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1. Introduction 

The development of melanized biomaterials is of significant interest to the U.S. 
Army for potential integration into advanced Warfighter equipment. Melanin, a 
highly valued natural biopolymer, is prominently found in filamentous fungi—
organisms characterized by root-like structures called hyphae that branch to form 
resilient networks known as mycelia.1–5 These fungi are widely recognized as 
formidable biomaterials due to their structural strength and ability to grow rapidly 
using minimal inputs.6–10 However, to successfully harness and incorporate these 
melanized biomaterials into Army applications, precise control over their branching 
morphology, or appearance, is essential. Currently, mechanisms to reliably dictate 
these morphological outcomes remain an active area of research.  

The expansion of fungal networks is determined by two primary physical 
behaviors: exploratory growth (apical elongation and lateral branching) and 
network connection (hyphal aggregation and anastomosis/hyphal fusion).11–16 
Research reports numerous environmental cues largely influence these expansion 
behaviors, but anastomosis, or the physical fusion of neighboring hyphae to form 
connected networks known as hyphal fusion, often obscures more mature mycelial 
networks and complicates research efforts to characterize the impacts of individual 
environmental variables.11,13,17,18 This limitation drives most research to focus on 
controlling space-filling behaviors through the manipulation of growth 
environments such as changing agitation speeds.19 Morphological outcomes from 
these studies are species dependent, demonstrating a need for dedicated 
characterization of non-model organisms.20–24  

This study investigates Curvularia lunata, a highly melanated fungus of interest, 
and its morphological response to agitation-induced shear stress. This work was 
motivated by Dr. Matthew Servinsky’s preliminary observations of C. lunata’s 
disparate morphologies under two different extremes of agitation-induced shear 
stress. To better understand C. lunata morphologies for material generation, this 
work utilizes a novel quantitative characterization between agitation-induced shear 
stress and hyphal branches in a shaking incubator. 

2. Methods and Procedures 

2.1 Fungal Strains and Growth Media 

In all experiments, we used the 42011 wild-type strain of C. lunata obtained from 
the American Type Culture Collection (ATCC, Manassas, Virginia) and grown on 
Potato Dextrose Agar (PDA) agar plates until confluency. 



 

2 

2.2 Preparation of Samples in 250-mL Shake Flask 

Conidia from confluent PDA plates of C. lunata were harvested using 5 mL of 
sterile deionized (DI) water and a sterile L-shaped cell spreader. Spore solution was 
filtered through a 40-μm cell strainer (Greiner Biosciences) and diluted to a 
concentration of 4,000 conidia/mL. The diluted solution was inoculated into 250-
mL unbaffled glass volumetric flasks containing 100 mL of yeast peptone dextrose 
(YPD) liquid media. Inoculated flasks were shaken at a single speed for 15.5 h at 
28 °C. The speeds tested were 50, 125, and 250 rpm, and three different 
bioreplicates were used for each speed. 

2.3 Preparation of Samples in 500-mL Shake Flask 

Conidia from confluent PDA plates of C. lunata were harvested using 5 mL of 
sterile DI water and a sterile L-shaped cell spreader. Spore solution was filtered 
through a 40-μm cell strainer and diluted to a concentration of 4,000 conidia/mL. 
The diluted solution was inoculated into 500-mL unbaffled glass volumetric flasks 
containing 100 mL of YPD liquid media. Inoculated flasks were shaken at a single 
speed for 15.5 h at 28 °C. The speeds tested were 50, 75, 100, and 125 rpm, and 
three different bioreplicates were used for each speed. 

2.4 Preparation of Samples in 500-mL Shake Flask in 60 mL of 
YPD 

Conidia from confluent PDA plates of C. lunata were harvested using 5 mL of 
sterile DI water and a sterile L-shaped cell spreader. Spore solution was filtered 
through a 40-μm cell strainer and diluted to a concentration of 4,000 conidia/mL. 
The diluted solution was inoculated into 500-mL unbaffled glass volumetric flasks 
containing 60 mL of YPD liquid media. Inoculated flasks were shaken at a single 
speed for 15.5 h at 28 °C. The speeds tested were 75 and 100 rpm, and three 
different bioreplicates were used for each speed. 

2.5 Imaging of Fungal Hyphae 

To image hyphae for branching analysis, shake flasks were removed from the 
incubator after 15.5 h, gently scraped with an autoclaved plastic spatula, swirled to 
collect all the loose hyphae in the flask, and emptied into 500-mL Nalgene filter 
units. While gently swirling the Nalgene unit, the liquid is filtered through with a 
vacuum on low to isolate the hyphae. While the vacuum is off, 10 mL of sterile DI 
water is added back to the top of the Nalgene unit, gently scraped with a new plastic 
spatula, swirled again, and emptied into a 50-mL conical tube. After using the 
number “2” setting to vortex the spore solution in the conical tube for 7 s, a p100 



 

3 

micropipette with a diagonal cut at the second hash mark of the p100 tip was used 
to aspirate 25 μL of spore solution onto a microscope slide. After covering the 
microscope slide, 40 images—identifying at least 1 hyphae clearly—were taken 
using an inverted microscope at 10× magnification (Mateo FL) under brightfield 
and contrast lenses.  

2.6 Analysis of Fungal Hyphae 

For each bioreplicate, the number of tips for 30 different hyphae analyzed from the 
images collected were counted and placed on a spreadsheet. The total number of 
hyphal tips, representing branching, was averaged per condition (agitation speed, 
volume of shake flask, and volume of media) and graphed along with their 
respective standard error for comparison. 

3. Results and Discussion 

3.1 Branching Analysis of 250-mL Shake Flask Samples 

Previous studies show that fungal branching is a dynamic response to its 
environment.25–28 Our original hypothesis, inspired by Dr. Servinsky’s early 
observations, anticipated that environments with greater agitation-induced shear 
stress would increase both hyphal collision frequency and local oxygenation—two 
synergistic factors that change the local environment and are suspected to drive 
enhanced hyphal branching.26,29–35 Figure 1 shows samples grown at 50, 125, and 
250 rpm. Figure 2 shows samples grown at 250 rpm exhibited a significantly higher 
average number of hyphal tips (P < 0.05) compared to those grown at 50 and 125 
rpm. No significant difference was observed between 50 and 125 rpm despite a 
twofold difference in speed. Although the 250-rpm data demonstrates that doubling 
the agitation rate can drive a distinct branching response, the lack of variation 
between the lower speeds exhibiting a similar twofold difference suggests that the 
current growth environment may obscure the authentic branching morphologies we 
expected at lower agitation thresholds. 

 
Figure 1. Representative images of samples grown at (A) 50, (B) 125, and (C) 250 rpm 
within 250-mL shake flask taken with a light microscope. Size bars = 50 μm. 
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Figure 2. Average number of hyphal tips for samples grown in 250-mL shake flask at 
agitation speeds of 50, 125, and 250 rpm for 15.5 h. Samples grown at 250 rpm exhibit 
significantly more hyphal tips compared to samples grown at 50 and 125 rpm. Error bars 
indicate standard error of mean. 

3.2 Branching Analysis of 500-mL Shake Flask Samples 

To more accurately assess the relationship between agitation-induced shear stress 
and resulting branching morphologies, we reduced oxygen and nutrient gradients 
suspected of obscuring differences between agitation speeds in the previous 
environment by repeating the experiment at 50, 75, 100, and 125 rpm within a larger 
500-mL glass, unbaffled shake flask containing 100 mL of media. Figure 3 shows 
that samples grown at 125 rpm have significantly more hyphal tips compared to 
samples grown at 50 and 75 rpm. Samples grown at 100 rpm statistically produce 
an equal amounts of hyphal tips compared to samples grown at 50, 75, and 125 
rpm, suggesting that a critical energy threshold—greater than the energy produced 
at 100 rpm in this environment—is required to significantly alter hyphal 
branching.20,36–41 Similar studies report that energy thresholds are governed by 
shear stress, which is naturally inseparable from other physiochemical variables— 
mainly including mass transfer rates and fluid dynamics.41–43 Therefore, altering 
the agitation speed simultaneously impacts multiple variables within a shake flask, 
inducing a systemic change across the entire growth environment.  
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Figure 3. Average number of hyphal tips for samples grown in 500-mL shake flask at 
agitation speeds of 50, 75, 100, and 125 rpm for 15.5 h. Samples grown at 125 rpm exhibit 
significantly more hyphal tips compared to samples grown at 50 and 75 rpm. Error bars 
indicate standard error of mean. 

Figure 4 illustrates how different environments—one inside a 500-mL shake flask 
operating at a 20% fill ratio and the other inside a 250-mL shake flask operating at 
a 40% fill ratio—alter hyphal branching outcomes at 50 and 125 rpm across 
identical initial conditions. Our data shows samples grown in 500-mL shake flasks 
at 125 rpm exhibit significantly more hyphal tips than samples grown in 250-mL 
shake flasks; samples grown at 50 rpm exhibited identical hyphal branching tip 
averages in both vessels. Flask volume-induced environmental differences affected 
branching at 125 rpm as predicted but not at 50 rpm, suggesting a low speed created 
a quasi-static growth environment at 50 rpm that was outside the scope of this study.  
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Figure 4. Comparison of average number of hyphal tips between samples of the same speed 
grown in different sizes of shake flasks. The average number of tips is significantly different 
between samples grown at 125 rpm in different sizes of flasks, but this is not different for 
samples grown at 50 rpm, which indicates that 50 rpm is inadequate for evaluating agitation-
induced shear stress effects on hyphal branching. 

3.3 Branching Analysis of 500-mL Shake Flask Samples in 60 mL 
of YPD 

To better characterize how agitation-induced shear stress impacts branching 
morphologies, we repeated the previous experiments using 60 mL of media in 500-
mL shake flasks at 75 and 100 rpm. We hypothesized the reduced volume of media 
would further mitigate both oxygen and nutrient gradients suspected of obscuring 
differences between agitation speeds from previous conditions. We expected this 
change would magnify differences in hyphal branching between speeds. Figure 5 
shows a significant decrease in branching among the samples grown in 60 mL of 
media compared to the samples grown in 100 mL, but there was no difference in 
hyphal branching between different speeds grown in the same volume of media.  
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Figure 5. Comparison of the average number of hyphal tips between samples of the same 
speed grown within the same size of shake flasks containing different volumes of media. The 
average number of tips is significantly lower between samples grown in 60 mL of media 
compared to samples grown in 100 mL of media. 

The identical branching morphologies consistently observed across different 
environments within a narrower range of agitation speeds suggest that other 
variables besides shear stress may significantly influence morphological outcomes. 
In addition, all shake flasks containing 60 mL exhibited reduced branching 
compared to their 100 mL counterparts, contradicting previous trends of increased 
shear stress driving hyperbranching morphologies as observed in Figures 2 and 3. 
To identify the variables overriding the expected difference in branching from 
agitation-based shear stress, we examined the hyphal microenvironment. As  
shown in Figure 6A, we observed an abundance of suspected extracellular 
polysaccharides (EPS)—primary contributors to the aggregation of hyphae44–49  
and known precursors to anastomosis capable of altering late-stage fungal 
morphology.13,18,50–52 The EPS in Figure 6A was visually identified based on its 
characteristic mucous-like appearance surrounding the hyphae, consistent with 
morphological descriptions and imaging standards established in literature.53–57 
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Figure 6. Samples grown in 60-mL samples within 500-mL shake flask at different speeds. 
Panel A shows an abundance of extracellular polysaccharides secreted by the hyphae 
surrounding its perimeter, whereas panel B shows minimal presence of the EPS collecting 
around the hyphae at a higher speed.  

4. Conclusions 

In the fungal manufacturing industry, specific morphologies are known for driving 
the bioprocessing of high-value products.26 A complete understanding of 1) critical 
process parameters, 2) how these processes can be controlled, and 3) resulting 
fungal morphologies are required for maximizing the industrial potential of fungi 
as a living production platform.26 The same logic should be applied for the 
successful use of fungi as a living material concerning Army applications. This 
study investigates a quantitative characterization of the relationship between 
agitation-induced shear stress—a critical process parameter—and representative 
branching dynamics in C. lunata within nutrient-abundant shake flask 
environments. 

Researchers’ current efforts to understand the morphological control of fungi 
largely consist of species-dependent results accrediting morphology exclusively to 
agitation rates but overlooking how stirring alters the entire physiochemical 
system.11,12,58–60 Our findings demonstrate that massive differences in agitation-
induced shear stress drive a hyperbranching response while also indicating the 
existence of a potential critical energy threshold. Our data shows when agitation 
intensity decreases towards a critical energy threshold that typically induces 
hyperbranching responses within an environment, the inseparable variables 
accompanying agitation and the fungus’s own secondary biological responses gain 
more influence over the organism’s final morphology. Specifically, at these lower 
agitation speeds, we observed a collection of EPS from C. lunata that we suspect 
led to anastomosis (hyphal fusion) based on our data.13,18,50–57 

Improved control of morphological outcomes requires deeper knowledge of how 
an entire system responds to input changes such as agitation speed. Further studies 
of anastomosis, particularly in relation to EPS production within production 
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vessels, are the recommended next steps to accomplish this. Combining this effort 
with continued studies of associated parameters, such as nutrient gradients and 
oxygen transfer rates, will lead to a comprehensive understanding of the 
relationship between shear stress and morphology necessary for improved material 
generation and expanded application use. 
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ATCC American Type Culture Collection 

DI Deionized 

EPS Extracellular Polysaccharides 

PDA Potato Dextrose Agar 

YPD Yeast Peptone Dextrose 
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