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‘Small volume—big problem’: culturing 
Yarrowia lipolytica in high‑throughput 
micro‑formats
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Abstract 

With the current progress in the ‘design’ and ‘build’ stages of the ‘design-build-test-learn’ cycle, many synthetic biol-
ogy projects become ‘test-limited’. Advances in the parallelization of microbes cultivations are of great aid, however, 
for many species down-scaling leaves a metabolic footprint. Yarrowia lipolytica is one such demanding yeast species, 
for which scaling-down inevitably leads to perturbations in phenotype development. Strictly aerobic metabolism, 
propensity for filamentation and adhesion to hydrophobic surfaces, spontaneous flocculation, and high acidification 
of media are just several characteristics that make the transfer of the micro-scale protocols developed for the other 
microbial species very challenging in this case. It is well recognized that without additional ‘personalized’ optimiza-
tion, either MTP-based or single-cell-based protocols are useless for accurate studies of Y. lipolytica phenotypes. This 
review summarizes the progress in the scaling-down and parallelization of Y. lipolytica cultures, highlighting the chal-
lenges that occur most frequently and strategies for their overcoming. The problem of Y. lipolytica cultures down-
scaling is illustrated by calculating the costs of micro-cultivations, and determining the unintentionally introduced, 
thus uncontrolled, variables. The key research into culturing Y. lipolytica in various MTP formats and micro- and pico-
bioreactors is discussed. Own recently developed and carefully pre-optimized high-throughput cultivation protocol 
is presented, alongside the details from the optimization stage. We hope that this work will serve as a practical guide 
for those working with Y. lipolytica high-throughput screens.
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Introduction
Every synthetic biology project, to avoid bottlenecks, 
requires fine-tuning the ‘design-build-test-learn’ cycle 
at all stages. With the current advent of computational 
design tools, DNA synthesis capacity, and genome editing 
technology, a high fraction of synthetic biology projects 
become ‘test-limited’ [8]. Advances in the parallelization 

of cell population cultivations by the use of microtiter 
plates (MTPs) or macro-plates combined with robotic 
handling and automatic data acquisition are of great aid 
[4, 41, 45, 58]. Likewise, the progress in single-cell-based 
flow cytometry approaches, like fluorescence-assisted 
cell sorting (FACS) and fluorescence-assisted droplet 
sorting (FADS), debottlenecks the ‘test’ stage in specific 
applications [5, 15, 35, 57, 62].

For some microbial species, the metabolic footprint 
left by down-scaling to microvolumes is negligible. For 
example, a good quantitative agreement in the perfor-
mance of Escherichia coli and Acinetobacter grown on a 
microwell scale (1 mL) and in a laboratory stirred-tank 
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bioreactor (2 L) [21] was reported. Highly similar pat-
terns of growth were also found for several labora-
tory strains of Saccharomyces cerevisiae (including 
CEN‐PK.2) cultured on a ‘micro’ scale (0.35 mL) and a 
‘medium’ scale of 10  mL [58]. Maximum growth rates 
and biomass accumulation of S. cerevisiae cells grown 
in MTPs for ‘microvinification’ were indistinguishable 
from those observed in self-induced anaerobic flask 
cultures [42]. Yet, in the majority of cases, scaling-down 
leaves some metabolic footprint on the cell,making the 
scaling-up or -down a separate and demanding task in 
bioprocess development. The problem was highlighted 
i.a. by [51], who performed comparative cultures of 
engineered Komagataella phaffi (formerly–Pichia pas-
toris in deep-well plates and 1 L bioreactor. The small-
scale cultures disallowed phenotype development and 
no differences were seen in volumetric enzyme activity 
between four differently-engineered strains; while the 
phenotypes were significantly different in the bioreac-
tor cultivations.

Yarrowia lipolytica, is one of such demanding spe-
cies, for which scaling-down inevitably leads to per-
turbations in phenotype development. Strictly aerobic 
metabolism, propensity for filamentation and adhesion 
to hydrophobic surfaces, spontaneous flocculation, 
and high acidification of media are just several char-
acteristics that make the transfer of the micro-scale 
protocols developed for the other yeast species very 
challenging. Our own experience and the experience of 
our Colleagues (e.g. [5]) provide evidence that without 
additional consideration and optimization, either MTP-
based or single-cell-based protocols are useless for 
accurate studies of Y. lipolytica phenotypes.

This review summarizes the research in paralleliza-
tion of Y. lipolytica culturing, highlighting the pitfalls 
that occur most frequently. We hope that it will serve as 
a practical guideline for those working with Y. lipolytica 
high-throughput screens.

How small can we go with Yarrowia? And what are 
the costs?
To quantitatively describe this problem, we previ-
ously conducted a small ‘proof-of-concept’ experiment 
by culturing Y. lipolytica strain synthesizing a fluores-
cent reporter protein (rProt) in different volumes ([11], 
Table 1). Growth and fluorescence from the intracellular 
rProt, as well as substrate and metabolite concentration, 
were analyzed (Fig.  1). For all the thirteen variants we 
calculated a volumetric mass transfer coefficient (kLa), 
according to Eq. 1 [43, 44]:

where, vessel diameter (d), culture volume (VL), shaking 
frequency (n), shaking amplitude (d0).

KLa is a parameter that determines the rate at which 
a gaseous compound transfers between the gas and the 
liquid phases. It has two principal components: the mass 
transfer coefficient (kL) and the specific exchange sur-
face (a). It is impacted by the geometry of the culturing 
vessel (volume or maximum diameter), shaking param-
eters (amplitude and frequency), and the liquid phase 
properties (volume and viscosity). As demonstrated 
previously, the oxygen transfer rate depends linearly on 
the culture volume (VL), and twice the lower volume VL 
contributes to twice the higher oxygen transfer rate [18]. 

(1)
kLa = 6.67× 10

−6
× n

1.16
× V

−0.83

L
× d

0.38

0
× d

1.92

Table 1  Technical parameters of the compared culturing vessels and conditions for mixing the cultures

Code Topology/type of vessel Diameter Total vol Culture vol Filling Shaking 
frequency

Shaking 
amplitude

Calc. KLa

In horizontal plane [mm] [mL] [mL] [%] [rpm] [cm] [/h]

O_96_0.25  ○ MTP U-shaped 6.5 0.3 0.2 67 450 0.2 0.25

O_96_0.55 ○ MTP U-shaped 6.5 0.3 0.08 27 450 0.2 0.55

O_48_0.29 ○ MTP flat-bottom 9.75 1.3 0.5 38 450 0.2 0.29

O_48_0.56 ○ MTP flat-bottom 9.75 1.3 0.2 15 450 0.2 0.56

O_24_0.29 ○ MTP flat-bottom 15.5 3.3 1 30 380 0.2 0.29

O_24_0.56 ○ MTP flat-bottom 15.5 3.3 0.45 14 380 0.2 0.56

□_24_0.55 □ MTP conical-baffled-bottom 17 11 2.5 23 250 1.91 0.55

□_24_1.1 □ MTP conical-baffled-bottom 17 11 1.1 10 250 1.91 1.1

T_0.25 ○ tube U-bottom 14 24 2 8 180 1 0.25

T_0.56 ○ tube U-bottom 14 24 0.75 3 180 1 0.56

F_0.25 ○ Erlenmeyer flask 80 250 150 60 180 2 0.25

F_0.56 ○ Erlenmeyer flask 80 250 58 23 180 2 0.56

F_1.12 ○ Erlenmeyer flask 80 250 25 10 180 2 1.12
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Parameters such as temperature and composition of the 
liquid phase, determining solubility and diffusion of oxy-
gen, specifically affect the kL component. As evidenced 
earlier [46], minor changes in liquid viscosity caused by 
the uptake of nutrients and the formation of cellular bio-
mass can be ignored. KLa is commonly used as a proxy 
of ‘aeration rate’ in bioprocessing, and a useful tool when 
re-scaling the process. Equation  1 was developed for 
standard glass Erlenmeyer flasks with hydrophilic walls, 
shaking frequencies of 50–500  rpm, relative filling vol-
umes of 4–20% (the relative filling volume is defined as 

the filling volume divided by the nominal flask volume), 
shaking diameters of 1.25–10 cm, and nominal flask vol-
ume between 50 and 1000 mL [43, 44, 50]. The ‘proof-of-
concept’ experiment [11] covered vessels beyond those 
indicated (in volume and geometry), so the use of Eq. 1 
for modeling kLa in such a wide set of different vessels 
is burdened with uncertainty. Nevertheless, estimations 
of the impact of relative culture volume change or cul-
turing system format on the relative change in oxygen 
availability (expressed in kLa or oxygen transfer velocity, 
OTV; Table S1) show good agreement between different 

Fig. 1  Glycerol (GLY) consumption [%] metabolites concentration (citric acid, CA, erythritol, ERY, and mannitol, MAN), growth [OD600], 
and fluorescence from an intracellular reporter protein rProt, determined in the post-culturing of Y. lipolytica strain run in different scales and vessels 
(encoded according to Table 1), at different kLa parameter settings (Mendeley data [11]). Y. lipolytica strain used in this experiment was JMY2810 
(genotype: MATa, ura3::pTEF-RedStar2-LEU2-Zeta-URA3ex-pTEF-empty, leu2-270, xpr2-322; phenotype: ΔAEP, ΔAXP, suc + , ura + , leu + , intracellular 
RedStarII, Zeta platform). The main cultures were continued for 48 h and samples were collected at the end of the cultivation time. Precultures 
were developed for 18 h at 28 °C in the 300 mL shake flasks. The main cultures were inoculated at 5% (v/v). Samples were analyzed for growth 
and fluorescence from the reporter protein (RedStar2) following dilution in 0.75% NaCl (POCH) to match a linear range of the methods. Absorbance 
was measured at 600 nm in transparent 96-well plates (Costar; Merck). FL was determined under at ex/em 550/595 nm in black opaque plates 
(Thermo Fisher Scientific). Both measurements were done using a Tecan Spark automatic plate reader (Tecan Group Ltd., Mannedorf, Switzerland). 
pH level at the end of cultures was determined in the supernatant using indicatory strips (POCh, Poland). Each variant of the flask (F) and tube 
(T) cultures was conducted in pentaplicate, cultures in 96-well 48-well, and 24-well were conducted in 48, 24, and 12 parallel runs. Values show 
the average mean from the replicates. Error bars show ± SD from: (i) pentaplicate for flask and tube cultures, (ii) 48, (iii) 24, or (iv) 12 parallel runs 
of the cultures run in 96-well 48-well, and 24-well, respectively. Letters indicate homogenous groups determined in statistical analysis. Statistical 
significance of the difference in a given measure was assessed by analysis of variance (ANOVA) test, with a significance level set at p-value < 0.05 
(RStudio and Visual Studio Code, Microsoft), and equality of variances was checked with the Levene test. The homogenous groups were calculated 
using Tukey HSD post-hoc analysis (RStudio with relevant packages)
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studies [11, 16, 18, 26, 29, 59]. For example, for a cul-
ture run in O_48-well format, a 40% decrease in volume 
caused an increase in kLa by 63% in a study by [29], while 
decreasing the volume by 60% led to an increase in kLa 
parameter by 93% in the ‘proof-of-concept’ experiment 
[11]. Changing the culturing format from O_96-well to 
O_24-well triggered an increase in the kLa parameter by 
9% [16] or 2% [11]. Going down from a test tube culture 
to O_96-well decreased the kLa level by 46% [59], or 54% 
[11]. More details on the specific culturing system can be 
found in Table S1 (Supplementary Material). Still, the kLa 
values in Table 1 calculated according to Eq. 1 should be 
perceived as only rough estimations.

As can be inferred from Fig.  1 [11], consumed glyc-
erol (GLY) and growth, but also amounts of rProt, and 
the principal metabolites (citric acid, CA, erythritol, 
ERY, and mannitol, MAN) were in high positive cor-
relation (consumed GLY and growth, r = 0.85 across all 
the conditions). The highest values for growth and GLY 
consumption were reported for cultures run in 24-well 
plates, either round (O)- or square (□)-shaped, and in an 
O-shaped 48-well plate, but in this case—only when kLa 
was set at 0.56. Comparison of cultures run at different 
kLa in a specific vessel suggests a straightforward impact 
of kLa level on GLY consumption, rProt amounts, and 
the amounts of the major metabolites. Only the case of 
□_24_1.1 escaped this rule, as no metabolites were found 
in the post-culturing medium. The lack of metabolites in 
the post-culturing medium in our experiment could be 
a consequence of either very robust (□_24_1.1) or very 
limited (O_96_0.25) metabolism. To our interpreta-
tion, in cultures □_24_1.1 Y. lipolytica reconsumed CA, 
ERY, and MAN, which served as an additional carbon 
source. The highest biomass accumulation in this specific 
case supports this statement. In other words, the actual 
amounts of oxygen supplied in □_24_1.1 surpassed those 
provided in tubes, flasks, 48-well, and 96-well MTPs, ena-
bling oxygenation of all GLY from the medium, as well as 
the reutilization of own metabolites. This notion complies 
with a general rule saying that in aerobic metabolism the 
consumption of the substrate is positively correlated with 
the oxygen supply. However, when comparing the corre-
lated parameters (e.g. GLY consumption) achieved at the 
same kLa values but in different vessels, this correlation is 
no longer valid; for example, at kLa of 0.55- 0.56, GLY was 
utilized at 30% (O_96_0.55) to 100% (O_24_0.56). Corre-
spondingly, GLY consumption degree could reach from 
3.4% (T_0.25) to over 70% (O_24_0.29) at the estimated 
kLa of ~ 0.27. This notion means that either the calculated 
kLa values are not adequate measures of oxygen availabil-
ity in our experimental setup, or that the scaling between 
selected vessels is subjected to some non-considered 
‘indirect factors’. Several significant ‘indirect factors’ 

affecting such a vessel-to-vessel variation were identified 
and well-evidenced (discussed hereafter). In our ‘proof-
of-concept’ experiment, the importance of those ‘indirect 
factors’ (not covered by Eq.  1) is particularly well seen 
under the limited oxygen supply. For kLa set at ~ 0.27, the 
GLY consumption (or growth) could reach one of four 
(or three) significantly different levels, represented in 
separate homogenous groups (Fig. 1; [11]). On the other 
hand, the adopted kLa model [43, 44] does not consider, 
for example, the head-space volume (partly, but not per-
fectly expressed as % filling in Table 1). The mass trans-
fer between the head-space and the bulk of the culture is 
facilitated when compared with the mass transfer across 
the cover of any kind, acting as a mechanical hindrance. 
Its direct effect could be reliably assessed in cultures of 
the same working volume, with the same effective mass 
transfer area, but differing in the headspace volume (no 
such condition was studied here).

In our accompanying ‘proof-of-concept’ experiment 
the synthesis of metabolites was concomitant with 
changes in the medium acidity (Fig.  2; [11]). Significant 
changes in this parameter (> 0.5 unit) were observed in 
the 24-well MTP cultures and flasks with kLa > 0.56. The 
unusual increase in the pH value in □_24-well cultures is 
a known phenomenon occurring at the end of Y. lipolyt-
ica, highlighting cell death [9]. This minor observation on 
varying pH depending on the culturing vessel, highlights 
an issue of technical importance. Namely, depending on 
the growth conditions and aeration rate, the cell popula-
tion may yield products of different oxidation levels (for 

Fig. 2  pH level determined in the culture medium supernatants of Y. 
lipolytica strain run in different scales and vessels (encoded according 
to Table 1), at different kLa parameter settings (Mendeley data [11])
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Y. lipolytica–CO2 or organic acids/polyols). The varia-
tion in the product profile impacts medium acidity, and 
hence—requires different technical solutions to stabilize 
this parameter.

To assess reproducibility between repetitions of a 
specific culture variant, we calculated the percentage 
of standard deviation within each result for growth and 
rProt (Fig. 3). The least consistent results were obtained 
in cultures run in 96-well plates (%SD reached approx. 
15–20%), followed by cultures run in test tubes (%SD 
reached approx. 5–10%). Surprisingly, the least variable 
were the repetitions of cultures conducted in 24-well 
plates (and not in the flasks, as presumed). In these cases, 
the percentage share of SD in the result reached several 
% (%SD between 2 and 7%). Growth readouts were the 
most consistent in the cultures run in □_24-well plates 
(%SD 2–2.7%). The reproducibility of cultures run in 
these vessels was assessed previously for bacterial cul-
tures (mainly Pseudomonas and Rhodococcus spp) [18]. 
For the majority of strains, the duplicates differed by less 
than 5%. Depending on the strain, the difference between 
the replicates could reach more (up to 20%).

Collectively, the ‘proof-of-concept’ experiment showed 
that going below the 24-well plate with Y. lipolytica cul-
tures is burdened with greatly increased well-to-well 
variability (Fig. 3; the smaller the volume, the bigger the 
SD). Cultures in 96-well plates seem to be inadequate 
for Y. lipolytica culturing, at least when a comparison of 
different phenotypes is aimed at, and not just revival of 
a strain or biomass propagation. Noteworthy, our experi-
ment demonstrated that even for such a ‘demanding’ 

species, cultures run in 24-well plates constitute a mature 
alternative to Erlenmeyer flasks; offering high reproduc-
ibility, efficient substrate consumption, growth, and rProt 
synthesis. This format also greatly helps to make the han-
dling and screening of a large number of strains less time- 
and material-consuming (the □-plates are reusable). The 
orbital shaking used for 24-well MTPs was suitable to 
generate sufficient oxygen provision, even surpassing the 
ones achieved in Erlenmeyer flasks.

Mechanistic view on scaling‑down and the main 
limitations for Y. lipolytica culturing
Multi‑cell population culturing – MTPs
The phenomena taking place upon down-scaling of 
microbial bioprocesses to MTPs were thoroughly inves-
tigated and discussed in a series of works [17–20]. In 
this review, we focus on volumes that could be useful in 
high-throughput screens. In such a case, a cell of (aver-
age) several μm is cultured either in the liquid bulk of 
several mm (MTPs) or cm (flasks). As stated by [17] such 
a dimensional change in the culturing vessel has a negli-
gible impact on the cell’s physiology.

The principal limitations of (Y. lipolytica) micro-vol-
ume culturing in MTPs are insufficient aeration rates 
and small working volumes [18]. The former becomes 
specifically troublesome for microbes with high oxygen 
demands, like Y. lipolytica. Typically, limited aeration is 
overcome by increasing mixing frequency and amplitude, 
but on the other side—it leads to increased risk of cross-
contaminations between the wells. Interestingly, these 
apparent limitations are also shaped by other ‘indirect 
factors’ affecting cellular physiology, and gaining impor-
tance upon down-scaling. Awareness of their occur-
rence is important to develop counteracting measures. 
These ‘indirect factors’ are (i) the ratio of the effective 
gas–liquid exchange area to the culture volume (consid-
ered in Eq.  1), (ii) the increased importance of the sur-
face tension, which counteracts the flow and movement 
of the culture bulk in micro-volumes. The latter is spe-
cific to MTPs and has not been observed for larger scales 
[26]. Since the bulk of the medium in MTPs is relatively 
small, its inertness is small, and the movement induced 
by the centrifugal force (shaking amplitude) is overbal-
anced by adhesion (liquid molecule to the vessel) and 
cohesion (liquid molecules interaction) forces. Adhe-
sion and cohesion forces remain constant irrespectively 
from the culture volume–they depend on the properties 
of the liquid and the vessel’s material. So up to a specific 
shaking intensity, the liquid surface remains horizon-
tal in O-shaped micro-wells of small bulk volumes (no 
turbulence occurs, and no expansion of the gas–liquid 
exchange area occurs). Turbulence may be introduced 
by using square-shaped micro-wells. Then, the corners 

Fig. 3  Variability of data on growth and rProt amounts read in Y. 
lipolytica strain cultures run in different scales and vessels (encoded 
according to Table 1), at different kLa parameter settings (Mendeley 
data [11]). Variability is expressed as a share of standard deviation 
in the mean result obtained from a specific culture variant. Each 
variant of the flask and tube cultures was conducted in pentaplicate, 
cultures in 96-well 48-well, and 24-well were conducted in 48, 24, 
and 12 parallel runs
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of the well act as baffles, greatly expanding the effective 
gas–liquid exchange area, and amplifying the oxygen 
transfer rate by a factor of 2 [17, 20]. As demonstrated, 
the surface area is a more important determinant of the 
oxygen transfer rates than the frequency of shaking [18].

Another significant problem faced in MTP culturing is that 
the oxygen diffusion rates to an individual well are typically 
affected by its position in the MTP, with the central wells 
being less aerated (Fig. 4; [11]). Our experience shows that 
the problem is valid for 24-, 48-, and 96-well MTPs equipped 
in a typical solid plastic cover or sealed with ‘breath freely’ 
film. On the other hand, such an effect was not observed 
for □_24-well MTPs with individual air exchange systems 
above each well. In these MTPs, at kLa 0.55 and 1.1–the dif-
ference between inner and outer (central and peripheral) 
wells was not significant at p < 0.001. Such an uncontrolla-
ble well-to-well variation leads to misinterpretation of the 
results coming from a single MTP. Interestingly, our previous 
studies showed, that upon (anoxia) stress Y. lipolytica popu-
lation splits into more and less metabolically active cells, and 

the latter subpopulation increased in counts with the time of 
exposure to stress [23, 24], so the heterogeneity came from 
cell-to-cell variation within a single well, rather than from 
global better or worse performance of a population at a spe-
cific location in the MTP.

Another recognized challenge of MTPs culturing is 
that insufficient aeration contributes to the differential 
profile of metabolites being produced in different wells. 
Consequently, depending on the strain’s biology, difficul-
ties in maintaining stable and comparable pH across the 
plate may occur; further amplifying the well-to-well vari-
ation in MTPs.

And finally, in terms of well-to-well variation illustrated 
in Fig. 4, the better aeration of the well located at the cor-
ners has also a negative side – it contributes to enhanced 
culture volume loss in those wells. Hence, especially 
when working with the low-volume 96-well format, 
peripheral wells are typically used as cell-less humidi-
fiers filled with medium or water, and are lost from the 
analysis.

Fig. 4  Exemplary heat-maps showing growth of a Y. lipolytica strain in typical O-shaped 24-, 48-, and 96-well MTPs with solid cover. Color spaces 
correspond to well in the MTPs. Growth was measured as absorbance at OD600 (Mendeley data [11]). The values are color-coded according 
to a legend. The same strain was grown in all the wells, in the same culture medium. Comparisons of the color scale should be done only within a 
specific section covering identical culture variants. Inter-plates comparisons of the color are not adequate. Statistical significance was determined 
via ANOVA analysis (Mendeley data [11])
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To overcome these limitations, the inventors of 
□_24/96-well plates proposed a cover system with holes 
above each well, but tightly sealing rants with a soft-sili-
cone mat [17, 18]. Such a solution secures individual air 
exchange from each location on the plate, and limits the 
impact of the neighboring wells and cross-contamina-
tions. The wells in the central part of a plate are equally 
well aerated as those in the peripheries. Indeed, in our 
‘proof-of-concept’ experiment, the growth of Y. lipol-
ytica in □_24-well plates was not significantly different 
between central and peripheral wells (p-value < 0.001).

In addition, the implementation of this individual aera-
tion system unified the propensity for volume loss across 
the plate. Still, thanks to a multi-layer covering system 
and the selection of the material, the volume losses are 
negligible (10 μL per day), and cross-contaminations are 
also eradicated ([18] and own experiments discussed 
hereafter).

Single‑cell‑per‑vessel approaches
A further step in scaling-down microbial cultures is min-
iaturization to pico-liter volume droplets, each initially 
loaded with a single cell. Such an approach differs from 
what is typically called ‘single-cell analysis’ by Fluores-
cence-Assisted Cell Sorting (FACS), which is an analyti-
cal method that does not require the droplet-forming 
step. The pico-liter cultivation followed by the drop-
let analysis and sorting is called Fluorescence-Assisted 
Droplet Sorting (FADS) [2].

An individual microbial cell can be entrapped in a 
‘single-cell vessel’ either by using agarose beads or by 
creating an emulsion. A microbial cell must always be 
suspended in the ‘water’ (w) phase. Then, it can be sur-
rounded by a spherical layer of immiscible fluid (‘oil’ 
phase (o)) suspended in another w-phase (w/o/w double 
emulsion), or suspended in the oil phase (w/o emulsion) 
[61]. W/o/w system is compatible with typical FACS flu-
idics and optics, so the analytical part can be conducted 
in a commercial FACS sorter. Analytics of droplets gen-
erated as w/o emulsion is typically run in laboratory-
constructed microchips with electrodes embedded into 
the chip itself, due to incompatibility of the oily mobile 
phase with commercial FACS equipment. As pointed out 
earlier [57], using the droplet-based system reconstitutes 
a direct link between phenotype and genotype, which is 
lost in the case of secreted molecules and FACS-based 
sorting. In addition, the Authors demonstrated that using 
an intracellular concentration of a molecule (a measure 
compatible with FACS as a proxy of the total production 
rate of a secreted molecule is not adequate, making FADS 
specifically relevant for such an application.

The droplet generation and analytics have an incom-
parably higher capacity than any other high-throughput 

screening technique. With Y. lipolytica, the current tech-
nologies reach the droplets producing rate of ~ 106/h, 
and sorting rate of over 105 to 106/h [5, 8, 35]. But the 
question is whether encapsulation in a droplet is compat-
ible with the biology of the strictly aerobic, filamenting 
species?

The principal limitation of the actual ‘culturing’ of a liv-
ing microbial cell in the pico-reactors is limited volume 
and mass transfer, which directly implies low provision 
of oxygen and nutrients, and, increasing with time, accu-
mulation of metabolites. Furthermore, considering that 
FADS ensures a super-high resolution (at a single-cell 
level and not the average of a population), the incuba-
tion time of all the cells must be sufficient and compa-
rable [14], which requires additional consideration in the 
continuous flow fluidics system. The other commonly 
pointed challenges are the investment costs, the need 
to couple the desired phenotype with some fluorescent 
product, the risk of the partitioning of hydrophobic 
products into the mobile phase (or the oil layer in w/o/w 
emulsions), and the low stability of the double w/o/w 
emulsions, which are compatible with FACS [6]. Moreo-
ver, the frequency of the droplet seeding at 1 cell/drop-
let is limited by the Poisson distribution [13], resulting 
in a high number of empty microdroplets. Some of these 
challenges were ameliorated by using fluorinated oil with 
good oxygen solubility [35] and fluorescent substrates of 
the analyzed enzymes [5], designing incubation cham-
ber ensuring first-in-first-out dynamics of the droplets 
flow [14], pico-injection of the substrate to initially pre-
selected droplets containing the desired 1 cell/ drop seed-
ing rate [5]. Still, additional amendments were required 
to adapt the droplet-based microfluidic screening system 
to the use of Y. lipolytica [5] (discussed hereafter).

Another interesting ultra-high-throughput approach 
for yeast culturing was developed by [52, 53]. In that sys-
tem, a multiplexed microfluidic chip was operated in a 
perfusion mode, so the cells were maintained in micro-
liter volumes of a continuous stream of medium. In this 
system, the key limitations of closed pico-liter bioreac-
tors (oxygen and nutrients availability, accumulation of 
metabolites) are no longer valid. In such a format, the 
screening system is scaled-down by 2000-fold, and the 
desired phenotypes can be identified in 2 to fourfold 
shorter times [52, 53]. Operation in a perfusion mode 
enabled precise control of the culturing conditions, mak-
ing room for the process conditions optimization with 
this system. Notably, the results obtained with K. phaffi 
grown in such a microfluidic perfusion system were vali-
dated at larger scales, proving their effectiveness.

A similar system exploiting a 1  mL microfluidic bio-
reactor, operating in perfusion mode was also used 
with Y. lipolytica by [40]. More details on that system 
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and ‘personalized’ adjustments required for Y. lipolytica 
are discussed hereafter (“Y. lipolytica in microfluidics” 
section).

Yarrowia lipolytica ‘personalized’ scaling‑down 
approaches
MTP format
Considering the high interest in Y. lipolytica as a platform 
species in metabolic engineering and rProt production, 
urgent needs are placed on developing dedicated testing 
and screening platforms. However, as mentioned above, 
several characteristics of this yeast make the task very 
challenging. The principal limitations encountered in 
the high-throughput cultivations of Y. lipolytica and the 
state-of-the-art developments in this area are summa-
rized below and in Table 2.

In a series of works [1, 5, 35, 38, 39] a French group 
transformed Y. lipolytica high-throughput screens from 
typical 96-well MTPs to a versatile and ultra-high-
throughput FADS system.

In their initial work, [38] used the typical O-96-well 
MTPs filled in two-thirds (200 per 300  μL in total) 
of culture medium buffered with 50  mM phosphate 
buffer at pH 6.8. To address the problem of evapora-
tion (illustrated in Fig.  4) the peripheral wells of the 
plate were filled with water. Cultures were conducted 
in a plate reader Biotek Synergy MX (Biotek Instru-
ments) for 48 h at 28 °C with continuous agitation. In 
that work, the MTP culturing was used to manage a 
large library of strains developed from high-through-
put transformation protocol, and not much focus was 
placed on its optimization, and no assessment of the 
well-to-well variation was provided. A similar high-
throughput cultivation protocol was adopted in the 
following screens, using the same plate format and the 
reader [39, 54]. [39] noted that the cultures could be 
continued only up to 24  h, as later the OD600 read-
outs were > 1.2, above which the correlation between 
OD and cell density is not linear anymore. We found 
that point relevant in our experiments with Y. lipol-
ytica. In addition, the necessity of shortening the cul-
turing time in the automated plate reader used by the 
Authors was appropriate due to the limited buffering 
capacity of 50 mM phosphate buffer, which was prob-
ably insufficient for longer cultivations [22]. In the 
following work, [1, 55] used a specialized MTP shaker-
incubator-reader, BioLector (mp2-labs, Baesweiler, 
Germany), and unique MTPs—48-well Flower-Plates 
(mp2-labs). The topology of these plates is highly 
compatible with the strictly aerobic Y. lipolytica. Each 
inner edge of the ‘six-petal flower’ acts as a baffle, 
enhancing the oxygen transfer rate substantially (up 
to > 0.11  mol/L/h). Y. lipolytica strains were cultured 

in either rich or minimal medium buffered with phos-
phate buffer at pH 6.8, under 28 °C and constant agita-
tion (1200  rpm, shaking diameter = 3  mm, orbital) in 
a working volume of 800  µL (possible filling volume 
up to 2400 μL). In the BioLector system, growth (and 
fluorescence) can be continuously monitored by meas-
uring scattered light intensities, which offers a huge 
advantage over the formerly used OD600, especially 
with high-cell-density-growing Y. lipolytica. As evi-
denced in that work, scattered light measurements in 
Y. lipolytica cultures displayed a linear correlation with 
those of OD600nm up to 115 units. The assessment 
of dry cellular weight concentration using OD600 as a 
proxy could reach maximally 58 g/L, while using scat-
tered light—as much as 100  g/L. In [1], the cultures 
were continued for > 100  h, and pH was stabilized at 
pH 6.8 with 50  mM phosphate buffer. Our previous 
analyses [22] (Fig. 5A) showed that even twice stronger 
phosphate buffer (100  mM) does not possess suffi-
cient buffering capacity to stably maintain pH at ~ 7.0 
for 48 h in Y. lipolytica cultures (drop to pH 6.0 after 
48  h; noteworthy—a different culturing medium was 
used). Currently, the BioLector system can be config-
ured with an optional microfluidic module, which may 
be used to regulate pH (2 feeding lines are available). 
Such functionality is highly relevant for Y. lipolytica 
cultures, which tend to strongly acidify the medium 
upon growth.

High throughput screening in 48-well plates of an 
extensive library of Y. lipolytica strain was conducted by 
[60]. The screening was performed in MicroScreen sys-
tem (Gering Ltd., China) in 1 mL of mineral medium (per 
3 mL total volume), with an initial pH of 6.0 (no buffer 
provided) for up to 36 h. According to the system’s pro-
vider, the device can ensure shaking up to 1000 rpm (for 
Y. lipolytica the Authors used 800  rpm), but foremost, 
the plates are equipped with the independent vented cap 
above each well, which altogether contributes to higher 
kLa levels. The important drawback of that system is that 
in growth tracking it uses OD600 measurements with 
the upper limit of 5.0. Still, it allows to calculate the ini-
tial growth rate, which is sufficient to assess the strain’s 
robustness.

Knowing the limitations of Y. lipolytica culturing and 
its high oxygen demands, [48] tested different covering 
systems in combination with 96-deep-well plates for Y. 
lipolytica screens. The experiment aimed at screening 
over 1000 Y. lipolytica clones in a high-glucose medium 
(900  μL working volume in 2  mL total well volume) 
with shaking at 220  rpm for 10  days. Inoculated deep-
well plates were either sealed with ‘breathing freely 
film’ or covered with paper and stainless steel covers. 
When stainless steel covers were used, the growth of Y. 
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Table 2  Summary of the main limitations encountered in the high-throughput cultivations formats (O_96-well MTP and the pico-liter 
volume droplet) and solutions proposed in different studies

Limitations (including those specific to Y. lipolytica) Proposed solutions with references

O_96-well MTP

 Insufficient aeration due to the use of plastic cover and ‘breathing freely 
film’

Stainless steel covers [48], sandwich covers [18]

 Small working volumes for sampling Multiplication at the cost of high-throughputness

 Low buffering capacity, insufficient for longer cultivations BioLector configured with an optional microfluidic module to be used 
to regulate pH (https://​www.​m2p-​labs.​com/​biore​actors)
Use of an optimized maleate-based buffering system [22]

 Volume loss at the corners Use of peripheral wells as cell-less humidifiers filled with medium or water 
at the cost of high-throughputness

 Measurement limitations due to intensive growth (OD600 > 1.2), loss 
of linearity between the absorbance readout and cell density

Reading scattered light intensities rather than absorbance [1]

 High surface tension/lack of turbulence Flower-shaped plates from BioLector (https://​www.​m2p-​labs.​com/​biore​
actors) [1, 55]
Square plates [17–20]

 Position-on-the-plate-dependent oxygen diffusion rates to an individ-
ual well → differential profile of metabolites (difficulties in maintaining 
stable and comparable pH across the plate)

Use of individual air exchange systems above each well: holes above each 
well, but tightly sealing rants with a soft-silicone mat [17, 18] the inde-
pendent vented cap above each well [60]

Pico-liter volume droplets

 Low oxygen availability (low nutrient availability and accumulation 
of metabolites were shown not to be limiting)

Use of fluorinated oil with good oxygen solubility [5, 35, 57]
Increase the volume of oxygen-permeable fluorinated oil [35]
Use of perfusion-mode microreactor (Air supply by gas diffusion 
through a sterile filter, online pH control) [40]

 Poisson distribution of the droplet seeding—a high number of empty 
microdroplets

Adjustment of cell suspension density to match the desired seeding rate 
[5, 35]
Removal of cellular aggregates prior to encapsulation by filtering 
through a 5 μm filter [35]
Co-injection of the bioassay components and cells [35]
Sub-sorting of the charged droplets from empty ones based on their size 
(use of a phenomenon of cell-containing droplet shrinkage [35]

 Non-equal time of cell incubation prior to reading For w/o droplet-type: designing incubation chamber ensuring first-in-first-
out dynamics of the droplets flow and its incorporation into the microchip 
design [5, 14]
For w/o/w droplet-time: additional incubation step [57]

 Risk of the partitioning of hydrophobic products into the mobile phase 
(or the oil layer in w/o/w emulsions)

Use of synthetic reporters/alternative enzymatic substrates (fluorescent 
substrates) and its pico-injection to initially pre-selected droplets [5, 35]

 Droplet integrity lost due to invasive growth Use of a Y. lipolytica fil- strain (deleted for the Mhy1 gene, rendering 
the strain with a non-filamenting phenotype) (Hurtado and Rachubinski, 
1999; [35])

 Lipolytic activity-driven degradation of the oil phase Use of fluorinated oil that is resistant to extracellular lipases due to fluorina-
tion of the aliphatic chains oil [5, 57]

 Low stability of the emulsions Addition of fluorosurfactant [5]

Specific to w/o emulsion (requires laboratory-constructed microchips)

 Investment costs for laboratory-constructed microchips with electrodes 
embedded into the chip itself

NA

 Aggregation and adhesion of Y. lipolytica to hydrophobic surfaces Proposed by [5]: Supplementation of the cell suspension with non-ionic 
detergent to limit the cells’ adhesion, Increase shear stress by adopt-
ing tubing with a smaller inner diameter (100 μm) to limit aggregation 
before encapsulation, Implementation of continuous stirring of the cell 
suspension during the encapsulation to prevent cell sedimentation, 
Adjustment of the initial cell density to approach the desired seeding 
rate of 0.03–0.1 cells/droplet [35] further decreased the inner diameter 
of the tubing to 50 μm

https://www.m2p-labs.com/bioreactors
https://www.m2p-labs.com/bioreactors
https://www.m2p-labs.com/bioreactors
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lipolytica strains was 10- to 20-fold higher, when com-
pared to the cultures sealed with the film, and by only 
60% worse than when grown in shake flasks (using the 
same carbon source load). Control and regulation of pH 
were not addressed in that research.

Y. lipolytica in microfluidics
The very first implementation of microfluidics technol-
ogy to Y. lipolytica high-throughput screens was reported 
by [5]. To screen for strains secreting hydrolases, the 
Authors developed two microfluidics devices: (i) a drop-
maker and (ii) an integrated screening device. The for-
mer encapsulated Y. lipolytica cells into 20 picoliter 
droplets at nearly 107 /h rate, creating a w/o-type emul-
sion in fluorinated oil. The mobile phase was enriched in 
fluorosurfactant to stabilize the emulsion. Noteworthy, 
the selected oil phase was: (i) resistant to extracellular 
lipases due to fluorination of the aliphatic chains oil [12, 
56], and (ii) permeable to oxygen–both characteristics of 
key importance considering Y. lipolytica’s biology. The 
Authors reliably assessed the limitations of performing Y. 
lipolytica screens in the microfluidics system, and intro-
duced the necessary ameliorations. For example, it was 
noted that the yeast cells display affinity to hydrophobic 
substrates, and a tendency to aggregate on the channel 
walls. To overcome these problems, the Authors imple-
mented several specific amendments: (i) supplemented 
the cell suspension with non-ionic detergent to limit 
the cells’ adhesion, (ii) increased shear stress by adopt-
ing tubing with a smaller inner diameter (100  μm) to 
limit aggregation before encapsulation. In addition, the 
system’s operation was improved by (iii) the implemen-
tation of continuous stirring of the cell suspension dur-
ing the encapsulation to prevent cell sedimentation, and 
(iv) adjustment of the initial cell density to approach the 
desired seeding rate of 0.03–0.1 cells/droplet [5]. Follow-
ing the droplet formation, the seeded pico-bioreactors 
were set in operation for 16 h at 28 °C. Over that period, 
the cells divided and produced the targeted enzymes. 
The demonstration that Y. lipolytica cells could actually 
replicate inside the droplets is of key importance, prov-
ing that the system can be truly regarded as ‘cultivation 
in pico-bioreactors’ and not just ‘coating and incubation’. 
It was the first reliable system accompanied by a detailed 

protocol for managing the pico-cultivation of Y. lipolytica 
for high-throughput screens.

[57] developed a double emulsion w/o/w FADS system 
to screen for Y. lipolytica strains producing and secreting 
high amounts of riboflavin, and compared such a screen-
ing technology with the typical single-cell FACS sorting. 
In both cases, a two-step cascade of sequential FA(C/D)S 
enrichment was used to isolate the final ‘hyper-producer’ 
populations. The aim was to evaluate if successive enrich-
ment and sorting using either of the two methods would 
impact the outcome–performance of the best producer. 
Technically, the double emulsion was obtained by recur-
ring flow-focusing-driven encapsulation: (i) cell suspen-
sion in fluorinated oil with amphiphilic block copolymer 
surfactant, followed by the droplets collection and incu-
bation for 3 days to allow for riboflavin production inside 
the pico-bioreactors; (ii) entrapment of the w/o emul-
sion from step (i) in the outer phase water solution. To 
enrich the initial population in the best producers, two 
subsequent FACS sorts with increasing stringency were 
applied. Intermittent incubations (3 days, 30 °C) between 
the sorts allowed to spontaneously phase separate. It was 
not shown if Y. lipolytica propagated inside the droplets 
over the 3  days between w/o and w/o/w emulsion gen-
eration. The period of 3 days is fourfold higher than the 
18 h adopted by [5]. However, the cells could produce the 
target molecule, when incubated in the w/o emulsion, 
and be screened for its concentration, meaning that the 
metabolism was active. The developed FADS technology 
proved to be significantly more efficient in selecting Y. 
lipolytica producing higher amounts of riboflavin in total, 
considering the intra- and extracellular levels.

Most recent research implementing microfluidics to 
Y. lipolytica aimed at screening large libraries of strains 
secreting antibodies in their final, water-soluble format 
[35]. The Authors developed and optimized a proto-
col for growing and producing full-length antibodies by 
Y. lipolytica strains in pico-bioreactors, and applied a 
microfluidics approach to sort and recover target-specific 
antibody-secreting yeasts. On their way, several inter-
esting aspects were addressed. Foremost, the host strain 
was deleted for the Mhy1 gene, rendering the strain 
with a non-filamenting phenotype, which is highly rel-
evant for any microfluidics approach and important for 

Fig. 5  Optimization of a protocol for high-throughput Y. lipolytica cultivation in square-24-well-MTPs. Selected data from [22] are graphically 
presented here: (A) buffering capacity of selected buffers and growth of Y. lipolytica cells in the specifically-buffered 3xYNB medium, (B) growth 
of Y. lipolytica in O- and □-shaped 24-well MTPs, and under different ‘sandwich covers’ of specified air-exchange volume; (C) growth of Y. lipolytica 
in □-shaped 24-well MTPs under different ‘sandwich covers’ and at different shaking frequencies; (D) optimization of carbon load (C20, C30, C40, 
and C50) at fixed nitrogen load of 15 g/L (organic—casein hydrolysate; inorganic—ammonium sulfate) based on results on growth, fluorescence, 
and concentration of the main metabolites (CA, ERY, MAN)

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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droplet integrity. The chip channel diameter was further 
decreased to 50  μm (when compared to the solution 
proposed by [5]), to prevent Y. lipolytica adhesion to the 
walls. The 30 picoliter volume droplets were formed in 
w/o emulsion, using the hydrofluoroether oil phase. The 
cellular aggregates were removed prior to encapsulation 
by filtering through a 5  μm filter. Yeast cell suspension 
density was adjusted to match the desired seeding rate. 
Charging the drops with the yeast cells and the bioassay 
components was conducted by co-injection, followed by 
overnight growth of the cells and production of the anti-
bodies. As concluded by the Authors, growth and prod-
uct synthesis in pico-bioreactors were not limited by 
nutrient availability and metabolite accumulation. The 
only limiting factor was oxygen availability. To cope with 
this issue, the volume of oxygen-permeable fluorinated 
oil was increased, which, as stated, directly increased the 
oxygen provision. At the sorting stage, the Authors took 
advantage of the commonly occurring phenomenon of 
cell-containing droplet shrinkage. In this way, the seeded 
droplets were sorted from empty ones based on size, 
without the need for an extra cell tracer. Following the 
microchip sorting, the droplets containing the target cells 
were deflected by dielectrophoresis to recover the secret-
ing yeasts. Due to high survival over the sorting process 
and rapid out-growth after the procedure, Y. lipolytica 
strains could be reused in further screenings—for enrich-
ment studies or selection according to different criteria.

As briefly mentioned above, [40] reported on the use 
of a 1 mL microfluidic perfusion bioreactor to study fun-
damental aspects of Y. lipolytica biology. Technically, 
the cultures were conducted in a commercial single-
use 1 mL microbioreactor chip (Pharyx Inc., USA). The 
microreactor was equipped with optical density, oxygen, 
pH, and temperature probes to ensure precise control 
of the process parameters. Air was supplied by gas dif-
fusion through a sterile filter, pH was controlled by the 
automated addition of strongly diluted NaHCO3 (1 mM), 
while a temperature of 28 °C was by regulated a heating 
element located at the bottom of the device. The growth 
chamber comprised three interconnected 500  μL sec-
tions, out of which two were occupied to secure both 
the 1 mL working volume and the mixing. More details 
on the system can be found in [7, 36, 37]. After several 
volume exchanges, Y. lipolytica culture reached a steady-
state highlighted by a stable biomass concentration (~ 5 g 
of dry cellular weight/L), stable oxygen saturation (above 
40%), and, most importantly for that experiment, a stable 
residual glucose concentration < 1 mg/L. The latter was of 
key importance, as the Authors investigated the relation-
ship between residual glucose levels and dimorphism in 
Y. lipolytica. Notably, Y. lipolytica displayed high viabil-
ity in such a system (above 97%). By definition, exploring 

dimorphism in a microfluidics system is a challenging 
task, due to the high risk of clogging the tubings by fila-
ments. Being aware of this, the Authors first simulated 
conditions promoting ovoid morphotype (then, Y. lipo-
lytica cell is ~ 4.4 μm in diameter). Further ‘personaliza-
tion’ of the experiment consisted of adjusting the time of 
the ‘filamentation-inducing state’, disallowing full devel-
opment of the long filaments. Using such a system it was 
possible to prove that the dimorphic shift is dependent 
on the residual glucose levels. Very precise determina-
tion of the threshold level (0.35−0.37 mg/L) was possible 
due to the incomparably high resolution of the perfusion 
microbioreactor, and the excellent technical execution 
of the experiment. In that experiment, the microfluidics 
system was not used for different phenotype compari-
sons, so it was also not assessed for its screening capacity, 
run-to-run variability, and throughputness. However, the 
observations done with the microfluidics were validated 
in a standard 1 L bioreactor, which confirmed the oper-
ability of the system and its usefulness for the dimorphic 
Y. lipolytica.

Protocol for high‑throughput screens of Y. 
lipolytica strains in square‑MTPs
Our recent project required the development of a high-
throughput screening protocol to reliably compare 
phenotypes of Y. lipolytica strains, individually over-
expressing a single transcription factor per strain [22, 
25, 39]. Knowing the key role of transcription factors in 
modulating cellular biology, we expected that the spec-
trum of obtained phenotypes (for 125 strains tested) 
would be very wide. Hence, developing a single protocol, 
that matches the requirements of all the strains would be 
a significant challenge. The first trials conducted in the 
standard O_96-well plates turned out to be unsuccessful 
due to low repeatability. Even if the strains grew and the 
reporter rProt was detected, the repeatability between 
successive runs was low and implementation of different 
environmental variables did not allow to determine any 
statistically significant factors affecting the observed out-
comes. Considering the number of strains and conditions 
to be tested (rendering altogether 26,000 cultures), and 
limited budget (disallowing purchase of BioLector and 
consumables), we set for the development of a culturing 
protocol that would enable full development of a varia-
bles-driven phenotype, without uncontrolled infliction of 
unknown environmental factors [22].

From an array of different MTPs available on the mar-
ket, reusable □_24-well MTPs (www.​enzys​creen.​com) 
were chosen. Reusability, and hence limitation of plastic 
waste, was a huge asset of the system. The Duetz sys-
tem is well-developed and supported by reliable studies 
[17–20]. The usefulness of that system was proved for 

http://www.enzyscreen.com
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culturing different bacteria species [18–20], filamentous 
fungi [32], the model yeast species S. cerevisiae [28, 31], 
and recently also–Y. lipolytica [27, 30, 47, 49]. In that pro-
ject, a system enabling a controlled variable-driven phe-
notype development was of key importance. Therefore, 
several key parameters, like pH maintenance, oxygen 
availability, and sufficient nutrient provision throughout 
the culturing time were carefully investigated.

Since that research relied on batch cultivations, and 
the number of cultures run in parallel disallowed man-
ual correction of the cultures’ acidity in response to the 
cells’ metabolism, it was necessary to establish a robust 
buffering system [22]. That experimental plan covered 
a (problematic) pH range spanning pH 3–5–7. The aim 
was to have a buffer that enables buffering at the three 
levels using the same chemical compound,with the final 
change in the set pH value no higher than 0.5 pH unit. 
Considering the metabolic characteristics of Y. lipol-
ytica, buffers based on citric acid and acetic acid were 
immediately eliminated, as the components would be 
consumed [3]. Hence, the investigated set covered: phos-
phate, malonate, maleate, MES, and carbonate buffers at 
concentrations from 0.1 to 0.5 M (Fig. 5A; based on data 
presented in [22]). Phosphate buffer was a good buffer-
ing system at 0.3  M concentration but only close to its 
pKa—pH 3.0 and 7.0 (concentration of the buffer’s acid 
and conjugate base forms are equal). Even at a concen-
tration of 0.5 M, it had no buffering capacity close to pH 
5.0. In addition, 0.5 M phosphate buffer at pH 3 strongly 
limited the growth of Y. lipolytica (30% of the maximum 
read for all the conditions considered; Fig. 5A). Carbon-
ate and MES were considered complementary buffers to 
the phosphate buffer at pH 5.0. However, at none of the 
concentrations tested (0.1 and 0.5 M), they secured suf-
ficient buffering capacity for Y. lipolytica metabolism–the 
drop in pH was by more than 1.5 pH unit (from pH 5.0 to 
pH 3.5 to pH 2.3). The final two tested buffers were based 
on dicarboxylic acids having two pKa values. The pKa of 
maleic acid is 1.9 and 6.2, while of malonic acid—2.83 
and 5.69 (PubChem data). Since these compounds were 
not previously used for buffering Y. lipolytica cultures, 
possible consumption of the two chemical compounds 
by Y. lipolytica was tested. The change in their concen-
tration at the end of culturing (HPLC; data not showed) 
was within a technical error, indicating that Y. lipolytica 
does not utilize the compounds and they can be used as 
buffering agents.

Considering the target pH levels (3, 5, 7), and that 
the buffering capacity of a buffer is highest when the 
pH is within one unit of the pKa value, the maleate 
buffer would be more adequate to buffer at pH 7, while 
malonate–at pH 3 and 5. Indeed, malonate at a concen-
tration of > 0.2 M buffered Y. lipolytica cultures very well 

at acidic pH, but turned out to lack the capacity at neu-
tral pH. On the other hand, 0.2 M maleic buffer was very 
efficient in buffering pH at 5 and 7. At pH 3 its buffer-
ing capacity was also sufficient, but it limited Y. lipolytica 
growth when its concentration was > 0.2 M (to 20–30% of 
the maximum; Fig. 5A). Hence, to meet the requirement 
of having a single chemical compound in all the buff-
ers, and considering that the buffering capacity of 0.1 M 
maleate was sufficient at pH 3, an optimal buffering sys-
tem for Y. lipolytica cultures comprised of maleate buffer 
at 0.1 M for pH 3.0, and at 0.2 M for pH 5.0 and 7.0. The 
potential toxicity of the maleic buffer was investigated 
in comparison to phosphate buffer (both pH 7.0, 0.1 M); 
demonstrating a lack of the limiting effect (Fig.  5A). To 
ensure that no uncontrolled variable is introduced by 
using the buffer at different concentrations, osmolality in 
the medium formulation was experimentally determined. 
The 0.1 M vs 0.2 M maleate buffer yielded osmolality of 
1.27- to 1.78-fold higher than the standard YPG medium 
[22], which is away from the stress level (nearly fivefold 
higher [34]). Growth and rProt synthesis by Y. lipolytica 
in media buffered with the developed buffering system 
was studied, proving its functionality (Fig.  5A). Using 
such a buffering system, it was established that Y. lipol-
ytica grows and produces rProt most efficiently at pH 5.0. 
Initial growth was significantly slower at pH 3, but finally 
reached only slightly lower yields at the stationary phase 
(8% lower biomass than at pH 5). On the other hand, 
rProt synthesis at the acidic pH was significantly dimin-
ished (by nearly 40% vs pH 5). This observation well 
aligned with previous results conducted in bioreactors 
with a different reporter rProt, showing that a pH of 3 is 
a limiting factor of rProt synthesis, especially when com-
bined with some other stress factor [23]. No such differ-
ences were observed between growth and rProt synthesis 
by Y. lipolytica in pH 5 and 7.

Another parameter investigated and optimized in that 
research was oxygen level supply [22]. The aim was to 
orchestrate the type of consumables, equipment, shak-
ing frequency, and culture volume to generate two dis-
tinctly different conditions – ‘high’ and ‘low’ oxygen 
supply. It was noted that when Y. lipolytica is cultured in 
□_24-well vs O_24-well MTPs, according to the manu-
facturer’s suggestions (2.5 mL in the former, 1 mL in the 
latter), biomass in the stationary phase is not much dif-
ferent (by 7% lower in the O-shaped MTPs; please com-
pare also Fig. 1 and Table 1), but the stationary phase is 
reached by nearly 24 h faster in the square-shaped MTPs 
(Fig.  5B–based on data presented in [22]). Considering 
the scope of that investigation (a strain library screening 
under multiple conditions), such a shift in time was of 
high interest. To simulate conditions of clearly divergent 
oxygen supply, covers with different nominal head-space 
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exchange rates were tested (‘sandwich covers’ of 0.004, 
0.7, and 2.5  mL/min). Technically, the differences were 
implemented by differing the type of the silicone mat and 
the diameter of the openings above each well. According 
to [18] an average aerobic microbial culture needs an air 
supply of one working volume per minute (1 vvm; in our 
case—2.5  mL). If supplied, the oxygen concentration in 
the headspace is maintained at > 18% (v/v), even at very 
high oxygen consumption rates (40 mmol oxygen/L/min-
ute). Depending on the cover type, the growth of Y. lipo-
lytica nearly linearly decreased along with a decrease in 
the nominal head-space exchange rates (r = 0.84 across all 
the pH values; r = 0.91 for pH 5); at 0.004 mL/min reach-
ing only 36% of its value achieved at 2.5 mL/min (Fig. 5B). 
A comparable decrease (to 33%) was read for the rProt 
synthesis level expressed in biomass-normalized values, 
indicating a direct effect of oxygen provision on rProt 
synthesis. This experiment showed that the ‘sandwich 
cover’ system solution offered by (www.​enzys​creen.​com) 
works efficiently in simulating different aeration rates in 
Y. lipolytica cultures. Moreover, the difference in oxygen 
supply driven by the use of 0.07 and 2.5  mL/min sand-
wich covers was not sufficient, to use them to simulate 
the distinctly different aeration conditions; hence, the 
middle variant of 0.07 mL/min was eliminated from fur-
ther studies.

Selection of the ‘sandwich cover’ type was done at the 
same shaking parameters (shaking amplitude of 1.91 cm, 
and frequency of 250  rpm). To investigate if changes in 
shaking frequencies would further modulate Y. lipolytica 
growth under the selected ‘sandwich covers’, shaking fre-
quencies up to 500 rpm were tested (amplitude remained 
constant) (Fig.  5C). Such an experiment would also 
answer the question of whether the use of 2.5  mL/min 
sandwich covers suffice the oxygen demand by Y. lipol-
ytica at the used shaking frequency. In that experiment, 
the risk of cross-well contamination was monitored by 
a checkered inoculation pattern. As observed, shaking 
at 500 rpm leads to splashing of the culture on the cover 
imposing a risk of cross-contamination, so this vari-
ant was eliminated. Shaking at a frequency of 400  rpm 
led to a significantly higher rate of growth and rProt 
synthesis vs shaking at 250 rpm, but only when 2.5 mL/
min sandwich covers were used (no such an effect was 
observed under the covers 0.004 mL/min). The observed 
increase in those parameters suggests that the air sup-
ply of 1  vvm at 250  rpm is not sufficient for Y. lipolyti-
ca’s robust metabolism. Such a result is concurrent with 
previous observations done with Y. lipolytica bioreactor 
cultures, where at least 2 vvm of air had to be supplied 
to meet the desired 20% oxygen concentration (e.g. [33]). 
Notably, when shaking at 400  rpm, the level of growth 
and rProt amount in 24 h of culture was the same, as in 

48  h of culturing when shaking at 250  rpm. It is a sub-
stantial increase in pace, greatly increasing the through-
putness of the system. No effect of shaking frequency on 
the amounts of biomass and rProts under air-exchange-
limiting covers use, indicates the efficiency of the system 
in securing a controlled head-space exchange rate.

The supply of carbon and nitrogen sources was also 
subjected to adjustment, but in combination. The aim 
was to secure sufficient amounts of carbon and nitrogen 
until the end of culturing, without the risk of introduc-
ing a starvation period (which would be an additional, 
uncontrolled variable affecting the phenotypes). That 
experiment was conducted with the fastest-growing 
strain from the library [39] to determine the minimum 
sufficient amounts of carbon (20 to 50 g/L) and nitrogen 
(5 to 15 g/L, organic and inorganic, Fig. 5D). Under the 
adopted culturing conditions, nitrogen load at 5 g/L was 
insufficient, leading to limited biomass growth and car-
bon source consumption (by 34% when inorganic nitro-
gen was used; partly compensated when organic nitrogen 
was supplied; as shown previously [10]). Using nitrogen 
at 15 g/L and carbon at > 30 g/L, eliminated the risk of a 
starvation period occurrence, as by the end of the cul-
ture, still some minimal level of the nutrient was present. 
Profile of CA, ERY, and MAN concentration support that 
thesis, as within the investigated time (up to 48 h), these 
compounds were not reconsumed in those culture vari-
ants (Fig. 5D).

Further notions from the high-throughput cultiva-
tion protocol optimization, more related to the research 
question than to the technical aspects of the cultivation, 
are presented in the accompanying article [22] and the 
open, freely accessible database YaliFunTome (https://​
sparr​ow.​up.​poznan.​pl/​tsdat​abase/) presenting the results 
obtained with the protocol.

Summary and conclusions
Literature review and our own experience show that 
high-throughput cultivation protocols require extra con-
sideration when being adjusted to Y. lipolytica charac-
teristics. The vast knowledge accumulated on its biology 
is of great assistance in rationally designing the amend-
ments. Technological progress offers many solutions that 
adequately respond to challenges from the yeast species 
biology. The authors of the original research covered by 
this review provided evidence for the repeatability, high 
capacity, and operability of their systems for Y. lipolytica 
cultivations. Using such dedicated and validated proto-
cols may greatly aid the cumbersome screening stage of a 
synthetic biology-based clone library or run parallelized 
cultures for extensive experimental design.

http://www.enzyscreen.com
https://sparrow.up.poznan.pl/tsdatabase/
https://sparrow.up.poznan.pl/tsdatabase/
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