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Abstract 

The formation of hyphae is one of the most crucial virulence traits the human pathogenic fungus Candida albicans possesses. The 
assessment of hyphal length in response to various stimuli, such as exposure to human serum, provides valuable insights into the 
adaptation str ate gies of C. albicans to the host environment. Despite the increasing high-throughput capacity live-cell imaging and 

data gener ation, the accur ate anal ysis of hyphal gr owth has r emained a la borious, err or-pr one, and subjecti v e man ual pr ocess. We 
dev eloped an anal ysis pipeline utilizing the open-source visual pr ogramming langua ge J av a Ima ge Pr ocessing Pipeline (JIPipe) to 
overcome the limitations associated with manual analysis of hyphal growth. By comparing our automated approach with manual 
anal ysis, we r efined the str ate gies to ac hieve accur ate differentiation betw een y east cells and hyphae. The automated method ena b les 
length measurements of individual hyphae, facilitating a time-efficient, high-throughput, and user-friendly analysis. By utilizing this 
JIPipe anal ysis appr oac h, w e obtained insights into the filamentation behavior of two C. albicans strains when exposed to human 

serum albumin (HSA), the most a bundant pr otein in human serum. Our findings indicate that despite the known role of HSA in 

stimulating fungal growth, it reduces filamentous growth. The implementation of our automated JIPipe analysis approach for hyphal 
gr owth r e pr esents a long-aw aited and time-efficient solution to meet the demand of high-throughput data generation. This tool can 

benefit different resear c h areas investigating the virulence aspects of C. albicans . 

Ke yw ords: filamentous gro wth; h yphal length; microscop y; image analysis; label-free; visual programming; quantitative imaging; 
infection biology 
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Introduction 

A k e y attribute that makes Candida albicans a successful human 

pathogen, is its ability to mor phologicall y switc h betw een y east 
and filamentous forms (true hyphae and pseudohyphae) (Ernst 
2000 , d’Enfert et al. 2021 , Lopes and Lionakis 2022 ). The yeast mor- 
phology is perceived as vital for commensalism (Pande et al. 2013 ) 
and dissemination during systemic infection (Gow et al. 2002 , Sav- 
ille et al. 2003 ). While recent evidence suggests hyphae also play 
a role during commensal stages (Liang et al. 2024 ), this morphol- 
ogy is essential for tissue invasion and escape from the immune 
system (Gow et al. 2002 , Mayer et al. 2013 , Austermeier et al. 2020 ).

The yeast-to-hypha transition is induced by diverse environ- 
mental triggers such as serum (Taschdjian et al. 1960 ), neutral pH 

(Buffo et al. 1984 ), physiological human body temper atur e (Mayer 
et al. 2013 ), nutrient depletion (Mayer et al. 2013 ), N -acetyl- d - 
glucosamine (Simonetti et al. 1974 ), or ele v ated CO 2 le v els (Mar- 
don et al. 1969 ), as well as synthetic culture media (Lee et al. 1975 ).
Importantl y, ov er the past years it has become a ppar ent that C.
Recei v ed 16 December 2024; revised 28 February 2025; accepted 12 Mar c h 2025 
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r e pr oduction in any medium, provided the original work is properly cited. For com
lbicans induces/potentiates its filamentous growth upon interac- 
ion with specific host proteins (Case et al. 2021 , Jaeger et al. 2024 ),
her eby ada ptiv el y r egulating its pathogenicity in r esponse to the
ost. 

Filamentous growth is closely connected to C. albicans virulence 
Berman and Sudbery 2002 ). Numerous genes expressed when 

yphae are formed contribute to virulence by mediating adhe- 
ion ( Als3 , Hwp1 ) (Staab et al. 1999 , Phan et al. 2007 , Murciano
t al. 2012 ), protease activity ( Sap4-6 ) (Naglik et al. 2003 , Taylor et
l. 2005 , Albr ec ht et al. 2006 ), toxin production ( Ece1 ) (Mo y es et
l. 2016 ), and defense against host reactive oxygen species ( Sod5 )
Gleason et al. 2014 ). Thereby, hyphae formation is crucial for ad-
esion and host cell invasion (Calderone and Fonzi 2001 ). While
lament initiation is associated with cell wall remodeling that 
an pr omote imm une r ecognition, it also facilitates imm une e v a-
ion (Jaeger et al. 2024 ). Innate immune cells struggle to phago-
ytose the growing hyphae, leading to the formation of frustrated
hagosomes (Maxson et al. 2018 ). Initiation of filamentation and
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longation of hyphae within the phagosome of macr opha ges fa-
ilitates cellular disruption (Lo et al. 1997 , McKenzie et al. 2010 ,
wamahoro et al. 2014 , Erwig and Gow 2016 , Tucey et al. 2020 ,
estman et al. 2020 , Olivier et al. 2022 ). Macr opha ges need to

old ingested hyphae to fit them within phagosomes (Bain et al.
021 ). Furthermore, the inability to form hyphae results in a loss
f candidalysin toxin production and delivery, hindering tissue or
mm une cell l ysis (Birse et al. 1993 , Kasper et al. 2018 , Ho et al.
019 , Mogav er o et al. 2021 ). To quantify the phagocytosis of fungi,
utomated ima ge anal ysis of confr ontation assays has pr ov en to
e the methodology of choice in various studies (Kraibooj et al.
014 , Mattern et al. 2015 , Cser esn yes et al. 2018 , 2020 , Hassan et
l. 2019 , 2020 , Schmidt et al. 2020 ). 

Due to the multifactorial role of filamentation in host–
athogen inter actions, the degr ee to whic h filamentation is in-
uced can dictate the outcome of interactions. For this reason,
ssessment of filamentation remains an important aspect when
tudying fungal infection biology (Sudbery 2011 , Chen et al. 2020 ,
illa et al. 2020 ). Ne v ertheless, quantification of filamentation is

aborious. Commonl y, micr oscopy ima ges ar e examined in open-
our ce softw ar e suc h as Ima geJ (Rueden et al. 2017 ), follo w ed
y manual measurement of each fungal cell (Glazier et al. 2018 ,
liv eir a-P ac heco et al. 2018 , Tams et al. 2020 , Wakade et al. 2023 ,
pr a gue et al. 2024 ). To ensur e r eliable outcomes, between 50 and
00 fungal cells are assessed per experimental condition (Glazier
t al. 2018 , Oliv eir a-P ac heco et al. 2018 , Tams et al. 2020 ). Besides
he time involved to perform accurate analysis, manual quantifi-
ation is susceptible to human error, biases, or fatigue, all of which
an influence the results. 

Adv ances in ima ging tec hnologies (Cole 2014 , Jensen et al. 2015 )
ave enabled visualization of filamentation in high detail and in
igh-throughput. The combination of image analysis based on flu-
rescence staining with image-based systems biology approach
nables the quantification of the kinetics of hyphal de v elopment,
yphal expansion, and epithelial invasion by C. albicans (Mech et
l. 2014 , Medyukhina et al. 2015 ). Ne v ertheless, giv en that fluo-
escent staining can affect biological function in liv e-cell anal ysis
Cser esn yes et al. 2020 ), is associated with higher costs, staining
rtefacts, and time inv estments, label-fr ee anal ysis is pr eferr ed. 

The implementation of computer-assisted image analysis can
ddress the limitations of manual filamentation measurements.
o w e v er, building automated ima ge anal ysis pipelines r equir es
r ogr amming skills . T he open source visual pr ogr amming lan-
ua ge Jav a Ima ge Pr ocessing Pipeline (JIPipe: http://www.jipipe.
rg ) (Gerst et al. 2023 ) enables straightforw ar d development of
ipelines. It incor por ates the fundamental ca pabilities of the Im-
 geJ softwar e (Sc hindelin et al. 2015 ), and is intended for use by
oth ima ge anal ysis experts as well as r esearc hers without prior
r ogr amming experience. 

In our study, we compared manual analysis of images to vari-
us novel automated approaches using JIPipe (Gerst et al. 2023 ).
ur objective was to provide a high throughput automated and
ser-friendl y anal ysis using JIPipe softwar e tool to r eplace the cur-
ent manual quantification of filamentation. We subsequently ap-
lied our tool to analyze how albumin, the most abundant protein

n serum, impacts filamentation. Since serum is a k e y inducer of
lamentation (Taschdjian et al. 1960 ). 

ethods 

trains and culture conditions 

andida albicans strains used in this study were the commonly
sed wildtype strain SC5314 (Gillum et al. 1984 ) and the oral
solate 101 (Schonherr et al. 2017 ). To inoculate cultures, sin-
le colonies were picked from yeast peptone dextrose (YPD) agar
lates and grown in 5 ml liquid YPD (with 2% peptone) medium
sing a 25-ml Erlenmeyer glass flask. Cultur es wer e incubated
vernight in an orbital shaker at 180 rpm and 30 ◦C. Yeast cells
er e harv ested by centrifugation (20 000 × g , 1 min), washed three

imes with phosphate buffer saline (PBS) pH 7.4, and adjusted to
 × 10 7 yeast cells/ml in PBS (pH 7.4). 

i v e-cell imaging 

o visualize the hyphae of the two clinical strains, 1 × 10 4 yeast
ells per well were inoculated in a 96-well plate in PBS (pH 7.4) or
PMI-1640 medium with l -glutamine (RPMI, Thermo Fisher Sci-
ntific), supplemented with or without 10 mg/ml human serum
lbumin (HSA, Sigma). The cultures were imaged using a Cell Dis-
ov er er 7 micr oscope (Zeiss) at 37 ◦C with 5% CO 2 . Microscopy
ma ges wer e ca ptur ed at 10 × ma gnification with differ ent light
ources (bright-field, oblique, and phase) e v ery 30 min for 4 h. Im-
ges of the 3 h time point were exported with an image size of
724 × 2690 pixel and a resolution of 0.459 μm × 0.459 μm per
ixel. 

anual hyphal measurement 
ma ges wer e imported into Ima geJ 1.54 g softwar e (National Insti-
utes of Health, USA). The distance from the yeast cell to the hy-
hal tip was measured using the segmented line tool. When fun-
al cells had br anc hing hyphae, onl y the primary hypha was mea-
ured. Two individual hyphae, with an easily detectable crossing
er e measur ed. Yeast cells lac king an y indication of germ-tube

ormation were counted, but not measur ed. In eac h experimen-
al setting, all fungal cells were quantitatively assessed in images
cquir ed fr om two distinct r eplicates. Fungal clumps or undistin-
uishable hyphal formation with more than one crossing as well
s cells that were not fully visible within the image were excluded
Fig. 1 ). 

utomated image characterization 

o implement automated image analysis in a user-friendly tool
e used the open source visual pr ogr amming langua ge JIPipe

 http://www.jipipe.org ) (Gerst et al. 2023 ). The use of JIPipe also
acilitates a consistent r epr oduction of the image processing be-
ween experiments . T he established analysis pipeline can be di-
ided into three distinct compartments: (i) the segmentation of
he fungi, (ii) the identification of the morphotypes, and (iii) the

easurement of cells exhibiting filamentous growth. 

egmentation of the fungi 
he computer-based analysis required transformation (segmen-
ation) of the hyphae imaged in grayscale images into binary im-
ges . T here are various approaches that can be used for this, each
ith its own subtleties . T hus , we compared four approaches to

egment the fungus. We used two a ppr oac hes based on classi-
al ima ge anal ysis . T hese differ in terms of the operators they
se, whic h ar e c hosen to incor por ate as m uc h as possible ima ge

eatures in the final binary image of fungal structures. We fur-
her tested ilastik (Berg et al. 2019 ), a well-established machine-
earning-based segmentation tool, and Omnipose (Cutler et al.
022 ) a deep learning a ppr oac h. 

We focused our first classical image analysis approach on min-
mizing the number of ima ge pr ocessing steps to ac hie v e seg-

entation of the fungi, while pr e v enting the intr oduction of ar-
ifacts . T his a ppr oac h was designated as the minimal viable prod-
ct (MVP). This pr ocedur e entailed the r emov al of the bac kgr ound

http://www.jipipe.org
http://www.jipipe.org
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Figure 1. P ar ameters for manual hyphal length measurement. 
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signal via a rolling-ball or paraboloid algorithm. A filter with a size 
of 10 pixel was a pplied, whic h corr elates with the diameter of a 
y east cell, whereb y all objects smaller than a yeast cell are re- 
mov ed. Subsequentl y, binarization is conducted with a threshold 

of 10% of the maximum pixel intensity, with the objective of elim- 
inating “noise” from the image . T his optimal threshold level was 
determined using the intensity histogram, in which only noise and 

bac kgr ound signals r epr esent 10% of the maximum intensity after 
the preceding rolling-ball background removal. After transform- 
ing the image to a binary image three postprocessing steps were 
performed: (i) The despeckle operation was performed to remove 
single pixel artifacts, which smoothes the contour of the binary 
objects. (ii) Objects smaller than 40 pixels are removed, which in 

the case of a circle corresponds to a diameter of 3.2 μm, which is 
smaller than a C. albicans yeast cell. (iii) All objects that are con- 
nected to the image bor der w er e r emov ed. Subsequentl y, a quanti- 
tativ e c har acterization is conducted on the binary objects, which 

r epr esent the contour of C. albicans hyphae and yeast cells . T he 
second classical image analysis approach is more advanced and 

is described in the Supplementary material: Fungus segmentation 
using White-Top-Hat algorithm . 

The inter activ e mac hine learning-based tool ilastik (Ber g et al.
2019 ) was the third method tested for segmentation. This ap- 
r oac h r equir ed manual annotation on two r eplicates for the
odel training ( Fig. S1 ), which was then applied to all other sam-

les. Ho w e v er, as the tr aining has high computational demands,
he training was restricted to only two samples. A k e y benefit of
lastik is that it provides an immediate insight into the segmenta-
ion results through the application of individual markers, which 

erve as labels for the tool itself (Berg et al. 2019 ). Annotations of
his nature are only required in the context of supervised machine
earning tools, with the purpose of demonstrating to the model
he knowledge it should acquire . Con versely, classical approaches
uch as the MVP developed in this study do not necessitate such
arkers . T he segmentation of fungal structures in ilastik was con-

ucted using the pixel classification method, which emplo y ed all
ntensity, edge, and textur e featur es. Prior to this, the image was
moothed using a Gaussian filter, with all of ilastik’s available and
 ecommended sigma v alues (0.7, 1.0, 1.6, 3.5, 5.0, and 10 pixels) to
a ptur e as many features as possible. 

The fourth method for segmenting the fungus was the deep
earning-based segmentation tool Omnipose (Cutler et al. 2022 ).
his tool has been designed for use with elongated or br anc hed
ells. One of the two crucial parameters used in this a ppr oac h
s the av er a ge object diameter, which was set to 10 pixels
4.5 μm), the av er a ge diameter of the hyphae (Sudbery 2011 ,

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf011#supplementary-data
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1  
hen et al. 2020 , Villa et al. 2020 ). The second crucial parameter is
he selection of the pr etr ained model, with the Nucleus model be-
ng the most accurate with regard to the cell contour upon visual
nspection. The same postprocessing steps as in the MVP segmen-
ation a ppr oac h wer e used. 

dentification of the morphotype 

ollowing the generation of binary images of the fungi, the mor-
hotype (yeast or hyphae) of each individual object is identified.
n experiments where yeast cells are predominantly present, clus-
ers of yeast cells need to be separated into individual cells in the
inary images. At the same time, the splitting of clusters and over-
a pping filament structur es leads to artifacts in experiments with
laments, which affects the reliability of the measurements ob-
ained. To ac hie v e this, we segmented experimental conditions
n which no hyphae were present or only a minimal amount.
he median value of each binary yeast cell was calculated. Us-

ng a histogram, we determined that a threshold value of 250 pix-
ls (112 μm) can effectiv el y distinguishes images with predom-
nantl y hyphae fr om those that hav e pr edominantl y yeast cells.

e separated the cell clusters into their individual yeast using
 marker-based watershed algorithm, also r eferr ed to as seeded
atershed (Soille and Vincent 1990 ). The number of markers per
east cell is initiall y established thr ough the utilization of a Lapla-
ian of Gaussian operator on the original image, which is partic-
larly well-suited for the detection of edges. A kernel radius of
e v en pixels (3.2 μm, r epr esenting the av er a ge expected diameter
f a yeast cell) was employed. To focus exclusiv el y on the partic-
larl y pr ominent edges of the yeast cells, the output of the La pla-
ian of Gaussian was taken above a threshold value of 60% of
he maximum intensity. To guarantee that solely the markers lo-
ated within the fungal structur e ar e r etained, we ensur ed that
nly markers overlapping with the previously segmented fungal
asks ar e included. Subsequentl y, the seeded watershed oper a-

ion is performed with the determined markers on the segmented
ungus mask ( Fig. S2 ). 

Per segmented object distinction between the yeast and hyphae
orphotypes is made using a two-parameter filter ( Fig. S3A ). An

bject is designated as a yeast if it has a footprint area of < 320
ixels corresponding to a diameter of 13.54 μm for a circle, and
 circularity value greater than 0.8 (with a value of 1 indicating a
erfect circle) ( Fig. S3B ). These parameters were determined using
istograms for all objects, whereby the circularity of yeasts that
ave just initiated filamentation is in most cases below 0.8. All
bjects not designated as yeast ar e automaticall y designated as
yphae. 

easurement of filamentous structures 

he hyphal length measur ements wer e conducted via an auto-
ated image analysis pipeline in JIPipe, which entails the mea-

urement of filament structures . T his measurement was carried
ut on the pr e viousl y segmented hyphae as well as on pr e vi-
usly split yeast clusters, since yeasts that just initiated filamen-
ation are also included in the measurement. The measurement
s performed on the skeleton of each object, which reduces the
inary objects to one-pixel-wide r epr esentations of their shape.
ubsequently, the skeleton of each object is converted into JIP-
pe’s own filament data structur e, whic h was pr e viousl y success-
ul in quantifying filaments of the bacterium Klebsiella pneumo-
iae (Ruhland et al. 2024 ). To obtain accur ate measur ements of
he individual hyphae over their entire length from the mother
ell to the tip of the hyphae, the av er a ge r adius of a yeast (fr om
he yeast masks) was considered in the measurement process.
he final measurement of the filament structure takes place af-
er the moving av er a ge has been formed on it. The moving aver-
ge is formed over three consecutive pixels along the linear fila-
ents, ther eby a ppr oximating the r ealistic course of these struc-

ur es. Furthermor e, the downscaling of individual positions along
he filament structure also serves to reduce any remaining dis-
ortions along the filaments. Prior to the measurement of the hy-
hae the ov erla pping filaments of distinct cells ar e distinguished
nd br anc hes of individual fungal cells ar e excluded (Fig. 1 ). This
rocess is of great importance to avoid the creation of artifacts
or an individual hypha, thus pr e v enting the distortion of the hy-
hal length distribution. This was used to set the parameter con-
ecting possible candidates of nodes at a filament intersection
as set to 17 pixels (7.65 μm) to r eceiv e as m uc h as possible
roper connections among two filament structures . T his was em-
lo y ed to identify potential candidates for ov erla pping filaments.
n order to identify the four points of two intersecting filament
tructures, the distance between the opposite points was set to
7 pixels (7.65 μm). To ensure a consistent comparison between
he automated processing and manual measur ements, onl y the
ongest filaments connected with the yeast cell were measured
or eac h hypha. Subsequentl y, the filaments wer e measur ed, and
hose shorter than 10 μm were excluded from the analysis . T his
alue was selected as in the early filament initiation stage hyphal
ength also cannot be accur atel y quantified using a manual ap-
r oac h, as the germlings are difficult to distinguish from budding
east. 

nalysis with ImageJ plugin AnaMorf 
he automated analysis of filaments in fungi is not a novel con-
ept; it was alr eady a ppr oac hed in 2009 with the de v elopment
f the AnaMorf tool (Barry et al. 2009 ) for ImageJ. This tool fa-
ilitates the c har acterization of filamentous fungal growth, along
ith c har acteristics suc h as pr ojected ar ea, circularity, total hy-
hal length, number of hyphal tips, hyphal growth unit, lacunar-

ty, and fractal dimension. We used the AnaMorf tool (Barry et al.
009 ) to compare its performance with our ne wl y established JIP-
pe hyphae analysis pipeline. 

erformance measurements and statistical data 

nalysis 

o ensure the validity of the automated quantification of filamen-
ous growth initiation and hyphal length in JIPipe, we compared
he automated measurements with manual measurements on
he same images . T he number of data points between manual

easurements and the automated analysis, were compared us-
ng the Pearson product-moment correlation coefficient. In addi-
ion, to the comparison at the distribution le v el, a v alidation was
lso conducted at the object le v el. To this end, all objects pro-
essed by the MVP segmentation fr om eac h test condition were
 v aluated to assess the extent to which they were recognized by
he automated pr ocess. Giv en the inherent difficulty in establish-
ng connections between ov erla pping filaments of distinct hyphal
ells, a compr ehensiv e examination was conducted to assess the
ntegrity of the connections formed by each single crossing hypha
r om the v arious experimental conditions. For these comparisons
t the object le v el, the accur acy, F-1 scor e, pr ecision, and r ecall
ould then be calculated using the classic metrics of true posi-
ives (TP), type 1 error (false positives, FP), and type 2 error (false
egatives , FN). T he metric precision refers to the extent of the type
 error (P = TP/TP + FP) and r ecall r efers to the extent of the type

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf011#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf011#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf011#supplementary-data
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2 error (R = TP/TP + FN). The F-1 score provides a metric that 
includes both errors (F-1 = 2 × (precision × recall)/(precision + re- 
call)). 

Statistical comparisons were not only made between the man- 
ual and automated hyphal length measurements, but also to what 
extent statistical differences exist within the r espectiv e experi- 
mental conditions. Subsequently, these comparisons were con- 
trasted for the manual measurements and the MVP segmentation 

a ppr oac h. 
Statistical analyses were performed using “SciPy” library in 

Python, version 1.5.3. Two different comparisons were made 
within this study with (i) the comparison between the manual 
and automated quantification, with regard to the different au- 
tomated anal ysis a ppr oac hes, and (ii) the comparison between 

HSA-tr eated and nontr eated conditions wer e determined using 
unpaired two-tailed t -tests . T he effect size (d) was calculated as 
defined by Cohen ( 1992 ). The ranges of effect size magnitudes are 
r eferr ed to as negligible for | d | < 0.2, small for | d | < 0.5, medium
for | d | < 0.8, and large for | d | ≥ 0.8. 

Results 

Development and optimization of automated 

quantification 

To verify the rigor of our pipeline to automatically quantify fila- 
mentous growth initiation and hyphal length, we first determined 

whether the automated analysis could identify all fungi within 

the image . T he v ast majority of fungi wer e successfull y r ecognized 

using the MVP a ppr oac h (accur acy of 96%, an F-1 score of 96%, a 
precision of 93%, and a recall of 99%), with only a few artifacts that 
could not be assigned to a fungus in the original image. A visual 
inspection of the other image segmentation a ppr oac hes, suggest 
a comparable level of performance. 

Subsequently, we tested the automated pipeline for (i) its ca- 
pacity to differentiate yeast from hyphae, (ii) its accuracy in length 

measurements, and (iii) the extent to which individual crossing 
hyphae could be measured correctly. 

Automa ted quantifica tion allo ws for 
identification of the morphotype 

As a first step in the de v elopment of our automated analysis 
tool, different segmentation approaches were compared for their 
efficiency to assign yeast and hyphae morphology. The Pearson 

correlation coefficient between the manual measurements and 

the different segmentation approaches sho w ed significant corre- 
lations ( P -value < .001) for all approaches, yet highlights the best 
performance of the MVP a ppr oac h ( r = 0.958), follo w ed b y the 
white-top-hat (WTH; r = 0.957), Omnipose ( r = 0.887), and ilastik 
( r = 0.848) (Fig. 2 A). With the MVP segmentation a ppr oac h show- 
ing the best correlation with manual measurements, we exam- 
ined this a ppr oac h in detail r egarding the number of yeast and hy- 
phae quantified. P articularl y, we c hec ked whether the automated 

ima ge anal ysis tends to yield false positiv e detected yeast cells 
and false negative detected hyphae across experimental condi- 
tions (Fig. 2 B). 

We observed that the automated analysis falsely identifies 
some objects as yeast cells . T his can be attributed to a num- 
ber of factors . T he segmentation may introduce a gap in be- 
tween the yeast cell and its corresponding attached hyphae. In 

this instance, cells that induced filamentation wer e falsel y identi- 
fied as yeast cells, while the isolated corresponding hyphae mea- 
sured < 10 μm and was excluded, leading to an under detec- 
ion of hyphae . T he MVP segmentation was applied as the best
erforming a ppr oac h for the quantification of filament initiation

Fig. 3 ). 
A second dataset was used to e v aluate the segmentation a p-

r oac hes in the same manner and r e v ealed the best performance
f the MVP and WTH segmentation a ppr oac hes ( Fig. S4 ). This time
TH demonstr ated the str ongest corr elation with manual anno-

ation ( r = 0.973), follo w ed b y MVP ( r = 0.915), ilastik ( r = 0.812),
nd Omnipose, which exhibited a considerable discrepancy and 

 v en negativ el y corr elated ( r = −0.263). Except for Omnipose,
ll segmentation a ppr oac hes show a significant corr elation with
ach other compared to manual annotation. 

Morphology annotations using the MVP and WTH segmenta- 
ion a ppr oac hes sho w ed best performance on the first and second
 v aluations, r espectiv el y. These methods exhibited only slight dis-
repancies and with the comparisons being essentially the same.
her efor e, the e v aluation of automated anal ysis performance was
ontinued with only the MVP method. 

eliable measurements of cells that exhibit 
lamentous growth 

e tested five distinct automated methodologies to accurately 
easure the length of hyphae, and compared this to manual
easurements. We used the previously published ImageJ plugin 

naMorf (Barry et al. 2009 ) as well as the different segmentation
 ppr oac hes (MVP, WTH, ilastik, and Omnipose) implemented in
IPipe. Our differ ent a ppr oac hes onl y differ ed in the segmenta-
ion of the fungi, which can result in differences in skeletoniza-
ion and the final measurement of the hyphae. Experimental con-
itions used were the two different C. albicans strains (101 and
C5314) in RPMI culture medium or PBS, and in the presence or
bsence of HSA. This resulted in eight comparisons across all ex-
erimental conditions of each automated approach with the cor- 
 esponding manual measur ements (Fig. 4 A). Since MVP segmenta-
ion ac hie v ed the best r esults, the detailed hyphae measur ements
er e individuall y shown for all conditions (Fig. 4 B) in the pr oof of
rinciple section. 

To be optimally implemented in the fungal r esearc h field, an
utomated analysis of hyphal length should yield highly simi- 
ar results as the manual measurements that remain to be the
tandard in the field. When statistically comparing results com- 
ng from the automated analysis pipelines with manual measure- 

ents, the MVP a ppr oac h sho w ed the best performance (Fig. 4 A).
ot a single comparison was a significantly different from man-
al measurements, with a median P -value < .35 across the eight
omparisons . T he smallest P -values (.09 and .15) were obtained
n the condition with SC5314 and 101 grown in PBS in the pres-
nce of HSA, r espectiv el y. As v ery poor filamentation was observ ed
n PBS ( Fig. S5A ), this highlights the limitations of the automated
ma ge anal ysis to accur atel y measur e hyphae gr own under poor
lamentation-inducing conditions. 

We observed that the automated analysis identified isolated 

utliers for longer measured filaments in the experiments per- 
ormed with RPMI medium. Ho w e v er, statistical tests show that
his phenomenon is statistically negligible under the RPMI condi- 
ions, with P -v alues r anging fr om .31 to .69 and effect sizes below
.2. 

When comparing the automated analysis approaches on 

he second test data set, a superior analysis is evident in
ts minimal number of significant differences compared to 
he manual measurements. Ho w ever, in contrast to the eight
omparisons included in the initial data set, only six were 

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf011#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf011#supplementary-data
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F igure 2. P erformance of different segmentation approaches with manual measurements. (A) The correlation coefficient of the number of yeasts and 
hyphae obtained for all segmentation a ppr oac hes automated in JIPipe, each compared with the manual annotations. (B) Correlation of the yeast and 
hyphae annotations by the automated image analysis pipeline applied with the MVP segmentation approach versus manual annotation of yeast and 
hyphae. Each data point represents the number of corresponding yeast or hyphae cells identified per experimental condition. 

Figure 3. Comparison of the annotation of yeasts and hyphae between manual and automated MVP analysis. Annotation of yeast and hyphae 
mor phology in differ ent conditions expr essed as fr action of total identified objects. Experimental conditions r epr esent C. albicans gr own in PBS or RPMI 
in the presence or absence of HSA (10 mg/ml, n = 4). 
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onducted, as no hyphae wer e measur ed in the PBS experi-
ents lacking albumin (HSA-). The ilastik, MVP, and Omnipose
 ppr oac hes eac h exhibit two instances of nonsignificant differ-
nces. In the validation of the second data set, WTH demonstrated
he greatest performance, exhibiting four nonsignificantly differ-
nt comparisons between the r espectiv e conditions ( Fig. S4B ). 

Collectiv el y, automated quantification using classical image
r ocessing methods, suc h as MVP and WTH, can be used to mea-
ure the length of hyphae, which are statistically equivalent to the
esults manual measurements. 
ingle crossings correction for enhanced hyphae 

uantification 

 particular challenge in measuring hyphae using automated
nalysis is the accurate measurement of those hyphae that cross
ach other. During the hyphal growth, branches can be formed
y individual hyphae and different hyphae can also ov erla p when
r owing closel y together. We aimed to accur atel y identify and
uantify filaments in which a maximum of two different hyphae
ross at a maximum of one point, as these hyphae are also man-
all y measur ed without difficulty. In eac h automated anal ysis

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf011#supplementary-data
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Figure 4. Comparison of hyphal lengths measurements made using automated analysis pipelines and manual measurements. (A) Statistical 
comparisons of all automated analysis approaches and manual measurements. In the different graphs each data point represents the P -value or 
Cohens d effect size of the comparison of hyphal lengths measured using automated analysis with the corresponding manual measurements across 
all experimental conditions. (B) A comparison of the hyphal length measurements between the MVP segmentation method and the manual 
measur ements acr oss individual experimental conditions. ∗ = P -v alue < .05, ∗∗ = P -v alue < .01, and ∗∗∗ = P -v alue < .001. 
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e determined whether such intersecting hyphae were correctly
easur ed. As the MVP anal ysis has thus far demonstrated the

r eatest r eliability, onl y this a ppr oac h was v alidated. An accu-
acy of 69%, an F-1 score of 82%, precision of 69%, and recall
f 100% were determined. T hus , the MVP segmentation tends to
ield more single crossings than were actually present, but also
ener all y did not miss any crossings (Fig. 5 A). Furthermore, JIPipe
acilitates the immediate visualization of the length of each indi-
iduall y measur ed hypha in its immediate vicinity of the object in
he original image (Fig. 5 B). 

roof of principle: application to determine 

lamenta tion initia tion and hyphal length 

o compare our automated with manual analysis, we determined
he biological effect of HSA on the filamentation initiation and
yphal length of C. albicans strains. In RPMI culture medium

filamentation-inducing conditions) the presence of albumin did
ot significantly impact filamentation ratio as assessed by both
ethods (Fig. 3 ). In contrast, in PBS the presence of HSA was man-

ally quantified to significantly induce filamentation [Fig. 3 ; P -
alue < .006, Cohen’s d (d) = 2.0 for strain 101, and P -value < .01,
 = 1.8 for strain SC5314]. With the automated analysis pipeline
he same result was obtained [Fig. 4 B; P -value < .006, Cohen’s d
d) = 2.0 for strain 101, and P -value < .01, d = 1.8 for strain SC5314].
ontr aril y, the hyphal length in presence of albumin was found
ignificantl y r educed in RPMI as determined by manual measure-
ents ( P -value < .0001, d = −0.32 for strain 101) and the auto-
ated a ppr oac h ( P -v alue < .0001, d = −0.3 for strain 101; Fig. S6

nd Fig. 4 B). In conclusion, when comparing experimental condi-
ions, it can be observed that the same result could be obtained
hen either using the manual or automated MVP a ppr oac h. 

iscussion 

 he impro vement of techniques for fast, standardized, and un-
iased microscopic image analysis is essential to meet the ever-

ncr easing thr oughput ca pacity of micr oscopy systems. We de v el-
ped an analysis pipeline for measurement of C. albicans filamen-
ation and hyphal lengths, which uses the easy-access and open
our ce softw are JIPipe (Gerst et al. 2023 ), offering time-efficient,
igh-thr oughput, and user-friendl y alternativ e to manual mea-
ur ements. Mor eov er, the use of the visual pr ogr amming langua ge
IPipe opens up accessibility to r esearc hers without pr ogr amming
xperience. 

Automated ima ge anal ysis enables r esearc hers to gener ate and
 epr oduce mor e accur ate and standardized data, facilitating the
tudy of fungal mor phology. Numer ous methodologies enable
uantification and measurement of fungal growth and biofilm for-
ation, such as counting colony forming units (Tessler et al. 1992 ,

ne et al. 2013 , Rossoni et al. 2015 , Austermeier et al. 2021 , Alonso-
oman et al. 2022 , Karkowska-Kuleta et al. 2023 , Jaeger et al. 2024 ),
 v aluating c hanges in optical density (Maidan et al. 2008 , Rueda et
l. 2014 , Cui et al. 2016 , Austermeier et al. 2021 , Dunker et al. 2021 ,
arko wska-Kuleta et al. 2023 , J aeger et al. 2024 ), utilizing staining

echniques with crystal violet (Jin et al. 2003 , Alonso-Roman et
l. 2022 ), or emplo ying flo w c ytometry (Lynch et al. 1993 , McMa-
on et al. 2023 ). P articularl y, quantification of hyphal length pose
hallenges . T he use of scoring systems, wherein distinct stages
f the filamentation process are assigned specific values offers
n alternativ e a ppr oac h to manual measur ements (Azadmanesh
t al. 2017 , Rossoni et al. 2018 , Wakade et al. 2021 , 2022 ). While
coring systems can speed up analysis, the assigned values are
 ppr oximations, leading to a subjective semiquantitative assess-
ent (Bettauer et al. 2022 ). Due to its reliance on estimations

n an ordinal scale, subtle differences in hyphal lengths are dis-
 egarded, r esulting in the loss of information within a dataset.
utting-edge quantitative imaging approaches with automated
nalysis based on deep learning are a step forw ar d in rapid analy-
is of morphology, biofilm formation, and filamentation of C. al-
icans (Wurster et al. 2019 , Bettauer et al. 2022 ). To distinguish
etween the diverse C. albicans morphologies, the deep learning
ool Candescence was de v eloped (Bettauer et al. 2022 ). Through
mplementing an innov ativ e cum ulativ e curriculum-based learn-
ng a ppr oac h, Candescence differ entiates nine distinct mor pho-
ogical variations of C. albicans , ranging from yeast to complex fil-
mentous structures. Candescence was applied to enable a mu-
ant library screening aimed at identifying genes regulating fil-
mentation within macr opha ges (Case et al. 2023 ). Yet, Candes-
ence does not facilitate measurement of hyphal length (Bettauer
t al. 2022 ). Also, other deep learning a ppr oac hes can facilitate
utomated analysis of filamentous fungi. NeuroTrack is a process-
ng fr ame work originall y designed measur e gr owth and br anc hing
f neurons imaged using the Incuyte (Sartorius) live-cell analysis
ystem. Yet, the potential of this tool was recognized and repur-
osed to quantify fungal growth and morphology (Wurster et al.
019 ). Despite the div erse a pplications of this tool, its exclusive
o the Incucyte live-cell analysis system, limiting its accessibility
ithin the scientific comm unity. Mor eov er, the output of ov er all

ungal hyphal length per square millimeter, as opposed to lengths
f individual hyphae, excludes its potential to anal yze heter ogene-
ty in the fungal population. Hence, the need for systems allowing
utomated hyphal length measurements remains. 

We identified the open-source visual pr ogr amming langua ge
iPipe (Gerst et al. 2023 ) as a platform to design a complex au-
omated filamentation analysis pipeline, while k ee ping it acces-
ible for r esearc hers without pr ogr amming experience. As quan-
itativ e measur ements in automated anal ysis ar e performed on
inary images the segmentation approach used to get from the
riginal microscopy analysis to the binary images crucially deter-
ines the quality of analysis. We compared two classical image

r ocessing a ppr oac hes, namel y MVP and WTH, with two based on
achine learning and deep learning methods, namely ilastik (Berg

t al. 2019 ) and Omnipose (Cutler et al. 2022 ). Visual inspection
f the Omnipose segmentation r e v ealed that this method consis-
entl y pr oduces fr a gments within fungal hyphae, whic h impairs
ts ability to accur atel y quantify their length. A potential expla-
ation for the poor segmentation r elativ e to classical segmenta-
ion a ppr oac hes is that the segmentation of the fungal structure is
ypically coarser. The machine learning-based tool ilastik did not
how this limitation, and has the adv anta ge that it is dir ectl y in-
egrated in JIPipe. Further it allows r a pid and efficient ada ptations
o diverse light and contrast conditions through an interactive
r aining pr ocess . T he ability to ada pt to pr e viousl y unseen data
as a ppar ent when we validated on a second test dataset, where

lastik performed mar ginall y worse r esults than the best perform-
ng WTH quantification on this dataset. This makes ilastik a suit-
ble solution for analyzing C. albicans and filamentous structures
n gener al, suc h as r od-sha ped bacteria, within the user-friendly
nterface of JIPipe. 

The two classical segmentation a ppr oac hes showed the best
erformance in terms of ac hie ving similar data as the manual hy-
hal length anal ysis. A dir ect comparison of the two a ppr oac hes
 e v ealed that MVP sho w ed better performance over WTH in mea-
uring the length of hyphae. As WTH uses mor e oper ations and in-
ermediate steps during segmentation, there is a greater potential

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf011#supplementary-data
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Figure 5. Embedded visualization of the recognized filament structures in JIPipe. (A) Each color overlaid on a hyphen encodes a filament uniquely 
assigned to an object and thus the assignment of the structures to the objects is indicated by this color coding. In the green-framed windows, the 
crossing hyphae were correctly assigned, while the assignment in the red-framed window was incorrect. (B) In addition, the lengths of each measured 
filament structure can be displayed in the representation of (A). 
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of introducing artifacts and generating errors. Ho w ever, a more 
straightforw ar d approach can also constrain the capacity to cap- 
ture complex aspects within the image. In the evaluation of our 
second test data set, the WTH performed better than MVP in the 
measurement of hyphal length and yeast–hyphal differentiation. 
Highlighting that subtle differences in datasets can influence per- 
formance of these two best performing datasets. Despite the fact 
that classic methods are subject to a thr eshold v alue pr ocedur e 
in whic h par ameters m ust be determined manuall y and adjusted 

if necessary, the great advantage of both methods in conjunc- 
tion with JIPipe is that suc h par ameters can easily be adjusted 

and the results can be evaluated in the preview integrated in 

JIPipe. 
Pr e viousl y the ImageJ plugin AnaMorf (Barry et al. 2009 ) was 

de v eloped for the c har acterization of fungal hyphae, offering the 
possibility of determining a number of filament c har acteristics.
Ho w e v er, we observ ed that AnaMorf expr essed difficulties in dis- 
tinguishing between these c har acteristics and measuring them 

accur atel y, particularl y when ther e is a high density of fungal cells 
in the image. 
Collectiv el y, fr om the pipelines we de v eloped, those using MVP
r WTH segmentation ac hie v e r esults similar to manual anal ysis.

An inherent difficulty of hyphal length measurements is the 
bility to measure crossing filaments. While manual measure- 
ents disr egard lar ger gr oups or hyphae that ar e difficult to dis-

inguish, straightforw ar d crossing hyphae can be accurately mea- 
ur ed. Excluding, suc h cr ossings in automated analysis will re-
ult in a loss of data. A step to w ar d capturing these crossing hy-
hae would be to trace to which yeast cells the hyphae belong
o. Yet,s this r equir es ima ges at different timepoints and far more
omplicated analysis pipelines . T hus , the detection of crossing re-
ains an unr esolv ed difficulty, particularl y in the context of high

ell density. Furthermore, the potential of hyphae from C. albicans 
nd other filamentous fungi to form br anc hes intr oduces an ad-
itional layer of complexity to the automated hyphal measure- 
ents . T his r epr esents an optimal point from which to launch

urther de v elopment of automated quantification. 
Apart from hyphae, C. albicans can form pseudohyphae as 

n alternative filamentous morphology. The analysis pipeline 
stablished in this paper cannot distinguish between the 
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lamentous hyphal and pseudohyphal morphotypes. When a ho-
ogenous morphology shift is induced, the experimenter can
ake a call based on specific featur es suc h as different septa dis-

ribution (Sudbery 2001 ) and a different width (Chen et al. 2020 ).
t is, ho w e v er, c hallenging a heter ogenous mixtur e of true hyphae
nd pseudohyphae is induced. To setup an analysis pipeline that
an differentiate between true hyphae and pseudohyphae, further
ata, particularl y fr om pseudo-hyphae, is r equir ed. It would be
rucial to distinguish the ratio between filament width and length
n order to make a proper distinction. The incorporation of ad-
itional steps in the analysis pipeline to distinguish filamentous
orphotypes in the future will offer further additional significant

pportunity for using automated quantification. 
A benefit of our established analysis pipeline in JIPipe is that

t allo ws users, regar dless of their computer expertise, to change
rucial parameters of the image analysis in a comprehensive and
ccessible format (Gerst et al. 2023 ). This enables adaption of the
ipeline to specific datasets, like for example hyphae of other
athogenic fungi. The MVP segmentation method is particularly
dv anta geous for adaptation by nonexperts, as the segmenta-
ion process is more comprehensible and sources of error can
e more readily identified than when using more complex ap-
r oac hes suc h as WTH. In the context of ada pting the anal ysis
ipeline to novel data sets, the modified pipeline should be vali-
ated against manual measurements to ensure its performance. 

Despite in-depth studies into the processes and genes driving
lamentous gr owth, man y unr esolv ed issues persist regarding the

ntricate regulation of morphological transitions (Sudbery 2011 ,
hen et al. 2020 , Villa et al. 2020 ). De v elopments in fungal genetic
anipulation have led to the establishment of large mutant li-

raries (Uhl et al. 2003 , Noble et al. 2010 , Wang et al. 2022 ). Im-
lementation of our hyphae analysis pipeline would enable the
xamination large data sets, such as mutant collections (Wang
t al. 2022 ). Pr e viousl y a collection of 18 000 m utant str ains, was
creened to identify genes involved in filamentation using a scor-
ng system that is based on the a ppear ance of the mutant colonies
rown on different solid media (Uhl et al. 2003 ). In addition, the
ncreasing focus on clinical C. albicans isolates has accentuated
he importance of comprehending the variability in filamentation
Wakade et al. 2021 , Brandquist et al. 2023 ). Implementation of
n automated image analysis pipeline like presented in our study
ould stream-line the process and improve the quantity and qual-
ty of data that can be obtained from screening mutant and clini-
al strain libraries. 

The elucidation of filamentation in the context of host–fungal
nteractions is complex, but can give insights in how C. albicans
dapts to particular host niches and recognizes favorable condi-
ions for infection (Wartenberg et al. 2014 , O’Meara et al. 2015 ,
ase et al. 2021 , Wakade et al. 2022 , Jaeger et al. 2024 ). An im-
ortant aim in de v elopment of ther a peutics ar e str ategies that

imit virulence, so-called antivirulence ther a pies (Siscar-Le win et
l. 2019 ). Given the increasing importance of high throughput
creening for novel antifungal or antivirulence drugs (Siles et al.
013 , Ajetunmobi et al. 2023 , Song et al. 2023 ), r a pid automated
nalysis of extensive data sets is a valuable asset. 

To contribute to the understanding of how environmental cues
nflict filamentation, we used our automated a ppr oac h to show
ow albumin influences filamentation and hyphal length. Serum

s recognized for its ability to induce filamentation (Taschdjian
t al. 1960 , Sha pir o et al. 2011 , Sudbery 2011 ). Albumin is by far
he most abundant protein and fulfills multiple roles within the
uman body (Friedber g 1975 , v an der Vusse 2009 , Taverna et al.
013 , Merlot et al. 2014 , Pinsky et al. 2020 ). Albumin was shown
o increase growth of Candida species (Austermeier et al. 2021 ,
ekmezovic et al. 2021 ), and promote germination and hyphal
rowth in Aspergillus fumigatus (Rodrigues et al. 2005 ), yet the im-
act on C. albicans filamentation induction and extension remains
nclear. With both our automated and manual hyphae analysis,
e made the observation that albumin promoted filamentation
nder n utrient-de pleted conditions, yet reduced hyphal length in
ich medium. The induction of filamentation may be attributed
o albumin providing essential n utrients lik e iron to C. albicans
Pinsky et al. 2020 ). The upregulation of numerous iron acquisi-
ion genes during hyphal elongation emphasizes how closely con-
ected iron acquisition and hyphal formation are (Luo et al. 2021 ).
lbumin also is the main fatty acid binding protein in the plasma

Fitzpatrick et al. 1984 , Petitpas et al. 2001 , van der Vusse 2009 ).
lbumin can bind pr osta glandin E 2 110 , whic h w as sho wn to in-
uce C. albicans filamentation (Kalo-Klein and Witkin 1990 ). Albu-
in itself has the potential to serve as a nutrient source (Naglik

t al. 2003 , Staib 1965 , Hube et al. 1994 , Martinez and Ljungdahl
005 , Kr a gh-Hansen 2018 ) following degradation by C. albicans se-
r eted aspartic pr oteases (Na glik et al. 2003 , Hube et al. 1994 , 1997 ,
runke and Hube 2013 ). As human serum comprises proteins,

ipoproteins , globulins , lipids , hormones , electr ol ytes, and v ari-
us other components (Psychogios et al. 2011 ), its filamentation—
nducing potential likely relies on a complex combination of fac-
ors . GlcNac , a monosaccharide found in the human serum, stim-
lates C. albicans hyphal growth (Simonetti et al. 1974 ) by activat-

ng the Ras1-cAMP/PKA signaling pathway (Du et al. 2020 ). Serum
ontains α1-antitrypsin, which can increase filamentation in a
ose dependent manner (Jaeger et al. 2024 ). A serum fractiona-
ion study r e v ealed that the highest filamentation induction was
c hie v ed with a fraction composed for 98% of albumin (Barlow et
l. 1974 ). Yet, further fractionation pinpointed a lo w er-molecular-
eight compound of unknown identity. Collectiv el y, man y com-
onents of the human serum differ entiall y impact C. albicans fila-
entation induction and hyphal growth. 
Our study designed and implemented an automated image

nalysis pipeline in JIPipe, which is based on the well-established
ma geJ softwar e. Our a ppr oac h, significantl y enhancing the effi-
ienc y and accurac y of measuring hyphal lengths in C. albicans .
ur a ppr oac h pr ovides a futur e orientated solution that imple-
ents unbiased, accurate, reproducible , accessible , label-free and

igh-thr oughput anal ysis of filamentation. By a ppl ying the auto-
ated analysis next to manual measurements, we show that both
ethods yielded the same observation that human albumin re-

uces filamentation. Our findings underscore the importance of
ntegr ating adv anced computational methods in fungal r esearc h
o standardize the filamentation r ead-out thr oughout labor atories
orldwide. 
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