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ABSTRACT
Filamentous growth in Saccharomyces cerevisiae is a stress response commonly induced under nutrient deprivation and by certain alcohols. It is a
compound phenotype characterized by pseudohyphal growth, invasion and a shift to more polarized budding. Previous methods have not allowed
the time-resolved determination of filamentous growth. Here we present a new method for budding pattern characterization that enables the
measurement of filamentous growth and metabolite concentration during yeast cell growth at precise time intervals. By combining chemical cell
immobilization and single-cell imaging using an oCelloScope™, this method provides more accurate budding pattern classification compared with
previous methods. The applications of the method include, for example, investigation of quorum sensing-controlled yeast filamentous growth
and metabolism under stress and identification of toxic metabolites.

METHOD SUMMARY
An accurate method for yeast budding pattern determination is presented using a combination of oCelloScope™ imaging, chemical cell immo-
bilization and proton (1H) NMR analysis. This new method furthermore enables the measurement of time-resolved metabolite concentration in
parallel with monitoring yeast budding patterns.

KEYWORDS:
budding pattern • filamentous growth • metabolism • Saccharomyces cerevisiae • yeast morphology

The yeast Saccharomyces cerevisiae has important industrial applications. These include its use in the fermentation industry and in the
industrial production of small-molecule metabolites. An adaptive response to stress used by this yeast is filamentous growth, which
allows the cells to grow into their surroundings and forage for available nutrients [1]. Therefore filamentation may reduce the loss of
yeast viability under adverse conditions during industrial fermentations [2]. However, this response can also have inhibiting effects on
these processes. This is because the mode of growth of the yeast has impacts on metabolite production, utilization of nutrients and
separation of cell mass from the final product [3].

Therefore understanding how filamentous growth is regulated in this industrially significant yeast is an important avenue of research.
Specifically, the regulatory mechanism controlling this complex phenotype is not fully understood but has been linked to several factors,
including nitrogen deprivation and signaling metabolites [1,4–7]. Monitoring both yeast filamentous growth and metabolite production
in the same fermentation is therefore a promising approach to understanding this complex behavior.

Filamentous growth in S. cerevisiae is characterized by several phenotypes, including pseudohyphae formation, invasive growth and
a change to more polarized budding [1,8]. Previous investigations into the control of filamentous growth have largely focused on the
phenotypes of pseudohyphal and invasive growth [4–6,9,10] using colony-based methods. These methods are, however, not able to
analyze polarized cell division, which is an important phenotype indicating filamentous growth. Budding patterns are determined by
the orientation of new buds with respect to the mother–daughter junction and are differentiated as axial, bipolar or unipolar [1,11,12].
Figure 1 represents the possible budding patterns for S. cerevisiae. When cells transition to filamentous growth, they switch from an
axial or bipolar pattern (depending on whether the cells are haploid or diploid, respectively) to the more polarized unipolar budding
pattern [1,12,13].

Previous methods developed to determine the budding pattern of S. cerevisiae cells have several limitations. These methods are time-
lapse microscopy of colony peripheries and microcolonies growing on agar [1,10,12,14,15] and calcofluor staining of bud scars [11–13,16].
Firstly, they bias the analysis in favor of cells on the colony periphery and therefore fail to analyze the entire population of cells. Secondly,
calcofluor staining can result in axial and unipolar patterns being undifferentiated because it does not permit reliable spatial assignment
of the mother–daughter junction.
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Figure 1. Schematic diagram to describe the relationship of budding pattern to filamentous growth. A mother cell (blue) and its first daughter (green)
are represented. Possible positions of the first three buds (yellow) from the daughter cell are shown and categorized by their budding pattern. For cells
growing in nonfilamentous form, haploids will adopt an axial pattern. This pattern is defined as new buds emerging consistently adjacent to the
junction with the mother. Diploids will adopt a bipolar pattern whereby buds may emerge either adjacent or opposite the junction with the mother. When
filamentous growth occurs, both cell types transition to a unipolar budding pattern. This pattern is defined as new buds emerging consistently from the
end opposite the junction with the mother. In this way, budding pattern can be used as a proxy for tracking filamentous growth.

Mother Daughter 1st bud (O) 2nd bud (OO) 3rd bud (OOA)

Figure 2. Representative cropped time-lapse images of a new daughter cell being assigned a budding pattern by using its bud site sequence.
Time-lapse images were obtained with the oCelloScope. For the first daughter (green) from the mother cell (red), the first bud (orange) emerges
opposite the birth end (O), followed by a second bud (orange) also opposite its birth end (OO) and finally, the third bud (orange) emerges adjacent to the
birth end (OOA). Thus this daughter would have a bipolar budding pattern according to Figure 1. (Cell colors were manually added to oCelloScope
images for illustrative purposes).

To address these drawbacks, we developed a novel method that combines single-cell imaging using an oCelloScope™ (BioSense
Solutions ApS, Farum, Denmark) and quantitative proton (1H) NMR. The oCelloScope is an innovative digital time-lapse microscopy
technology that enables real-time imaging of growing micro-organisms. It is a small portable platform developed to provide very clear
images of cells over time. This is achieved by scanning through a sample to produce a series of images using a tilted imaging plane.
Combining the tilted images give the best-focused images and a time-lapse of single cells over time [17]. Its main advantages over
other methods are that it is user friendly and high throughput and that it allows the possibility of studying the growth and morphology of
single cells over time in undisturbed samples. Most importantly, it allows accurate budding pattern assignment by reliably identifying the
mother–daughter junction; hence the relative positions of the first two and three bud sites from new daughter cells can be determined
(Figure 2), which ensures accurate differentiation between the three budding patterns.

Due to the small sample volume required, 1H NMR spectroscopy was used to investigate the full range of metabolites produced during
growth. Other advantages of this method are that it is untargeted and unbiased, thus allowing highly reproducible detection of the broad
range of metabolites containing NMR active nuclei, such as 1H. Furthermore, 1H NMR is inherently quantitative, as the signal intensities
are directly proportional to the number of protons giving rise to that specific resonance. In the presence of an internal standard, absolute
concentrations are easily quantified as follows:

C(X) =
Area(X)

Area(Ref)
× H(Ref) × C(Ref)

H(X)
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Figure 3. Schematic of the experiment that utilized the oCelloScope for image acquisition and 1H NMR for metabolite identification and quantification.

where C is the concentration of the metabolite X and of a reference compound (Ref) and H is the number of protons in X and Ref.
Due to its nondestructive and noninvasive nature, NMR analysis allows sample recovery and multiple measurement types to be

carried out using the same sample. Additionally, a large body of software and databases is available for metabolite identification [18–20].
While hyphenated methods may be more sensitive and allow more low-concentration metabolites to be identified, 1H NMR is better for
detecting high-abundance metabolites and has a faster analysis time as it does not require sample derivatization and separation [20].
Potential drawbacks inherent in quantitative NMR arise from water suppression, T2-editing, protein interactions, relation difference,
macromolecule background and spectral overlap [20]. However, metabolite quantification requires only a single internal standard without
the need for calibration curves for each individual standard. Furthermore, quantitative 1H NMR is possible without prior separation of
components [21,22].

Liquid growth medium is required for the use of 1H NMR analysis. Furthermore, during imaging in the oCelloScope the cells must
remain completely immobilized to ensure accurate budding pattern assignment in the image analysis process. This challenge was
best overcome using chemical immobilization with concanavalin A (Con A). Con A is a protein extracted from the jack bean (Conavalia
ensiformis) which binds carbohydrates [23]. It is a standard and widely used technique for yeast immobilization and has no known effect
on yeast growth or filamentation [24]. This form of immobilization was concluded to be superior to other methods, such as agar and
filter immobilization, as it would not prevent the diffusion of metabolites into the growth medium and it maintained clear image quality.
In our trial experiments we found Con A to be effective at keeping the cells immobilized in low- and high-nitrogen liquid broth for up to
10 h. It should be noted that this time will vary according to yeast strain, growth temperature and growth medium. After this time, cells
began to form 3D clusters that made accurate budding pattern classification difficult. Con A also appeared to lose its binding ability
as the cell density increased. An optimum time of 10 h of imaging at 25◦C was thus determined as ideal under our test conditions to
ensure that our yeast strains remained immobilized and that at least three bud sites were observed. If a longer imaging time is required,
a reimmobilization method can be used whereby a stock culture is made that grows throughout the experiment in parallel with imaging.
Samples can be then be taken at regular time intervals and reimmobilized into freshly Con A-coated wells. This process can be repeated
until the maximum cell density for imaging is reached.

Images from the oCelloScope from each imaging period are then cropped in MATLAB (version R202a, The MathWorks Inc., MA, USA)
and analyzed manually to obtain budding patterns for different daughter cells. Manual image analysis was necessary due to the nature
of the images obtained from the experiment. Firstly, the cells were not immobilized in such a way that growth was restricted to one
visual plane for the entire duration of growth. This makes accurate assignment of bud site positions using an automated image analysis
code challenging. Secondly, the oCelloScope produces images that are unique when compared with other types of imaging methods
and therefore existing image analysis software could not be applied. A representative time-lapse of this manual image analysis process
is shown in Figure 2. This manual image analysis process is currently the main limitation of the method because the time demanded
for data analysis limits the sample size potential. An automated image analysis code integrated with the oCelloScope imaging platform
would allow for a more high-throughput method for future studies. Supernatant collection occurs after each imaging period for further
analysis with 1H NMR (Figure 3). In this way the physiological concentrations of metabolites can be measured in parallel with budding
pattern analysis. For protocol details, see the Supplementary Method File.

In summary, the new method presented here provides a process to reliably classify the budding pattern of yeast to assess filamen-
tous growth. The method has significant advantages over previous ways of budding pattern classification due to its high throughput
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and accuracy. Furthermore, this process can be combined with time-resolved metabolite identification and quantification using 1H NMR
analysis. This methodology can be applied to yield important information regarding, for example, quorum sensing-controlled filamentous
growth and the effect of yeast stress on filamentous growth and metabolism, and allows the identification of potentially toxic metabo-
lites. Moreover, this method has the potential to be even more broadly applied as oCelloScope imaging can measure other phenotypes,
including growth, morphology or spore germination, in different yeast or bacterial species. Finally, future research should aim to improve
this method by the inclusion of an automated image analysis algorithm for budding pattern classification.

Supplementary data
To view the supplementary data that accompany this paper please visit the journal website at: www.future-science.com/doi/
suppl/10.2144/btn-2021-0120
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