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Analysis of methods for quantifying
yeast cell concentration in complex
lignocellulosic fermentation
processes

Ruifei Wang'%®, Bettina Lorantfy'35, Salvatore Fusco¥*>, Lisbeth Olsson® &
Carl Johan Franzén™

Cell mass and viability are tightly linked to the productivity of fermentation processes. In 2"
generation lignocellulose-based media quantitative measurement of cell concentration is challenging
because of particles, auto-fluorescence, and intrinsic colour and turbidity of the media. We
systematically evaluated several methods for quantifying total and viable yeast cell concentrations to
validate their use in lignocellulosic media. Several automated cell counting systems and stain-based
viability tests had very limited applicability in such samples. In contrast, manual cell enumeration

in a hemocytometer, plating and enumeration of colony forming units, qPCR, and in situ dielectric
spectroscopy were further investigated. Parameter optimization to measurements in synthetic
lignocellulosic media, which mimicked typical lignocellulosic fermentation conditions, resulted in
statistically significant calibration models with good predictive capacity for these four methods.
Manual enumeration of cells in a hemocytometer and of CFU were further validated for quantitative
assessment of cell numbers in simultaneous saccharification and fermentation experiments on steam-
exploded wheat straw. Furthermore, quantitative correlations could be established between these
variables and in situ permittivity. In contrast, qPCR quantification suffered from inconsistent DNA
extraction from the lignocellulosic slurries. Development of reliable and validated cell quantification
methods and understanding their strengths and limitations in lignocellulosic contexts, will enable
further development, optimization, and control of lignocellulose-based fermentation processes.

Viable cell concentration is one of the key characteristics to be monitored during bioprocess development and
operation'. In principle, cell quantification can be achieved by direct enumeration and/or by indirect measure-
ment via a measurable indicator, which is quantitatively correlated with the cell concentration. In bioprocesses
using lignocellulosic materials, a key feedstock in biorefinery concepts®?, cell quantification is especially chal-
lenging. No cell quantification methods have yet been properly validated in lignocellulosic media.

To be applicable in lignocellulosic media, the analytical method must be precise, accurate and specific, i.e.
insensitive to process variables other than the cell concentration. The difficulties arise from the low solubility
of the raw material, the wide range of substances released or produced during the processing, and the diverse
composition of the lignocellulosic raw materials. The medium components may cause over-estimation of cell
concentrations due to their detection as false positive signals or under-estimation due to adherence of cells to
particles, as well as by optical quenching and occlusion. For instance, cell counting in a hemocytometer and on-
plate colony forming units (CFU) assay are likely to be affected by the presence of particles. They are intrinsically
error-prone methods®, but have not yet been systematically evaluated in lignocellulosic media.

Real-time quantitative polymerase chain reaction (QPCR) has been performed on total DNA and/or RNA
extracted from complex matrices such as wine, yogurt and other pasteurized food products>®. Extraction of cel-
lular DNA and/or RNA may potentially eliminate the interference of particles present in lignocellulosic media.
Nonetheless, sample preparation, aimed at reducing such interferences, may also remove cells from the sample,
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Figure 1. Illustration of the central composite design. (A) Example of a hemocytometer image with an
adequately diluted simultaneous saccharification and fermentation (SSF) sample containing yeast cells
(exemplified by red arrows) and particles (exemplified by blue arrows). (B,C) Experimental design for
calibrating and validating cell quantification methods using a central composite design (CCD). Three controlled
process factors were used to make up mimicked SSF experiments, including cell concentration, water-insoluble
solid (WIS) content and osmolality. In addition, the conductivity was used as a predictor variable, and was
varied by using either NaCl or sorbitol as osmotic modifier. The process conditions were defined based on

real SSF practices. (C) 24 mimicked experiments (filled circles) were generated for calibration of the cell
quantification methods on manipulated process factors. Five extra experiments were included for model
validation (open circles).

add complexity to the analytical procedure and extend the response time. Dielectric spectroscopy probes are
widely used for on-line monitoring of viable cells in biopharma applications, but require sophisticated pre-
calibration”®. However, the use of qPCR and dielectric spectroscopy has not yet been assessed for cell mass
quantification in lignocellulosic media.

The aim of the present study was to determine the applicability and reliability of several methods for quanti-
fication of yeast cell concentrations in lignocellulosic bioprocesses. A unique set of calibration experiments was
created by using a central composite design (CCD) of experiments to study the interaction of several process
factors, in which cell numbers, water-insoluble solids (WIS) concentration, medium osmolality and conductiv-
ity were varied to mimic real lignocellulosic media. We developed multiple linear regression (MLR) models to
determine the dependence of the measured cell concentrations on the mimicked process conditions using each
of the analysis methods. The models were validated with additional experiments within the design space and with
experiments perturbed by ethanol addition. Furthermore, the time-course applicability of these quantification
methods was evaluated in simultaneous saccharification and fermentation processes (SSF).

Our study provides crucial information for understanding which methods can provide precise and accurate
information of the on-going process for monitoring, measurement and advanced control purposes. The ability
to quantify the viable cell concentration in industrial lignocellulose-based bioprocesses will facilitate improved
reliability and reproducibility of process outcomes, and thereby stimulate a more rapid deployment of biobased
production of chemicals and fuels.

Results

Screening of methods. We tested several promising automated systems developed for yeast enumeration
in clear media (Nexcelom Cellometer X2, ThermoFisher Countess II and Bio-Rad TC20), and found that their
applicability was very limited for lignocellulose-based samples. Cellulose and lignin in the media absorbed dyes
and disturbed cell identification. The wide variety of particle sizes and shapes challenged the threshold set-
tings for size and roundness used for distinguishing cells (Fig. 1A). The automated counting systems have high
throughput and consistency but the algorithms need improvements for application in these complex media. We
also failed to quantify viable cells in lignocellulose-based samples in the microscope using some stain-based
methods”!’, including propidium iodide, FUN1, methylene blue and trypan blue, due to the auto-fluorescence
and the dark color and interference of the particle-rich medium.
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In contrast, cell enumeration in a hemocytometer, CFU enumeration, dielectric spectroscopy, and quantifi-
cation of total DNA using qPCR have shown some applicability and robustness towards medium complexity in
previous studies**!"12, Therefore, these methods built the foundation for our study. We assessed the ability of
these methods to quantitatively determine cell concentrations in two steps. First, we mimicked lignocellulose
slurry samples with known cell concentration and composition using Design of Experiments'?, and investigated
if the measured cell concentrations could be represented by MLR models. Second, we used measurements and
the fitted models to determine the cell concentration in samples from SSF experiments.

Analysis of cell quantification methods by CCD. Design of Experiments is a strategy to create rep-
resentative and informative experiments to study the interaction of several process factors'®. We used the Box-
Wilson Central Composite Design'* (CCD) to investigate how the measured cell concentration depended on
process factors and their interactions in lignocellulosic media (Fig. 1B). The actual cell concentration, WIS con-
tent, osmolality and conductivity were selected as independent process factors. The levels of these factors were
chosen to represent a wide range of process conditions found in SSF practices'!® (Fig. 1B,C; Supplementary
Table S1). For the osmolality factor, we included both an ionic and a non-ionic osmolality modifier to vary the
osmolality and conductivity independently, as the latter affects the dielectric properties of the medium.

The CCD formed the basis of developing MLR models relating the response of each quantification method
to the k process factors

k k
y=Po+ Y Bixi+ > > Bixixi+ e (1)
j=1

j=1 i=1

where xjis the factor j at scaled and centered levels, f3 is the constant, i.e. the average response, ﬂj are the main
effect coefficients, f; are the quadratic (i=j) and first order interaction (i # j) coefficients, and e is the prediction
residual. The results of model fitting (the coeflicients § and their corresponding P values) indicate which factors
are important, and how their combinations influence the responses (Supplementary Fig. S1), i.e. how well they
measure the cell concentration in the lignocellulosic media.

Cell counting in hemocytometer. Cell counting in hemocytometer refers to the direct enumeration of
cells under a microscope in a defined space of a hemocytometer after appropriate sample dilution (Figs. 1A,
2A). The results from the five replicated center point experiments were statistically indistinguishable, suggesting
good reproducibility of the manual hemocytometry method and of the procedure used to prepare all mimicked
experiments (Supplementary Fig. S2A). Fitting Eq. (1) to the counted cell concentrations and CCD conditions
by MLR gave values of coefficients § and their respective P values. Preliminary fitting of Eq. (1) with all pos-
sible factors and their interactions showed that the resulting cell counts depended only on the planned cell
concentrations (Supplementary Fig. S1), indicating that the method was actually robust in the lignocellulose
slurry context. Refitting the model after elimination of insignificant terms in Eq. (1), i.e. terms for which the 95%
confidence interval included zero, resulted in the statistically significant model

log,, (Cell count x 10_8) = 0.35 4+ 0.60CP, @)

where Cell count is the measured number of cells g™}, and CP is the scaled and centered planned cell concentra-
tion, after log,, transformation. The goodness of fit is illustrated by Fig. 2A, with R?=0.997, Q*=0.996, DF =22
and P=0.004. These results suggest that manual cell counts using a hemocytometer may give accurate measure-
ments of the cell concentration in lignocellulose slurry samples.

Colony forming units. CFU estimates the number of cells in a sample derived from specific culture condi-
tions that can grow into detectable colonies on a solid medium. The counted CFU of the five center point experi-
ments varied with a 9% relative standard deviation (RSD), although they had the same actual concentration of
total cells (Supplementary Fig. S2A,B). The reason for this could be that these five center point experiments were,
on purpose, performed in different runs. In each run, the seed culture used was freshly prepared and thus had
different percentage of CFU stemming from the preculture. Equation (1) was fitted to the actual CFU counts and
CCD factors. According to the coefficients 8 and their respective P values, the CFU counts are solely dependent
on the planned cell concentrations. A similar correlation was found when the differences in seed cultures were
included for CFU counts in these five experiments (Supplementary Fig. S1). Removal of the insignificant model
terms (P> 0.05) and refitting the model led to the statistically significant model

log,o (CFU x 107%) = 0.18 + 0.62CP, (3)

where CFU is the measured number of colony forming units g (Fig. 2B, R*=0.995, Q*=0.995, DF=22, P<0.001).
The model results suggest that the CFU counts are not influenced by other process factors and can, therefore, be
used for measuring the cell concentration in lignocellulose slurry samples.

gPCR of extracted DNA. The amount of DNA in a washed cell pellet can be considered proportional to
the number of intact cells in the pellet. We used qPCR to quantify the abundance of two S. cerevisiae single-copy
genes (NMD3 and RND18-1) in the mimicked lignocellulose samples. Given the high sensitivity of the method
and the extensive sample clean-up during the extraction of DNA, qPCR may be an alternative for cell quan-
tification in lignocellulosic media. Comparison of repeated DNA extractions and gPCR runs among the five
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Figure 2. Calibration of cell quantitation methods by MLR of defined responses to CCD based process factors.
All models were derived by fitting the full model described in Eq. (1) and removing insignificant terms. The
observation vs. prediction plots with the mimicked experiments illustrate the goodness of fit of the models,
which are shown by the equations. Significant models were obtained by correlating: (A) log,,-transformed cell
counts in a hemocytometer with log,,-transformed, scaled and centered planned cell concentration (CP); (B)
log,o-transformed CFU counts with CP; (C) log,o-transformed critical PCR cycle number C, for NMD3 with
log,,-transformed, scaled and centered cell counts (CC); (D) log,,-transformed permittivity (log,, €,p,) With
log,o-transformed, scaled and centered CFU counts (CV), scaled and centered planned WIS content (WIS),
scaled and centered conductivity measurements (Cond) and scaled and centered osmolality measurements
(Osm).

center point experiments showed good reproducibility (RSD <4%) of the overall procedures (Supplementary
Fig. $2C,D). Equation (1) in its full form was fitted to the critical cycle number (C,) of the two genes used and
the CCD factors for all 24 experiments (Supplementary Fig. S1). The results showed that the C, value of a mim-
icked experiment could be sufficiently explained by the planned cell concentration alone; the influence of other
process factors on C, was negligible. As an indirect cell quantification method, qPCR results were correlated with
both the actual total cell counts and the CFU counts. The regression performance is summarized in the Supple-
mentary Fig. $3). The results suggest that NMD3 is a better gene target than RNDI8-1 for using qPCR method
to quantify yeast cells, due to its higher regression diagnostic scores. The model predicting log,,-transformed C,
from the log,,-transformed, scaled and centered total cell counts (CC) was identified as

log,, Cq = 1.3 — 0.07CC, (4)

where C, is the critical cycle number (Fig. 2C, R*=0.918, Q*=0.901, DF =22, P<0.001). Consequently, based
on the results for mimicked samples, also qPCR appears to be a useful method.

Dielectric spectroscopy. Dielectric probes used in bioprocesses measure the concentration of intact
cells'”. As the external electric field alternates with increasing frequencies, the induced polarization of the cell
membrane decreases from a high (maximal) plateau to a low (minimal) plateau which is characteristic for the
growth medium'®. Therefore, the background permittivity of a cell suspension can be separated from the intact
cell permittivity. Here, the permittivity at 2 MHz (which is the default manufacturer setting for yeast/fungal
cultivations), and also the principal components of the capacitance measured at 17 frequencies were used as
indicators for the cell concentration in lignocellulosic medium.

The permittivity obtained from the five replicated center point experiments had an RSD of 4%, suggesting
good reproducibility of the measurement by the probe (Supplementary Table S1). Preliminary fitting of Eq. (1)
to the permittivity and planned cell concentration with all relevant factors and their interactions showed that the
permittivity was dependent on several factors besides the cell concentration (Supplementary Fig. S1). Eliminating
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Figure 3. Calibration of PCI of the capacitance spectrum with CCD based process factors. (A) The significant
coefficients, (B) the goodness of fit (observation vs. prediction plot with the 24 mimicked experiments), and
(C) the overall regression characteristics of the model. Significance levels are indicated by * for 0.01 <P <0.05
and ** for P<0.01. CV'log,,-transformed, scaled and centered CFU counts, Osm scaled and centered osmolality
measurements, Cond scaled and centered conductivity measurements, Liquor scaled and centered mass fraction
of the pre-treatment liquor. Numbers in (B) indicate the experiment number (see Supplementary Table S1).

insignificant terms and refitting Eq. (1) to the permittivity and log,,-transformed, scaled and centered counted
total cells (CC) or CFUs (CV) resulted in significant models (Supplementary Fig. S3). The fitted model using
the CV was

log, e2mmz = 1.09 + 0.07 WIS + 0.20CV + 0.05Cond + 0.03WIS* + 0.08CV?* — 0.040sm*

— 0.04WIS - CV — 0.03WIS - Osm — 0.06 WIS - Cond — 0.07CV - Osm + 0.03CV - Cond,

(5)
where &;)p; is the permittivity at 2 MHz, WIS is the scaled and centered WIS content, Osm is the scaled and
centered osmolality, and Cond is the scaled and centered conductivity measured by the probe (Fig. 2D, R*=0.997,
Q>=0.986, DF=9, P<0.001).

The finding that the permittivity was correlated slightly better with the CFU counts than with the cell counts,
may indicate that intact cells are better represented by CFU than by total cell counts. To fully explore the spectral
data of the probe and the possibility of simplifying the MLR models, principal component analysis (PCA) was
performed on the spectra at all frequencies measured, and the obtained principal components (PCs) were used
as responses to replace the previously used permittivity.

Significant and relevant factors included the CFU counts, conductivity, osmolality and pretreatment liquor
(representing inhibitor levels in the medium). Fitting Eq. (1) to the first principal component (PC1) and the
selected factors resulted in a significant model with substantially lower complexity:

log,, PC1 = 1.08 + 0.34CV — 0.19Cond + 0.24Liquor + 0.10CV?* 4 0.160sm - Liquor, (6)

where Liquor is the scaled and centered mass fraction of the pre-treatment liquor (Fig. 3, R?=0.939, Q*=0.849,
DF=14, P<0.001).

The correlation found between dielectric measurement and CFU counts indicates that, despite multi-factor
influences on the dielectric responses, cell information can be extracted effectively from lumped signals, which
provides a foundation for on-line monitoring of cell concentration in lignocellulosic bioprocesses.

Validation of cell quantification methods. To validate the quantification methods, we carried out extra
mimicked SSF experiments including three cases of randomized factors within the CCD design space (V2, V3
and V5), two extrapolated high-osmolality cases (using NaCl in V1 and sorbitol in V4) with center point set-
tings of WIS and cell concentrations. Furthermore, one extra center point experiment with ethanol perturbation
(V6) was included (Fig. 1; Supplementary Tables S1 and S2). The rationale behind experiments V6, V1 and V4
was that in real SSF conditions, ethanol concentration can reach 65 g L™ and the osmolality can be as high as
2 Osm kg™!, which can have a significant impact on the cell morphology and activity, and can also lead to altered
detection of cells.

Manual cell counts were between 102 and 113% of the planned cell concentrations, indicating that the method
is both consistent and accurate in the SSF context (Fig. 4A). For culturable cells, the manual CFU assay was
consistent with the planned CFU, and returned on average 101% of the planned CFU for V1-V5 with a standard
deviation of 10%. The CFU model (Eq. 3) predicted the CFU counts within 20% for V1, V2 and V4, but failed
for V3, V5 and especially V6, indicating that the CFU counts depend also on factors other than the CP (Fig. 4B).

qPCR and dielectric measurements were used to predict both total cell counts and CFU counts by using
the identified significant models. However, the qPCR results were poorly correlated with both cell counts and
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Figure 4. Validation of the quantification methods in a separate set of mimicked experiments (V1-V6).
Experiments V2, V3 and V5 consisted of random combinations of process factors within the CCD space; V1
and V4 had high osmolality beyond the extreme star point of osmolality of the CCD because of NaCl and
sorbitol addition, respectively; V6 was supplemented with 10% (w/w) ethanol. Detailed conditions can be
found in Supplementary Table S1. (A) The planned cell concentration (indicated by arrows, cells g™!), actual cell
counts, and predicted cell counts based on qPCR results using NMD3 (C,), e2mmz, and PCl score of the spectral
data. (B) The planned CFU (indicated by arrows, CFU g™'), actual CFU counts, and predicted CFU based on G,
for NMD3, e2pH,, and PC1 score of the spectral data.

CFU counts in all validation experiments, and overestimated the cell counts by between 143 and 213%. The
permittivity method was also unable to predict the total cells and CFUs in validation experiments V1, V3 and
V5. However, in V6, the prediction was much better than when using the CFU model or the qPCR method.
The permittivity method requires values of &;p1; and also WIS, osmolality, and conductivity (measured by the
dielectric probe) to calculate the CFU concentration. Its usefulness also depends on if real roots can be found
for the quadratic equation. For V2 and V4, real roots could not be found. PC1 score-based CFU quantification
gave similar results as that from the default e;), measurement. During model fitting, the correlation between
PC1 with either total counts or CFU counts worked similarly well. Unfortunately, real roots were not found in
V6 when solving the quadratic equation, limiting further discussion.

The experiment V6 created a distinct but very relevant scenario from the CCD set-up to validate all cell
quantification methods. The high concentration of ethanol (10% w/w) instantly inactivated the fresh yeast cells.
The manual CFU assay could detect this change. Indeed, it showed that only 0.2% of the total cells grew on YPD
plates at the time of sampling, compared to about 60% in V1-V5. The CFU model (Eq. 3), which does not take
the changes in cell morphology and physiological state into account, overestimated the CFU concentration. The
permittivity method gave a much better prediction (Fig. 4B), suggesting the potential of using the dielectric
probe and the calibrating model for CFU estimation in a real and constantly changing lignocellulosic environ-
ment. In V6, cells might have stayed inactive and might not have replicated but, apparently, they were not lysed
at the time of sampling. Therefore, they could be counted in the hemocytometer and their genomic DNA was
preserved well for the qPCR amplification.

Application in SSF process. To test the performance of the quantification methods in real and dynamic
process conditions, we carried out fed-batch SSF experiments (Supplementary Tables S3 and S4) and used the
selected cell quantification methods to estimate the concentrations of total cells and CFU throughout the pro-
cesses. Two cell addition strategies were used to create different cell concentration profiles in the otherwise simi-
lar SSF processes, and to check if the investigated quantification methods could resolve the differences (Fig. 5).
In the planned cell concentration profiles, decreases in cell concentration were due to dilution by substrate
addition, and increases in cell concentration were due to separate cell loading (Fig. 5A). The results of cell
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Figure 5. Monitoring and quantification of cell concentrations in fed-batch SSF processes. (A) The planned
concentrations of yeast cells in SSF with all cells added initially at 0 h (SSF1, squares), or cells loaded equally in
3 feedings (SSF2, circles), assuming zero growth and no cell loss during the process. The decreases in planned
cell concentration in SSF1 were due to dilution by addition of substrates. (B,E) Actual cell and CFU counts, and
CFU predicted by the PC1-based model. (C,F) First (PC1) and second (PC2) principal component scores of the
dielectric spectra. (D,G) Continuous monitoring of the default permittivity at 2 MHz (e2pmH;). (A-D) Squares
indicate initial cell loading (SSF1). (A,E,F,G) Circles indicate that cells were loaded at 0 h, 24 h and 48 h (SSF2).
Data shown are from one representative of two biological SSF replicates.

counting aligned very well over time with the planned cell concentration profiles and expected deviations due
to inactivation of the yeast, illustrating the reliability of this method. The CFU assay revealed the dynamics of
culturable cells over time, as well as the instant changes due to feedings of substrates and cells. The measured
CFU decreased significantly after about 24 h. This coincided with the ethanol concentration reaching inhibitory
concentrations in combination with the lignocellulose-derived inhibitors'®!®, which has been shown to cause
decreased CFU counts in high gravity fermentations'>%.

Instantaneous WIS content was estimated at each sampling point for use in the permittivity model. However,
the default permittivity-based method could not give a correct time-course estimation for the decreasing CFU
counts during the SSF processes (Fig. 5D,G). In contrast, the PC1-based calculations approximated the decreas-
ing time-course trend of the CFU counts, indicating the potential of combining PCA- and CCD-based MLR
methods for the calibration of online spectroscopy with oft-line measurements. The CFU counts predicted by
the PC1-based model were in general in between the hemocytometer cell counts and the CFU counts (Fig. 5B,E).
This indicates that there may be a population of cells that are intact and metabolically active, but unable to form
colonies on the agar plate. This is in agreement with previous findings'"!?. The results also suggest that the PCA
scores of the capacitance spectra are more sensitive to cell concentration differences than the default permittivity
values. Moreover, the PCA scores turned out to be insensitive to the WIS content (Eq. 6). Removing the WIS
term has a practical benefit in continuous sampling and monitoring, since accurate WIS measurement cannot
be done instantaneously. Using the liquor content as an alternative process factor therefore gives the dielectric
probe method more practical applicability.

The qPCR-based method suffered from inconsistent DNA extraction. Despite extensive troubleshooting
(Supplementary Text S1), DNA could not be reproducibly extracted from the complex SSF samples. Based on
these problems and the performance in the validation samples (Fig. 4), we conclude that the qPCR method is
not applicable for monitoring the yeast concentration in dynamic lignocellulosic fermentations.
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Discussion

The viable cell concentration is a fundamental entity which is required for performing fault diagnosis, opti-
mization and control of bioprocesses. For cell factory catalyzed production of advanced, lignocellulose-based
chemicals and fuels, the cell quantification technique must function in the presence of solid particles and a wide
range of substances released or produced in the process. The methods selected here could potentially fulfill this
requirement, but until now the methods have not been validated in the context of lignocellulosic media, putting
their reliability and applicability into question.

Here we tested several traditional and recently developed techniques for cell quantification in a calibration set
of yeast-containing media mimicking a wide range of lignocellulose slurries. By performing multiple measure-
ments of samples from the five replicate center point experiments of the CCD, we could compare the precision of
each method (Supplementary Fig. S2). The total cell counts had the highest variability in the method itself, with
a 14% RSD. The CFU method was slightly more stable with an RSD of 9%, while qPCR had an RSD below 4%.
We visualized the intrinsic errors of each quantification method by performing a power analysis and estimating
the sample size required to resolve differences in cell concentrations (Supplementary Fig. S4). For comparison,
the analysis also included cell quantification in the clear and particle-free liquid medium of the seed cultivation
using optical density (OD) and cell dry weight methods, which are impossible to perform in lignocellulosic
media. Among all methods tested, the spectrophotometric OD method in the particle-free medium had the
smallest variation, which agrees with previous observations*. Among the methods selected for the lignocellulosic
media rich in solid particles, qPCR on extracted DNA was the most reproducible in the center points. However,
its prediction was off-target in the validation experiments (Fig. 4). The RSDs of the manual cell and CFU counts
imply that relatively large number of repeats are required to obtain statistically significant results.

In addition to the precision, the specificity of the quantification technique must be evaluated; that is, the
extent to which the cell concentration measurement is influenced by various other changing process factors. By
systematically manipulating the levels of factors and preparing mimicked experiments, we established significant
correlations between the responses of the quantification techniques and the investigated process factors. The
results showed that WIS contents, osmolality, and even ethanol perturbation, have no systematic and small ran-
dom effects on the measurements of the total cell counts and CFU assay (Figs. 2 and 4; Supplementary Fig. S1).
To increase the low throughput associated with the manual cell counts performed here, these methods may
be augmented by automated image analysis of appropriately diluted samples after appropriate model training
against manual counts.

In real SSF cases, changes in the medium and in the cellular status challenge cell quantification. The failure
to reproducibly extract yeast genomic DNA serves as one example. Unidentified substances or physicochemical
conditions established during the enzymatic hydrolysis, or during yeast fermentation, intervened with the DNA
extraction, despite our attempts to stabilize the DNA (Supplementary Text S1). Therefore, the qPCR assay, which
appeared promising in the calibration runs, failed in the validation.

The dielectric spectroscopy responses depended on multiple process factors and required complex models
during calibration. However, the dielectric properties may potentially be used for continuous estimation of the
cell concentration by iteratively correlating and validating the responses with the process factors and point-wise
measurements of total cell and CFU counts.

Cell quantification techniques detect only cells that are responsive to the particular treatment, and therefore,
different techniques can give very different results. For example, methylene blue staining indicated 96-99% viable
cells in the seed cultures, while the CFU assay showed that 56-75% of the cells were culturable (Supplementary
Table S5). It is uncertain what cell status the indirect cell quantification techniques (qQPCR and dielectric probe)
actually measure. In the mimicked CCD samples, significant correlations were obtained for the qPCR results
with both the total cell counts and the CFU counts (Supplementary Fig. S3). Although the qPCR prediction was
unsatisfactory in the validation experiments (Fig. 4), the results hinted at what kind of cells the gPCR method
likely measures. Deviations between the qPCR-predicted and manual cell counts were about 25% in experiments
V1-V5, while deviations between qPCR-predicted and manual CFU counts were about 55%. In addition, the
qPCR results did not reflect the ethanol-induced CFU loss in experiment V6 (Fig. 4). We therefore conclude
that the qPCR method may be an alternative for estimating the total cell counts, but with limited precision and
applicability in cases where the cell integrity may be questioned (Supplementary Text S1).

Similarly, significant correlations between the dielectric responsees and both total cell counts and CFU counts
were achieved in the CCD experiments, using either the default permittivity for yeast/fungal cultivations (&2pHz)
or the PC1 score. Despite its slightly lower values of R* and Q?, the simpler five-predictor model obtained with the
PC1 score (Eq. 6) should be preferred over the e;r1,-based model with 11 predictors, which may have been over-
fitted. The PC1-based model should, therefore, be less sensitive to, e.g., changes in the lignocellulosic material.

In the validation and real SSF experiments, in which the ratio of culturable cells over total cells varied and
differed from the CCD experiments, we could conclude that the dielectric probe detects a cell population close
to, but larger than the CFU. Since the dielectric response of a cell requires an intact cell membrane'®, it will
respond to both culturable and non-culturable, but viable, cells. Therefore, the PCA-combined CCD-based MLR
strategy provides an alternative to stain-based methods, which did not work in the lignocellulosic medium, for
the detection of active cells™'°.

In summary, gPCR has high reproducibility in standard samples using fresh cells, but cannot be applied in
real SSF processes because of non-reproducible DNA extraction. Dielectric spectroscopy provides information
to calculate the concentration of active cells in lignocellulose-based media, especially when used together with
multivariate calibration techniques. The classical manual methods of total cell count in a hemocytometer and
the CFU assay are, surprisingly, not affected by the process variables WIS content, osmolality and conductivity;
the results depend solely on the actual cell concentrations. Thus, we have validated that the classical methods
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of cell enumeration using hemocytometry, plating and CFU counts give reliable yeast cell counts also in steam-
exploded wheat slurry.

The characteristics of lignocellulosic media vary depending on the raw material and pretreatment method.
The mimicked samples used for calibration in this study span a wide range of conditions that capture most, but
not all, such variability. Moreover, CFU and cell counts are done using diluted samples, so differences in, e.g.,
inhibitor profile and opacity should not affect the general validity of these assays. Dielectric spectroscopy should
also be applicable in other lignocellulosic media. However, the parameters in a model correlating the cell or CFU
counts to the dielectric responses should be determined in the actual material.

Conclusions

Total cell counts and the CFU assay are straightforward and reliable methods also in real SSF processes. In
combination with these methods, multiple frequency permittivity analysis provides continuous and reliable
estimates of the total number of viable cells. This study shows that these methods can give precise and accurate
information for monitoring, measurement and advanced control purposes in lignocellulose-based fermentation
processes. Development of reliable and validated cell quantification methods and understanding their strengths
and limitations in lignocellulosic contexts, will enable further development, optimization and consistency of
lignocellulose-based fermentation processes. In particular, the ability to quantify the viable cell concentration
in industrial lignocellulose-based bioprocesses will facilitate improved reliability and reproducibility of process
outcomes, and thereby stimulate a more rapid deployment of biobased production of chemicals and fuels.

Methods

Yeast strain and propagation media. Saccharomyces cerevisiae KE6-12.A*?? was used throughout this
study. YPD, minimal and adaptation media were used for precultures and for propagation of yeast cells. YPD
medium contained yeast extract (10 g L™!), peptone (20 g L™!) and glucose (20 g L™!). Agar (20 g L) was added
for plating. Minimal medium contained glucose (20 g L™), (NH,),SO, (5 g L™!), KH,PO, (3 g L™!), MgSO,-7H,0
(0.5gL™"),and 1 mL L™ trace metals and 1 mL L™! vitamins stock solutions, prepared as described previously®.
In shake flasks, potassium phthalate (50 mM, pH 5.5) was added as buffer. Adaptation medium was prepared as
described previously®’. The liquid was adjusted to pH 5.0 by 12 M KOH, and filtered through 0.2 pm sterile filter,
and is referred to as “pretreatment liquor”.

Pretreated wheat straw was prepared by dilute acid steam explosion at RISE Biorefinery Demo Plant (Orn-
skoldsvik, Sweden). Size-reduced wheat straws were steam cooked with 2% (w/w) H,SO,, at 188 °C for 6-7 min,
followed by explosive release. The pretreated slurry was separated to liquid and solid fractions by press filtration.
The solid phase contained 42% (w/w) water-insoluble solids (WIS). WIS was determined according to NREL
protocol TP-510-42627%*. The complete compositions of the liquid and solid fractions can be found in Supple-
mentary Table S6.

Seed cultivation in shake flask and bioreactor. A yeast preculture was prepared in 10 mL minimal
medium in a 50 mL shaken culture tube for 24 h, transferred into 250 mL minimal medium in a 2 L shake flask,
and incubated at 30 °C and 200 rpm overnight. The harvested cells were used to inoculate batch bioreactor
cultivations to initial ODgy, = 0.2. The bioreactor cultivations were performed in 8 parallel SRO7000DLS vessels
(DASGIP) with 1 L working volume using the minimal medium, at 30 °C, initial aeration 0.5 vvm, agitation
600 rpm, and pH 5.0 controlled by addition of 2 M NaOH. The dissolved oxygen was set to a minimum of 30%
using cascade control. CO, and O, in the off-gas were monitored by BlueSens sensors (BlueSens Gas Technol-
ogy GmbH). Cells were harvested in early stationary phase, 1-3 h after ethanol depletion, indicated by the CO,
off-gas profiles (Supplementary Fig. S5). The cell suspension was kept on ice until further use, for a maximum of
2 h. The cell concentration was determined by manual counting in a hemocytometer. Desired volumes of the cell
suspension were centrifuged at 4000 x g for 15 min at 4 °C. Collected cell pellets were re-suspended in pretreat-
ment liquor according to the mimicked sample preparation procedure.

Simultaneous saccharification and fermentation procedures. Reactor contents mimicking simul-
taneous saccharification and fermentation (SSF) conditions, with known cell numbers, WIS (%, w/w) and osmo-
lality (mOsm kg™), were prepared in 3.6 L stirred tank bioreactors (Labfors 4, Infors HT) equipped with an
Incyte DN12 dielectric probe with ArcView controller (Hamilton). Components were mixed by weight in the
fermenter to a total working weight of 500 g (Supplementary Table S1). Temperature and stirrer speed were set to
35 °C and 400 rpm, respectively. Samples were withdrawn 30 min after the operating temperature was reached.
Dielectric signals were recorded in each bioreactor for at least 30 min, after zeroing on a common reference
(20 g L™! glucose minimal medium, 500 mL, 35 °C and 400 rpm).

SSF experiments were done in biological duplicates. Seed cultivations of yeast for the SSF experiments were
performed as described previously?, with a combined batch and fed-batch approach using adaptation media. SSF
experiments were carried out in 3.6 L Labfors bioreactors, with 24 h pre-hydrolysis by Cellic CTec 2 (Novozymes)
at 50 °C, pH 5.0 and 400 rpm, to promote mixing. Before inoculation, the temperature was decreased to 35 °C
and the measurement by the dielectric probe was initiated. The SSF experiments were operated in fed-batch
mode. In the SSF1 feeding design all cells were added at 0 h, while solid materials were added at 0 h, 24 h, and
48 h of the SSF. In the SSF2 design, one third of the fresh yeast cells were added along with the solid materials
at 0 h, 24 h, and 48 h, respectively (Fig. 5; Supplementary Table S3). The same total amount of yeast cells was
added in SSF1 and SSF2.
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Sampling. Samples were withdrawn from bioreactors using a 10 mL single-use sterile pipette, connected to a
25 mL syringe. 10.0 g of the sample was suspended in 0.9% (w/v) NaCl to a total volume of 100 mL. The diluted
sample was then used for counting in a hemocytometer and for CFU assay. The remaining volume was split into
5 mL aliquots and centrifuged at 4000 x g for 15 min. The supernatant was discarded and pellets of cells and lig-
nocellulosic residuals were stored at — 80 °C for subsequent genomic DNA extraction. Sample profiles from the
SSF experiments are presented in Supplementary Table S4.

Total cell counts, CFU and cell dry weight. Cell counting was performed in a Neubauer improved
hemocytometer (Assistent, Glaswarenfabrik Karl Hecht) at 400 x magnification on a Leica DM 2000 microscope.
Samples were diluted with 0.9% (w/v) NaCl to about 5 x 10° cell g™!. Cells were counted manually. For each
sample, the final count was an average of 10-20 separate counts. In each count, cells located within five 0.2 by
0.2 mm squares (four quadrants plus the center) were enumerated.

Colony forming units (CFU) were measured by spreading 0.1 mL of serially diluted samples on YPD plates.
This gave 50-1000 colonies on each plate. The plates were incubated at 30 °C for 2 days, and colonies were
enumerated manually.

Methylene blue staining was used to assess the cells in the seed cultures. Aliquots of undiluted cell cultures
were treated with methylene blue at a final concentration of 1 mg mL™". The samples were observed by micros-
copy (Leica AF6000 with a HCX PL APO CS 100 x 1.4 OIL objective) immediately after staining. Images were
captured by a DFC 360 FX camera and were treated by the Leica Application Suite software. For each image, the
numbers of color-less cells (live) and total cells were counted to determine the population viability. A minimum
of 600 cells were counted for each seed culture.

Cell dry weight was determined by filtration of cell suspensions through pre-weighed 0.2 um filter papers
(PESU-membrane, Sartorius Stedim), washing with deionized water, drying in a microwave oven for 15 min at
150 W, followed by temperature equilibration in a desiccator and weighing’.

Osmolality measurement. The osmolality of filtered samples (0.2 um nylon filters, VWR) was measured
with a 210 Single-Sample Micro Osmometer (Fiske Associates Inc.) which detects the shift in freezing point of a
sample due to all dissolved solutes.

Quantitation of sugars and organic acids. Immediately after withdrawal, the sample was centrifuged,
the supernatant was filtered through a 0.2 um nylon filter and stored at -20 °C until analysis. The concentrations
of glucose, xylose, acetic acid, 5-hydroxymethylfurfural, furfural, glycerol, xylitol and ethanol were determined
by HPLC as described in Ref.%’.

Total cell number determination by real-time PCR.  Genomic DNA extraction. Pure DNA prepara-
tions were obtained from pellets of yeast cells and lignocellulosic residuals by the LETS buffer method, followed
by phenol extraction. Pellets were resuspended in LETS buffer (0.1 M LiCl, 20 mM EDTA, 10 mM Tris-HCl
pH 7.8 and 1% SDS), thoroughly mixed and incubated at 65 °C for 10 min to lyse the yeast cells. After 5 min
on ice, 1 volume of PCIA solution (Phenol:Chloroform:Isoamyl Alcohol 25:24:1, saturated with 10 mM Tris pH
8.0, 1 mM EDTA) was added, samples were vortexed and placed on ice for 5 min. Samples were centrifuged at
5000 x g for 5 min. Aqueous phases were recovered, supplemented with RNase A/T1 Mix (Thermo Fisher Scien-
tific) and incubated at 37 °C for 1 h to degrade contaminant RNA. To remove the RNase, an additional phenol
extraction was performed as described above, except that genomic DNA was precipitated from the aqueous
phase (1.5 mL) by adding 150 uL of 3 M Na-Acetate pH 5.2 and 3.75 mL of cold ethanol (96%, v/v). Centrifuga-
tion at 5,000 x g was carried out for 15 min to pelletize the genomic DNA. Supernatants were discarded. DNA
pellets were washed with cold ethanol (70%, v/v), left to air-dry, and resuspended in 100 pL of TE buffer (10 mM
Tris-HCI pH 7.8 and 1 mM EDTA). DNA integrity was checked by 1% agarose gel electrophoresis (Supplemen-
tary Fig. S6) in 0.5 x TAE buffer (20 mM Tris, 10 mM acetic acid and 0.5 mM EDTA). Total DNA concentration
was measured spectrophotometrically using a Nanodrop 2000 Spectrophotometer (Thermo Scientific). To im-
prove the extraction of DNA from SSF samples, three strategies were adopted: pH adjustment, protein digestion
and removal of divalent cations (see Supplementary Text SI).

Design of primers and efficiency determination. 'The qPCR experimental work and data evaluation was accom-
plished according to the MIQE guidelines®. Oligonucleotide primers for the amplification of the S. cerevisiae
single-copy genes RDN18-1 and NMD3, were designed in Primer3 software (http://bioinfo.ut.ee/primer3-0.4.0/):

i. RDN-fw (5'-AACTCACCAGGTCCAGACACAATAAGG-3') and RDN-rv (5'-AAGGTCTCGTTCGTT
ATCGCAATTAAGC-3)

ii. NMD-fw (5'-AATGGATGAAGACGAGGATGAAGACGCT-3") and NMD-rv (5'-TACTGCTGAGATTCA
ACGGGTGTGTTCT-3"),

which generate 133- and 120-bp products, respectively. These primers were compared to the Saccharomyces
Genome Database by using BLAST (https://www.yeastgenome.org/blast-sgd) to confirm their specificity. The
amplification efficiency (E, %) of each primer pair was determined by the dilution series method. Ten-fold dilu-
tion series of yeast genomic DNA (200 ng uL™!) were used as template for the real-time PCR (qPCR), following
the reaction conditions reported below. Average quantification cycle (C,) values (Supplementary Tables S7 and
S8) were plotted against the DNA concentrations to generate standard curves by linear regression (Supplementary
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Fig. S7). PCR amplification efficiency E (99% for NMD3 and 96% for RDN18-1) was retrieved from the slope of
each standard curve according to the equation E=(1071/slop¢)~L,

Real-time PCR. Amplification and fluorescence detection were performed with the Mx3000P QPCR Systems
(Stratagene—Agilent Technologies Inc.) at least in triplicate for each sample (Supplementary Tables S7 and S8).
qPCR reactions were prepared using the DyNAmo Flash SYBR Green qPCR Kit (Thermo Scientific). The reac-
tion mixture contained 10 pL of 2x DyNAmo Flash SYBR Green master mix (including the hot-start version of
a modified Tbr DNA polymerase, SYBR Green I, optimized PCR buffer, MgCl, (5 mM), dANTP mix including
dUTP), 0.5 uM of each primer, 0.3 x ROX passive reference dye, 3 pL of template DNA, in a final volume of 20 pL.
To minimize inhibition by chemicals carried over from the lignocellulosic residuals during the extraction, yeast
genomic DNA samples were diluted ten-fold before being used as template for the gPCR. Amplification condi-
tions were 95 °C for 7 min (initial denaturation and hot-start activation), followed by 35 cycles of 20 s denatura-
tion at 95 °C and 30 s annealing/extension at 60 °C. Final extension for 5 min at 60 °C preceded a melting curve
analysis within a temperature range of 60-95 °C, to assess amplification specificity. Furthermore, amplicons were
analyzed by conventional DNA electrophoresis on a 2% (w/v) agarose gel.

Multivariate analysis of the capacitance spectra of dielectric probe. The Incyte DN12 dielectric
probe with ArcView controller scanned and recorded the bulk capacitance at 17 alternating frequencies between
0.3 MHz and 10 MHz. The default on-line permittivity measurement for yeast/fungal cultivations was obtained
at 2 MHz, according to instructions from the manufacturer. The conductivity was measured simultaneously. The
full range of dielectric spectroscopy data was used for multivariate analysis. For this purpose, the capacitance
at 10 MHz (C,,) was subtracted from the capacitance values measured at all lower frequencies (AC;=C;-C,).
No further pretreatment of the spectrum data was carried out. Experiments performed with the same inoculum
were grouped for modeling. For partial least square regression (PLS), the X-block comprised 16 variables (AC))
and the Y-block contained the measured CFU concentrations. The derived first principle component (PC1)
scores were collected and used as representative values for the CCD points. Data analysis and modeling were
performed with SIMCA 14 (https://www.sartorius.com/en/products/process-analytical-technology/data-analy
tics-software/mvda-software/simca).

Design of experiment and model building. A central composite design (CCD)'*?® was used to design
mimicked SSF experiments with systematically altered cell numbers, water-insoluble solids (WIS) concentra-
tions, and osmolality. The center point of all variables was selected to represent typical conditions of SSF¥,
while low and high levels in the CCD were chosen to represent extreme but relevant conditions of SSF practices.
Experiments at low and high osmolality were prepared by dilution with deionized water and by addition of 4 M
NaCl or 2 M sorbitol, respectively (Fig. 1). Overall, the CCD consisted of 24 mimicked experiments, amongst
which there were five replicate center points to estimate the pure error, six-star points, and 12 edge points with
regulated osmolality (Fig. 1). The run order of the experiments was randomized. For each CCD experiment, cells
harvested from the seed culture, press-filtered WIS and osmolality regulators were mixed to obtain conditions
as close to the planned CCD as possible.

Cell counts and colony forming units (CFU), qPCR on extracted DNA (threshold cycle C,) as well as the
permittivity value and the principal components (PC) of the dielectric spectrum data measured by the DN12
probe were used to quantify cells and used as responses for developing multiple linear regression (MLR) models.
Planned and measured CCD conditions, including the WIS, osmolality, cell concentration (CP: planned cell
concentration; CC: cell counts; CV: CFU counts), conductivity, and weight fraction of pretreated hydrolysate
liquor, were used as variables for MLR modeling (Eq. 1). The variables were scaled and centered (Supplementary
Table S2). Cells concentrations and CFUs were first treated by log,, transformation. Data analysis and MLR
modelling were performed with MODDE PRO11 (https://www.sartorius.com/en/products/process-analytical-
technology/data-analytics-software/doe-software/modde).

Data availability
The datasets used and/or analysed during the current study are included in the supplementary information. Raw
data will be made available upon reasonable request.
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