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Abstract: Microalga-based biomaterial production has attracted attention as a new source of
drugs, foods, and biofuels. For enhancing the production efficiency, it is essential to understand
its differences between heterogeneous microalgal subpopulations. However, existing techniques
are not adequate to address the need due to the lack of single-cell resolution or the inability
to perform large-scale analysis and detect small molecules. Here we demonstrated large-scale
single-cell analysis of Euglena gracilis (a unicellular microalgal species that produces paramylon
as a potential drug for HIV and colon cancer) with our recently developed high-throughput
broadband Raman flow cytometer at a throughput of >1,000 cells/s. Specifically, we characterized
the intracellular content of paramylon from single-cell Raman spectra of 10,000 E. gracilis cells
cultured under five different conditions and found that paramylon contents in E. gracilis cells
cultured in an identical condition is given by a log-normal distribution, which is a good model
for describing the number of chemicals in a reaction network. The capability of characterizing
distribution functions in a label-free manner is an important basis for isolating specific cell
populations for synthetic biology via directed evolution based on the intracellular content of
metabolites.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Natural products of microalgae have great potential for use in industry and medicine [1,2].
Compared to the conventional chemical engineering scheme, the production of various molecules
based on microalgae is advantageous in carbon neutrality, ease and rapidity of production under
outdoor atmospheric conditions, and ability to synthesize complicated and valuable materials.
For this reason, significant efforts have been made to increase bioproduction efficiency through
genetic engineering [3—5] and modification of culturing conditions [6—8]. To further enhance
the efficiency of microalga-based bioproduction, it is important to comprehend differences in
productivity between heterogeneous subpopulations of microalgal cells [9,10]. Specifically, it
has been demonstrated that minor subpopulations can dominate under stressful conditions such
as those used to induce the production of specific biomolecules [11]. Also, identifying rare but
highly productive cells is crucial for both selection and evaluation in bioproduction-focused
directed evolution. To this end, a technique to evaluate natural products of cellular ensembles
without sacrificing single-cell resolution is demanded.
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However, conventional methods such as dry-mass measurements, chromatograms, and mass
spectrometry of cellular extracts are inadequate for meeting the need as they only quantify
ensemble-averaged bioproducts and are incapable of performing large-scale analysis of single
live cells. On the other hand, fluorescence-based flow cytometry [12] is an attractive approach
to overcoming these limitations as it can analyze more than 1,000 single live cells per second
without sacrificing single-cell resolution. By staining target molecules with fluorescent labels, it
can characterize the heterogeneity of a large population of microbial cells [13]. Recent advances
in imaging flow cytometry enable us to perform even more detailed phenotyping in combination
with artificial-intelligence-based image analysis [14,15]. Although fluorescence-based flow
cytometry is a powerful method for quantifying relatively larger intracellular biomolecules such
as proteins and nucleic acids, its application to small metabolites is limited by the low binding
specificity of fluorescent tags for smaller target molecules. To circumvent this problem, Raman
microscopy has been exploited as a tool for evaluating various metabolites due to the availability
of information about small molecules found in Raman spectra. Its label-free nature is suitable
for use in selective breeding applications because the measurement process does not introduce
probes that may affect cellular functions. However, the number of cells evaluated in Raman
microscopy is typically limited to ~1 cell per second or less, which is not sufficient for large-scale
screening of cells [16—18].

In this paper, we demonstrate large-scale single-cell analysis of Euglena gracilis with our
recently developed high-throughput broadband Raman flow cytometer at a throughput of >1,000
cells/s. [19]. E. gracilis is a unicellular microalgal species that has attracted a great deal of
attention from researchers because of its high productivity of lipids and carbohydrates [20].
Among the latter, paramylon, a 5-1,3-glucan, has high potential as a drug for HIV and colon
cancer [21,22]. Paramylon is also important as an intermediate in the synthesis of wax ester,
which can be converted to a biofuel [23]. By using a rapid-scan Fourier-transform coherent
anti-Stokes Raman scattering (FT-CARS) flow cytometer as an analyzer, we acquired 10,000
single-cell Raman spectra of E. gracilis cultured under different conditions at a throughput of up
to 80 cells/s and quantified their heterogeneity in terms of intracellular paramylon content. We
found that the intracellular paramylon content was well fitted by a log-normal distribution, which
is a good model for describing the amount of chemicals in a reaction network [24]. Although the
log-normal distribution is widely observed in nature [25], it has not been discussed in the context
of Raman spectroscopic data mainly due to the small number of sampled cells with conventional
Raman spectroscopy techniques. We overcome this with the ability to interrogate numerous
cells and hence characterize their distribution. As cell populations generally obey log-normal
functions, distribution analysis is important for finding exceptional cells which potentially have
high impact on their productivity of specific chemicals. Our findings pave the way towards a
rapid and easy approach to assessing the biomaterial productivity of microalgae without the need
for pretreatment of cells such as staining or target molecule extraction.

2. Results and discussion

Figure 1(A) shows the schematic of the high-throughput FT-CARS flow cytometer. The detail of
the setup is described in our previous report [19]. Briefly, a Ti:Sapphire femtosecond mode-locked
laser (Coherent, Vitara-T-HP) is used as a light source. The output pulse of the laser is divided
into two pulses, pump and probe, by a Michelson-interferometer-based pulse pair generator. The
interval between the pulses 7 is rapidly scanned at a rate of 24,000 scans/s, which realizes a high
spectral acquisition rate of 24,000 spectra/s. The pulse pair is focused on the cells flowing in
a microchannel on a microfluidic chip (a custom-made flow cell with a channel cross-section
of 200 um x 200 um, Translume), equipped with a 3.66-MHz piezoelectric transducer (PZT)
for acoustic cell focusing. The blue-shifted component of the probe pulse is isolated using an
optical short-pass filter and detected by an avalanche photodiode (APD). The detected signals are
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digitized by a digitizer (AlazarTech, ATS9440) at a sampling rate of 100 MHz to rapidly transfer
the data to a storage medium. The acquired data is Fourier-transformed to generate Raman spectra
of flowing cells. For accurate Fourier transformation, the pump-probe interval is calibrated by
measuring interferograms of a narrowband continuous-wave (CW) laser propagating collinearly
with the Ti:Sapphire laser beam. Each signal acquisition is triggered by a forward scattering
signal of the pump pulse.
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Fig. 1. Large-scale analysis of numerous single live E. gracilis cells. A: Setup of the
high-throughput broadband FT-CARS flow cytometer. B: Image of E. gracilis cells. C:
Procedure of preparing E. gracilis cells.

In order to investigate paramylon production in E. gracilis cells without being disturbed by
the strong Raman signal of chlorophyll, we used SMZK strain of E. gracilis, a chloroplastless
mutant of wild type Z strain [26] (Fig. 1(B)). The cells were cultured in 100 mL Erlenmeyer
flasks using 50 mL of KH medium [27] with rotary shaking at 100 rpm at room temperature
(26°C) without illumination. FT-CARS flow cytometric measurements were performed at 1, 3, 7,
13, and 25 days after the replacement of the culturing medium (Fig. 1(C)). 10,000 cells were
measured under each condition at throughputs ranging from 20 to 80 cells/s at a cell flowing
speed of 2 cm/s. All the measurements were performed sequentially on the same day to minimize
fluctuations of the data originating from a long-term drift of the sensitivity of the FT-CARS flow
cytometer. For each interrogated cell, 24 spectra were acquired and their average was used in our
large-scale single-cell analysis described below.

Figure 2(A) shows the averaged single-cell Raman spectra (N = 10,000) obtained from the E.
gracilis samples as well as spectra of purified paramylon (paramylon particles) produced by our
same spectrometer. Comparing these spectra indicates that the peaks at 428, 500, 604, and 1092
cm™! are assignable to paramylon while the peak at 1003 cm™! is assignable to proteins. The
negative peak at around 900 cm™! originated from the vibration of the PZT on the microfluidic
chip, which is not related to active Raman modes within the sample. The peak at 1149 cm™!
seems assignable to paramylon based on the comparison of the spectra obtained from the cells and
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paramylon particles, but its time dependence is different from those of the other paramylon peaks
(Fig. 2(B)). One possible origin of the difference is that paramylon particles in E. gracilis cells
have different chemical characteristics, such as different degrees of polymerization and different
crystallinity, depending on the culture conditions, which can result in different spectral profiles.
Further investigation with cell sorting, size-exclusion chromatography, and X-ray crystallography
can elucidate the difference. Our averaged data shows good agreement with a previous report
[28] that the intracellular paramylon content of E. gracilis cells increases in the first few days
following the introduction of the fresh growth medium and then decreases as the medium remains
unchanged.
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Fig. 2. Time-dependent change of the averaged Raman spectral profiles (N = 10,000 for
each condition). A: Raman spectrum of paramylon particles (top). Averaged Raman spectra
of E. gracilis cells 1-25 days after the replacement of the culture (bottom). The asterisk (*)
indicates the artificial peaks originating from the acoustic wave. B: Time-dependent changes
of Raman intensities at 1092, 604 and 428 cm™! (assignable to paramylon), 1149 cm™!
(unknown), and 1003 cm™! (assignable to proteins).

The FT-CARS flow cytometer revealed not only the population-averaged but also cell-to-cell
heterogeneity of intracellular paramylon content. Figure 3(A) shows the contour plot of Raman
intensities at 1092 and 998 cm™! for the 10,000 E. gracilis cells under each condition, where
minor populations outside the contours are shown by scatter plots. The time-dependent change
of the position of each contour is consistent with that of the averaged spectra shown in Fig. 2(B).
Figure 3(B) shows single-cell Raman spectra of E. gracilis cells whose positions in the scatter
plot are indicated by the corresponding arrows. The spectra show that the characteristic Raman
peaks of paramylon and proteins are detectable at a single-cell level. In Fig. 3(C), histograms
of the intensities at 1092 cm™! are shown for more detailed analysis of the heterogeneity
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Fig. 3. Statistical analysis of bioproducts in E. gracilis cells. A: Scatter plots of E. gracilis
cells 1-25 days after the replacement of the culture in 998- and 1092-cm™! Raman intensities.
B: Raman spectra of single E. gracilis cells under different conditions. Corresponding plots
in the scatter plots are indicated by the arrows. C: Histograms of single E. gracilis cells
in paramylon content at different points in time. The solid curves are probability density
functions modeled by lognormal functions convoluted by a Gaussian function. D: Extracted
log-normal distributions by the fitting analysis in C. E: Time-dependent changes of the
geometric mean X* and multiplicative standard deviation s*.
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of the intracellular paramylon content. All the histograms show non-symmetric probability
distributions, which are often seen in conventional fluorescence flow cytometry data and fitted by
lognormal functions [24]. Also in our data, each histogram is well fitted by a lognormal function
convoluted by a Gaussian function as shown in Fig. 3(C), with the Gaussian function accounting
for instrumental fluctuations, fluctuations of the cell position in the microfluidic device, and
intracellular spatial heterogeneity of the paramylon distribution.

The extracted log-normal distributions (Fig. 3(D)) show that the paramylon content has
considerable cell-to-cell variations despite the condition the E. gracilis cells used in this study are
monoclonal. As a log-normal distribution is asymmetric, geometric mean X* and multiplicative
standard deviation s* are good estimators such that the random variable is in the range of X* X / s*
with 68.3% confidence, where X/ is a times-divide operator [25]. Time-dependent changes of the
X* and s* values are shown in Fig. 3(E). Although the decreasing trend in X* can be understood by
the consumption of paramylon by the cells, the time-dependent change of s™ is not straightforward
to comprehend. The maxima of s* on days 7 and 13 are presumably due to the results of
multiplicative propagation of inhomogeneity by time while the inhomogeneity is lowered on day
25 because most of the cells consumed almost all of the paramylon. The log-normal distribution
implies that the cells were under steady growth, which is theoretically rationalized by considering
a catalytic reaction network model with temporal fluctuations of reaction rates [24]. In general,
the distribution deviates from a log-normal function when the population consists of multiple
subpopulations having different metabolic pathways or the cells undergo a change of state [29].
Therefore, the present method is useful for identifying subpopulations as a deviation from a
lognormal distribution in a label-free manner. Specifically, finding subpopulations with high
productivity of valuable metabolites is highly effective for improving breeding based on metabolic
engineering.

3. Summary

In conclusion, we demonstrated a rapid and easy way to screen the microalgal productivity of
metabolites in a label-free manner. Specifically, we quantified intracellular paramylon content of
E. gracilis cells at a single-cell level using the recently developed high-throughput broadband
FT-CARS flow cytometer. The paramylon content of numerous single E. gracilis cells at 1-25
days after the replacement of the culturing medium was evaluated by the intensities of the
characteristic Raman peaks of paramylon. The distributions of the intracellular paramylon
content were well reproduced by a lognormal function convoluted by a Gaussian function, which
indicates that the population consists of a single steady-state population. As the distribution of
intracellular metabolite content is a good measure of cell state and the existence of subpopulations,
our strategy is useful for label-free tracking of the change of cellular state and identification of
different subpopulations. In the future, in combination with a cell sorting function [14,15], we
can isolate specific cell populations for selective breeding based on the intracellular content of
metabolites.
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