
coated coverslips were mounted onto a sample holder using 
carbon tape (Fig. 4g) and inserted into an SEM (JSM-
IT700HR, JEOL, Japan). During SEM imaging (Fig. 4h), 
all nine coverslips containing biofilm samples were imaged 
once at 1000× magnification to assess overall cell organiza‐
tion, and at 5000× and 10,000× magnifications at three lo‐
cations each for detailed observation. Similarly, the nine 
coverslips with loose cells were imaged at 5000× magnifi‐
cation at 10 different locations to obtain sufficient data for 
cell size measurements.

The SEM images of loose cells were analyzed using Im‐
ageJ software, as described in [26], to determine the aver‐
age bacterial cell width and length across the three colored 
regions. For each parameter, 150 measurements were 
taken, plotted as histograms, and summarized using box‐
plots. Differences among measurements were assessed 

using the nonparametric Kruskal–Wallis test. When appli‐
cable, Dunn’s post hoc tests with Bonferroni correction 
were conducted. A p-value <0.05 was considered statisti‐
cally significant.

Additionally, the optical structures observed in the SEM 
images of biofilms were assessed for cell alignment and ho‐
mogeneity of orientation. To quantify local cell alignment 
in the regions visible at 5000× magnification, three SEM 
images were analyzed per coloration. Automated orienta‐
tion analysis was hindered by low contrast between fore‐
ground and background cells, which impeded cell detec‐
tion. Therefore, the orientation angles of at least 150 cells 
per image were manually measured in ImageJ by drawing 
straight lines from end to end of each cell. To focus on lo‐
cal cell alignment rather than overall orientation, the mean 
angle per image was subtracted from each measurement, 
resulting in relative angles. These were then plotted as his‐
tograms to compare local cell alignments among the differ‐
ent colorations.

3　Results

3.1　Effect of temperature variations on the 
temporal expressions of C. lytica PLY-A2

Temperature variations impacted both the expansion rate 
and iridescent colorations of C. lytica PLY-A2 colonies, 
consistent with previous studies that cultured C. lytica colo‐
nies at low or high temperatures [23, 24]. In our experi‐
ments, where temperature was varied during colony growth, 
we observed that temperature had a sustained effect over 
time, consistently influencing expansion rate and color‐
ations in a similar manner.

Colony expansion over time was compared across the 
four groups (Fig. 5). Although we acknowledge that differ‐
ences in the unquantified inoculum amounts may have intro‐
duced minor variations in growth rates, the data showed a 
clear trend: colonies grown at 21 °C expanded considerably 
faster than those grown at 4 °C.

In the control groups (A and B), Group A (maintained at 
21 °C) expanded at a rate of 4.4 mm/d during the first 3 d 
but gradually slowed to about 2.3 mm/d as the colony ap‐
proached the edge of the Petri dish (Fig. 5b). Conversely, 
Group B (maintained at 4 °C) exhibited a stable expansion 
rate of approximately 0.6 mm/d throughout the experiment 
(Fig. 5c).

Groups C and D, which were exposed to alternating tem‐
peratures, exhibited expansion rates comparable to those of 
the control groups during their initial 21 and 4 °C phases 
(i.e., Days 0–3 and 3–14, respectively) (Figs. 5b and 5c). 
However, their responses became more variable upon re-
exposure to the same temperatures. Each time the colonies 
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returned to 21 °C (i.e., Days 14, 28, and 42), they expanded 
at rates equal to or exceeding those of Group A during its 
initial high-growth phase (Days 0–3) (Fig. 5b). When 21 °C 
conditions were sustained for a more extended period—as 
in Group C between Days 31 and 39—the expansion rate 
slowed, mirroring the pattern observed in Group A between 
Days 14 and 17. During the second 4 °C phase (Days 17–
28), colonies in Groups C and D expanded more slowly 
than those in control Group B (Fig. 5c).

Colonies subjected to temperature variations over a 45-d 
incubation period developed distinct colored rings (Fig. 6a), 
as new growth consistently responded to the prevailing tem‐
perature conditions. A detailed overview of the growth pat‐
terns for replicate samples from all groups is presented in 
Sect. S1.3 in the supplementary information.

As shown in Fig. 6, C. lytica PLY-A2 colonies grown at 
4 °C exhibited more intense purple hues than those grown 
at 21 °C, particularly when observed at an incident angle of 
60° (Figs. 6b and 6c). Colonies grown at 4 °C also devel‐
oped a more uniform texture in their coloration, whereas 
those grown at 21 °C appeared more pointillistic and scat‐
tered. When the bacteria were subjected to alternating tem‐
peratures, these temperature-induced effects became appar‐
ent in the newly formed colony regions, producing concen‐
tric rings with distinct colors and textures, as observed in 
Group D (Fig. 6d).

As the colonies matured and were exposed to varying 
temperatures, the regions that developed under different 
temperature conditions retained distinct color differences. 
While green colorations were relatively stable, purple re‐
gions were more temperature-sensitive, shifting noticeably 

to orange when exposed to higher temperatures (Fig. 6e), as 
further discussed in Sect. 3.3 and Sect. 4. Over time, al‐
though the colonies gradually lost their iridescence, differ‐
ences between growth at 4 and 21 °C remained visible 
(Fig. 6f), indicating that the lighter colored rings preserved 
a record of past temperature variations.

3.2　Hue homogeneity of temperature-
induced color variations in C. lytica PLY-A2

The hues observed across the three colored regions exhib‐
ited considerable variations, both from macroscopic and mi‐
croscopic perspectives.

In the region designated as purple (Fig. 7a), cultivated 
at 4 °C, macroscopic images showed a color gradient rang‐
ing from orange and red hues to purple and blue near the 
edges when viewed at a 45° angle. At 60°, the hues shifted 
toward more yellow and vivid purple, as evidenced by the 
hue spectrum graph. Additionally, small patches of green 
and red were visible at both angles. Under the microscope, 
purple was the predominant hue, consistent with the hue 
spectrum graph, where hues within the purple range exhib‐
ited the highest average normalized pixel count (approxi‐
mately 0.6). Although green and red hues were also ob‐
served in these microscopic images, their peak values 
were significantly lower (approximately 0.1). It should be 
noted that achieving focus on structural colorations at 
higher magnifications can be challenging or even unfea‐
sible, and that the observed hues may result from clustered 
points of different colors rather than a uniform structural 
phenomenon.

Fig. 5  Growth of colonies in control Groups A (green) and B (yellow), and in groups subjected to alternating temperatures of 21 and 4 °C, i.e., 
Groups C (red) and D (blue). (a) Graph showing colony radius over time with dots representing individual samples and lines indicating averages. 
(b, c) Graphs showing average expansion rates of each group during incubation at 21 °C (b) and 4 °C (c), with error bars indicating standard 
deviations (n=3 for Groups A and B; n=4 for Groups C and D)
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The region designated as orange (Fig. 7b), grown at 4 °C 
and subsequently exposed to 21 °C, exhibited less hue 
variation from a macroscopic perspective, primarily display‐
ing orange and green hues. Conversely, microscopic exami‐
nation revealed a wider array of colors, including vivid 
orange, yellow, and various shades of green, cyan, and blue, 
as evidenced by the hue spectrum graph.

Finally, the region designated as green (Fig. 7c), grown 
at 21 °C, exhibited a color gradient at the macroscopic 

scale, transitioning from green and yellow to orange and 
red along the colony’s edge. Orange hues appeared 
slightly more prominent at a 45° angle compared to 60°, 
although the overall color profile remained stable, as evi‐
denced by the hue spectrum graph. Microscopically, nu‐
merous blue and green dots were observed, consistent with 
the hue spectrum graph, while red and orange dots were 
sparsely distributed, and too few to be represented in the 
graph.

Fig. 6  Perspective-corrected images of C. lytica PLY-A2 colonies from Experiment 1. (a) Representative colony growth over time in Group D, 
subjected to temperature variations, captured at 60°, showing the formation of colored rings. (b–d) Close-ups of colony colorations captured at 
45° and 60°: (b) edge of a Group A colony, grown at 21 °C for 14 d; (c) edge of a Group B colony, grown at 4 °C for 30 d; (d) multiple growth 
stages of a Group D colony, subjected to temperature variations, with the most recent temperature condition and duration indicated for each 
image set. (e, f) Temporal changes in C. lytica PLY-A2’s colony colorations, captured at 60°: (e) representative Group D sample after 42 and 
43 d, showing the transition of purple colorations (formed at 4 °C), to orange within 24 h at 21 °C; (f) group C colony on Day 60, previously 
subjected to temperature variations, showing loss of iridescence but retention of lighter-colored rings, possibly partially colored by the inherent 
yellow pigment of C. lytica [30]
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3.3　Relationship between temperature-
induced color variations and underlying cell 
organization and morphology

SEM imaging revealed distinct differences in cell organiza‐
tion among samples from the three colored regions. In 
green regions, well-organized cell arrangements were clearly 
visible (Fig. 8a). At higher magnifications (Fig. 8a, right), 
tightly packed cells appeared aligned in parallel, whereas 
lower magnifications (Fig. 8a, left) revealed variations in 
orientation, resulting in circular patterns across the colony—
similar to those observed in other Flavobacteria [31] 
(Fig. S12 in the supplementary information). Conversely, 
organized cell arrangements were less frequent and less 
structured in the orange regions (Fig. 8b) and appeared ab‐
sent in purple areas (Fig. 8c).

These differences in cell alignment were further sup‐
ported by the relative angle distributions (Fig. 9a). In the 
green regions, the relative angles showed a sharp peak, indi‐
cating consistent alignment among cells within the sampled 
areas. Conversely, the distributions for the orange and 
purple regions were broader, suggesting more variable cell 
orientations within the sampled areas.

Cell size measurements obtained from SEM images of 
loose cells (Figs. 9b–9f) revealed slight but statistically sig‐
nificant differences in cell length across the three color‐
ations (H(2) =6.10, p=0.047) (Figs. 9b and 9c). Median 
lengths followed a consistent trend: cells from orange re‐
gions were the shortest (1.60 μm), followed by those in 
green (1.87 μm), with the longest observed in the purple re‐
gions (2.06 μm). Consistent with the boxplot (Fig. 9c), post 
hoc analysis revealed that cell length in the purple region 

Fig. 7  Colorations of the purple (a), orange (b), and green (c) regions, shown by macroscopic and microscopic images (50× magnification), 
along with graphs displaying the average normalized pixel counts per hue for all images. In the macroscopic images, the edges of the colonies 
are positioned at the top
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differed significantly from the orange (p=0.014), but not 
from the green (p=0.17). Conversely, cell width (Figs. 9d 
and 9e) did not differ significantly among the colorations 
(H(2)=3.59, p=0.166), consistent with the substantial over‐
laps seen in the boxplot (Fig. 9e). Median widths showed 
minimal differences: green (249 nm), orange (255 nm), and 
purple (263 nm).

Additionally, SEM imaging of loose cells revealed the 
presence of spherical cells within the purple regions 
(Fig. 10a) and, more prominently, in the orange regions 
(Fig. 10b). These cells were excluded from the quantitative 
cell size measurements due to their atypical morphology.

4　Discussion

4.1　Reflections and limitations

This study shows that temperature variations influence the 
expansion rate and colorations of C. lytica PLY-A2, resulting 
in the formation of distinct colored rings within colonies. 

Previous research has provided explanations for structural 
color variations in Flavobacteria. For example, green col‐
orations observed in Flavobacterium IR1 (cultivated at 
25 °C) have been attributed to a relatively homogeneous 
crystalline arrangement of cells [32]. Conversely, the 
purple colorations in the same strain have been associated 
with a more disordered structure and increased average 
cell width ((480±25) nm) compared to green regions 
((400±20) nm) [33]. However, in that case, both color‐
ations developed at 25 °C, and the shift to purple was trig‐
gered by the presence of polysaccharides (fucoidan), 
rather than temperature variations. Similarly, another 
study reported notable differences in cell width between 
the green and red colorations of C. lytica’s DSM 7489 
(310 nm vs. 428 nm), although these shifts occurred in re‐
sponse to salinity variations [25], with temperatures rang‐
ing from ambient to 27 °C. While these studies involved 
different strains and environmental factors to induce color 
changes, the reported differences in the average cell width 
between color variants were substantially greater than the 

Fig. 8  SEM images of biofilms showing cell arrangements from the green (a), orange (b), and purple (c) regions, captured at three magnifica‐
tions: 1000× (left), 5000× (middle), and 10,000× (right). Scale bars represent 10, 5, and 1 μm, respectively
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6–14 nm variation observed in our analysis (Fig. 9). This 
relatively small difference in cell width suggests that tem‐
perature variations have limited impact on the cell width 
of C. lytica PLY-A2 and that cell width is unlikely to be a 
significant determinant of the color differences observed 
among temperature-induced rings. Instead, other structural 
characteristics, such as cell spacing and organization, may 
play a more prominent role.

Slight differences in cell length were observed across the 
colored regions, particularly between the orange and purple 
regions. These variations may be influenced by the cells’ 
relative position within the colony, as the purple region is 
closer to the colony edge, where bacterial cells tend to ex‐
hibit more active growth. However, since cell length ex‐
tends perpendicular to the plane of the two-dimensional 
photonic crystal lattice, it is less likely—compared to cell 

Fig. 9  Cell alignment and dimensions across the different colorations. The colors used in this figure (green, orange, and purple) correspond to 
the visually observed colorations and are applied consistently throughout. (a) Histograms showing the relative angle distributions within sampled 
areas imaged at 5000× magnification, illustrating differences in local cell alignment among the three colorations. (b, c) Histogram and corre‐
sponding boxplot of cell length measurements. (d, e) Histogram and corresponding boxplot of cell width measurements. The boxplots show the 
distribution of cell sizes for each region (n=150): boxes represent the interquartile range, covering the middle 50% of data; whiskers extend to 
capture the majority of remaining data points; individual outliers are shown as separate dots. (f) Infographic summarizing the maximum, mini‐
mum, and median cell dimensions for the three colorations
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width and intercellular spacing—to significantly influence 
the photonic interactions underlying color production in 
these optical structures.

SEM analysis of the biofilm was conducted to examine 
the underlying cell organization and better understand the 
origins of the distinct color differences in the 
temperature-induced rings. However, samples of orange 
and purple regions exhibited minimal or no organized 
cell arrangements. One possible explanation for this lack 
of organization is that the fixation procedure may have 
been less effective for the orange region and ineffective in 
preserving the optical structures in the purple region. This 
may be due to differences in cell spacing across the col‐
ored regions, with greater spacing in the purple region po‐
tentially making the optical structures more vulnerable to 
disruption during sample preparation. Such variations in 
intercellular spacing could play a crucial role in the optical 
mechanisms of color generation and may partially account 
for observed color differences across the temperature-
induced rings.

The presence of spherical cells within the purple region—
and more prominently in the orange region (Fig. 10)—may 
indicate a stress response, as bacteria are known to undergo 
stress-induced adaptive morphogenesis. Under unfavorable 
conditions, rod-shaped cells transition to a coccoid morphol‐
ogy [34]. Such morphological changes may influence the 
colorations of C. lytica PLY-A2 by altering the cell spacing 
and organization within its optical structures.

While SEM imaging offers valuable insights into cell 
spacing and morphology, it requires dehydration steps that 
may induce shrinkage, potentially affecting these measure‐
ments [32]. However, Schertel et al. [32] noted that such 
shrinkage tends to occur uniformly across bacterial 
samples, thereby preserving relative differences. Thus, de‐
spite the potential for altered absolute cell dimensions, the 
comparative analysis of the green, orange, and purple re‐
gions in our study remains valid. Nevertheless, future stud‐
ies employing less invasive imaging techniques—such as 
environmental SEM and cryogenic SEM combined with 

goniometry [32]—could provide more accurate representa‐
tions of the optical structures in Flavobacteria.

Furthermore, while RGB-based imaging in the first and 
second experiments provided valuable insights into the col‐
orations of C. lytica PLY-A2, this approach has limitations 
in capturing the complexity of iridescent colors, such as 
their subtle spectral variations. Hyperspectral or multispec‐
tral imaging techniques, which offer higher spectral resolu‐
tion, may provide more accurate characterization of the 
optical properties of structurally colored biofilms in future 
research.

Across all experimental groups, replicate samples showed 
strong consistency in both color expression and growth pat‐
terns (Fig. S4 in the supplementary information), highlight‐
ing the reproducibility and robustness of our findings. This 
consistency was evident at both the macroscopic and micro‐
scopic levels, including the emergence of concentric col‐
ored rings in response to temperature variations. Minor 
variations among replicates (e.g., in expansion rates; Fig. 5) 
likely reflect the inherent biological variability commonly 
associated with microorganisms.

Finally, this study shows that C. lytica PLY-A2 exhibits 
extended stability under controlled conditions, maintaining 
distinct and vivid color patterns for over 42 d (Fig. 6). This 
impressive longevity suggests the potential of temperature-
responsive living materials for long-term functionality—an 
essential consideration for practical applications. However, 
the durability of these properties under real-world environ‐
mental conditions remains uncertain, as all experiments were 
conducted in a highly controlled laboratory setting. Transi‐
tioning to real-world applications requires a deeper under‐
standing of how interconnected environmental factors affect 
the behavior of C. lytica PLY-A2 over time. For practical ap‐
plications, thermochromic ELMs must function beyond the 
confines of Petri dish environments, which presents chal‐
lenges related to material integration, sterility, and environ‐
mental variability. Future studies should explore strategies to 
enhance the resilience of Flavobacteria in applied settings, 
such as encapsulating bacterial colonies within protective 

Fig. 10  SEM images showing spherical cells within the purple regions of the colony, as indicated by arrows (a), and within the orange regions 
(b), with scale bars representing 1 μm
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biomaterials. Addressing these challenges will be essential 
to advancing the development of thermochromic ELMs.

4.2　Implications for biodesign

The concentric colored rings formed in response to tempera‐
ture variations underscore the potential of C. lytica PLY-A2 
as a foundation for thermochromic living materials with 
applications across various domains.

Unlike conventional thermochromic materials, which 
only reflect current temperatures, these living colonies can 
record past temperature variations in their growth patterns, 
enabling the tracking of temperature history through living 
traces [23]. This opens up possibilities for applications 
where tracking past exposures is crucial, such as in the con‐
text of food safety and waste management. Additionally, 
these living thermochromic materials could serve as ambi‐
ent temperature indicators that foster reflective engagement 
with environmental conditions. For instance, visualizing 
temperature shifts in gardens may promote awareness of the 
behaviors, rhythms, and interactions of other living organ‐
isms. Beyond static surfaces, these materials could be inte‐
grated into smart textiles, leveraging their dynamic color 
changes for temperature-responsive garments. For instance, 
bacteria embedded in sportswear could enable visually en‐
gaging patterns in response to body heat and ambient air, 
combining aesthetics and personalization with functional 
monitoring. In such applications, encapsulating bacteria 
may mitigate potential risks associated with direct contact 
or unintended environmental exposure.

Since C. lytica PLY-A2 requires minimal resources to 
grow—just small amounts of salt and trace nutrients—these 
bacteria hold promise for producing thermochromic materi‐
als in a sustainable, resource-efficient manner, as well as for 
temperature sensors in areas with limited electricity. Fi‐
nally, given that the bacteria are unmodified, reliant on natu‐
rally derived resources, and commonly found in marine en‐
vironments [15, 30], they represent an ecologically safe and 
biodegradable platform for developing thermochromic liv‐
ing materials.

While this study focused on cultivating a single strain of 
C. lytica at two specific temperatures, the potential of ther‐
mochromic living materials extends far beyond this scope. 
Hundreds of iridescent bacterial strains exist, each with dis‐
tinct optical properties and originating from diverse environ‐
ments [20]. The variability in their growth conditions and 
color responses could enable the customization of thermo‐
chromic living sensors tailored to specific applications and 
contexts.

The design applications outlined above are speculative 
and intended to illustrate possible future directions rather 
than reflect current technical feasibility. Integrating these iri‐
descent bacteria into practical biodesign applications will 

require further research to address real-world constraints, in‐
cluding material integration, robustness, and biosafety con‐
siderations. Moreover, a more comprehensive understand‐
ing is needed of how their optical properties—such as color 
variability, stability, and responsiveness—are perceived and 
interpreted. Future work should include experiential charac‐
terization studies [35] to explore how users perceive and in‐
teract with the dynamic colorations of thermochromic 
ELMs. More broadly, the acceptance of ELMs poses a 
social challenge, closely tied to their practical context and 
role in everyday interactions.

5　Conclusions

This study shows how temperature variations influence the 
expansion rate and colorations of C. lytica PLY-A2. Bacte‐
rial colonies alternating between 4 and 21 °C developed 
concentric colored rings in orange, green, and purple, and 
shifted between slow and fast growth phases. The variation 
in color, responsiveness, and stability highlights the poten‐
tial of these iridescent bacteria for thermochromic living 
materials. Motivated by scientific curiosity, we further ex‐
plored the homogeneity of the three colored regions and 
their underlying optical structures. Our findings revealed 
that the colored regions exhibit heterogeneous hues that 
vary with magnification. SEM imaging showed differences 
in cell arrangement, potentially influenced by variations in 
cell spacing, while cell width remained consistent across re‐
gions, and cell length exhibited only minor variation. 
Spherical cells, primarily observed in the orange region 
and, to a lesser extent, in purple, may indicate stress re‐
sponses under specific conditions. Overall, our findings un‐
derscore the promise of C. lytica PLY-A2 for future integra‐
tion into living materials, where its dynamic colorations in 
response to temperature variations could pave the way for 
innovative thermochromic ELMs.
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