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Abstract

We established a new simple approach to study phosphorus (P) and nitrogen (N) reserves
at subcellular level potentially applicable to various types of cells capable of accumulating P-
and/or N-rich inclusions. Here, we report on using this approach for locating and assessing
the abundance of the P and N reserves in microalgal and cyanobacterial cells. The approach
includes separation of the signal from P- or N-rich structures from noise on the energy-fil-
tered transmission electron microscopy (EFTEM) P- or N-maps. The separation includes (i)
relative entropy estimation for each pixel of the map, (ii) binary thresholding of the map, and
(iii) segmenting the image to assess the inclusion relative area and localization in the cell
section. The separation is based on comparing the a posteriori probability that a pixel of the
map contains information about the sample vs. Gaussian a priori probability that the pixel
contains noise. The difference is expressed as relative entropy value for the pixel; positive
values are characteristic of the pixels containing the payload information about the sample.
This is the first known method for quantification and locating at a subcellular level P-rich and
N-rich inclusions including tiny (< 180 nm) structures. We demonstrated the applicability of
the proposed method both to the cells of eukaryotic green microalgae and cyanobacteria.
Using the new method, we elucidated the heterogeneity of the studied cells in accumulation
of P and N reserves across different species. The proposed approach will be handy for any
cytological and microbiological study requiring a comparative assessment of subcellular dis-
tribution of cyanophycin, polyphosphates or other type of P- or N-rich inclusions. An added
value is the potential of this approach for automation of the data processing and evaluation
enabling an unprecedented increase of the EFTEM analysis throughput.

Introduction

Microalgae are capable of accumulating phosphorus- and nitrogen-rich reserve compounds
built from the nutrients sequestered from the environment. A considerable interest to these
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Abbreviations: EELS, electron energy loss
spectroscopy; EFTEM, energy-filtered transmission
electron microscopy; HAADF-STEM, high-angle
annular dark-field scanning transmission electron
microscopy; N, nitrogen; NMR, nuclear magnetic
resonance; NRI(s), nitrogen-rich inclusion(s); P,
phosphorus; PHB, poly-(R)-3-hydroxybutyrate;
PolyP, polyphosphate(s); PRI(s), P-rich inclusion
(s); SNR, signal-to-noise ratio; TEM, transmission
electron microscopy; Nomenclature: G(g),
Gaussian a priori probability; H(g), a posteriori
probability; R(g)H(g), relative entropy; S, pixel area
of inclusion; Sy, total pixel area of the cell
inclusions; Scey, total pixel cell area; Sg, relative
area of P or N reserves.

organisms and processes is fueled by the development of biotechnologies based on microalgal
cultivation to respond to global environmental and socio-economic challenges related with the
sustainable usage of the key nutrients. The promising approaches include the prevention of
eutrophication by efficient bio-capturing of phosphorus (P) and nitrogen (N) by microalgae
from urban and agricultural wastewater [1] with subsequent return of the recycled P and N to
the field in form of microalgal biomass-based fertilizers [2,3]. Moreover, the dynamics of phy-
toplankton abundance and aquatic ecosystems productivity is tightly related with availability
and distribution of both the nutrients, N and P [4-6]. The inorganic P taken up from the culti-
vation medium in the process known as ‘luxury uptake’ [7] is stored in form of phosphorus-
rich inclusions (PRIs) harboring the cellular reserves of the nutrient P. Internal P reserves in
all type of cells including cyanobacteria and eukaryote microalgae are constituted mainly by
inorganic polyphosphate (PolyP) inclusions [8-10].

In a number of cyanobacterial and eukaryote microalgal species, the N taken up in excess of
current metabolic requirement from the environment is deposited in the form of nitrogen-
rich inclusions (NRIs). Cyanophycin (multi-L-arginyl-poly-[L-aspartic acid]) granules accom-
modate the NRIs in the majority of cyanobacteria [9]. In eukaryotes, the knowledge about the
compounds of the NRIs is much more limited. Uric acid in the form of crystals in dinoflagel-
late microalgae [11-14] and guanine in the form of inclusions in a chlorophyte Desmodesmus
quadricauda [15], a eustigmatophyte Trachydiscus minutes [15], and a dinophyte Gonyaulax
polyedra [16-18] have been considered as candidate N-reserve compounds in the composition
of the NRIs.

Understanding the mechanisms of the accumulation and expenditure of the intracellular
macronutrient reserves is crucial for the control and prediction of the dynamics and produc-
tivity of natural populations and industrial cultures of single-celled phototrophs. Solving this
problem presumes development of efficient methods for visualization and quantification of
the PRIs and NRIs. One of the powerful analytical methods used to visualize the P and N
reserves in cells at the subcellular scale is energy-filtered transmission electron microscopy
(EFTEM) elemental mapping. An EFTEM N or P map reflects the distribution of N or P over
the studied cell section. The EFTEM mapping is based on electron energy loss spectroscopy
(EELS). It includes acquisition of so called post-edge images formed by detection of electrons
that have lost energy corresponding to certain inner-shell ionization edge. The energy loss is
characteristic for the element of interest. The resulting image is formed after subtraction of the
background from the acquired post-edge image. During estimation of the background which
depends on the chosen method (two-window, three-window, etc.) additional electron images
called pre-edge images are recorded. The technique of recording and calculating elemental
maps is described in more detail in standard textbooks [19,20]. Development of advanced soft-
ware techniques combined with improved spectrometers, detectors, and electron optics made
the elemental EFTEM mapping a valuable technique for fast and easy detecting light elements
with a high sensitivity in biological samples [21-23].

The EFTEM mapping of light elements including the key macronutrients P and N was used
in studies of plant-cyanobacterial symbiosis to visualize PRIs and cyanophycin granules in the
cyanobiont cells [24,25]. Cyanophycin granules were also successfully mapped in recombinant
strains of Ralstonia eutropha expressing the cyanophycin synthetase of Anabaena sp. [26].
EFTEM mapping was also successfully applied to eukaryotic microalgae for identification and
localization of their PRIs and non-protein NRIs [27]. Cellular NRIs identified as uric acid were
also visualized in symbiotic dinoflagellates by the elemental mapping [11,12].

Advantages of EFTEM mapping for detection of light elements such as P and N include a
high sensitivity and the ability for visualization of PRIs and NRIs in cells. However, the litera-
ture available at the time of this research lacked reports on quantification PRIs and NRIs on
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EFTEM cell maps. Developing a quantitative approach based on this method is complicated by
interferences in the EFTEM maps arising from the cellular structures unrelated to the inclu-
sions of interest and noise. In this study, we proposed the use of a relative entropy measure-
ment and binary thresholding of images to distinguish the signals from the inclusions of
interest and other signals on the EFTEM maps. The proposed method facilitates evaluation of
the area and localization of the inclusions in the cell. As far as we know, this is the first method
for quantification of the cell PRIs and NRIs on EFTEM maps.

Thresholding is a well-known approach to image enhancement, segmentation and object
detection used in a variety of image processing methods [28-32]. Among them, particularly
interesting are techniques based on the concept of entropy. In the thresholding methods, two
types of entropy are basically used: Shannon’s entropy [28,29,33] and relative entropy [34,35].
Detailed survey and comparative analysis of the entropy and relative entropy thresholding
techniques were conducted by Chang et al. [36].

Analysis based on the relative entropy measurement used for building EFTEM maps from
post-edge image and pre-edge images was first proposed by Trebbia et al. [37, 38]. They dem-
onstrated that the relative entropy measurement can be valuable for building maps from noisy
energy-filtered images. Novelty of the method developed in this work is constituted by (i) a
simple separation of the payload signal from irrelevant signals and noise in the EFTEM map
via binary thresholding using the relative entropy calculation and (ii) a streamlined assessment
of the relative area and localization of the inclusions in the cell. The method has been success-
fully applied to several microalgal and cyanobacterial strains capable of accumulating PRIs and
NRIs.

Materials and methods
Microalgal strains and cultivation conditions

The following strains served as models in this work: eukaryotic green microalgae Chlorella vul-
garis IPPAS C-1 and Desmodesmus sp. IPPAS S-2014 earlier referred as Desmodesmus

sp. 3Dp86E-1 (see [27,39]) and a cyanobacterium Nostoc sp. PCC 7118. The strains are referred
to below as C. vulgaris, Desmodesmus sp.and Nostoc sp., respectively.

Pre-cultures of the microalgae were grown in 750 mL Erlenmeyer flasks (C. vulgaris, Des-
modesmus sp.) or in glass columns (6 cm internal diameter, 1.5 L volume) (Nostoc sp.) in 400
mL of BG-11 medium [40] at 40 pmol PAR photons m~> s~ by a white light emitting diode
source as measured by LiCor 850 quantum sensor (Licor, USA) with manual mixing (once a
day for C. vulgaris, Desmodesmus sp.) or constant bubbling with a 2% CO,-air mixture (Nostoc
sp.). The pre-cultures were kept at the exponential growth phase by daily dilution with the
medium. To obtain the cells with different abundance of PRIs, the microalgae were subjected
to P starvation with subsequent replenishment of P in the medium according to the earlier
developed protocol [41].

Electron microscopy

The microalgal cells sampled from the P-starved cultures and the cultures at the stationary
growth phase after P re-feeding were prepared for transmission electron microscopy (TEM)
according to the standard protocol: fixed in 2% v/v glutaraldehyde solution in 0.1 M sodium
cacodylate buffer (pH 6.8-7.2, depending on the culture pH) at room temperature for 0.5 h
and then post-fixed for 4 h in 1% (w/v) osmium tetroxide (OsOy,) in the same buffer. The sam-
ples, after dehydration through graded ethanol series including anhydrous ethanol, were
embedded in araldite. Ultrathin sections were made with an LKB-8800 ultramicrotome (LKB,
Sweden), mounted to the formvar coated TEM grids. The ultrathin sections were examined
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under JEM-2100 (JEOL, Japan) microscope equipped with a LaB4 gun at the accelerating volt-
age of 200 kV.

EELS analysis was performed on ultrathin sections using Gatan GIF Quantum ER spec-
trometer (Gatan, USA). EELS point spectra from the cellular inclusions were recorded in
high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
mode using Gatan 806 HAADF-STEM detector (Gatan, USA). The energy-loss range was
100-600 eV, which includes C, N, P, S, Ca, Cl, and O edges. Digital Micrograph software
(Gatan, USA) was used for spectra processing. The background was approximated by a power-
law function. N and P elemental mapping of whole cell ultrathin sections was carried out
using EFTEM three-window method with a 15 eV energy selecting slit. Two pre-edge images
at 371 eV, at 388 eV and one post-edge image at 412 eV were recorded for N mapping (CCD
binning 4), and two pre-edge images at 104 eV, at 121 eV and post-edge image at 144 eV for P
mapping (CCD binning 2). The energy windows were chosen based on the electron energy
loss spectra to avoid overlap with other element edges. The objective aperture was 40 uM. The
elemental distributions were calculated automatically using Digital Micrograph software
(Gatan, USA) after alignment of the obtained images using a power law as the background
model. Specimen thickness was controlled to ensure that it did not exceed the optimal value
for EFTEM (below 0.5 A, where A is inelastic mean free path length for the chosen experimental
conditions).

The method of EFTEM map analysis

The method consists of two alternative workflows (Fig 1). The workflow selection is based on
the type and amount of the inclusions of interest present on the EFTEM map under analysis.
For mapping of nitrogen (N-maps) and -phosphorus maps for samples with a relatively low P
content (less than 10 PRIs per cell section) the workflow “A” was used, for P-maps with more
than 10 PRIs per cell section the workflow “B” was used (see Fig 1). The calculations were per-
formed using Microsoft Excel spreadsheet software (Microsoft, USA).

Both map analysis workflows are based on comparison of the a posteriori probability that a
map pixel contains payload information and the Gaussian a priori probability of that the pixel
belongs to noise. The difference is expressed as relative entropy value for each pixel so pixels
with positive relative entropy values grouped in the right half of the histogram do not belong
to the noise. After the relative entropy analysis of each pixel and corresponding binary thresh-
olding of the map, a simple assessment of the relative area and localization of the inclusions on
the cell section is carried out.

The first step in both workflows was the transformation of the raw map (where each
pixel represents the intensity of signal, i.e. number of electrons) into a 8-bit TIFF image.

The transformation was carried out as follows: the pixels were mapped to levels of grey via a
linear transformation as described by Trebbia and Mory [38] resulting in an image with 256
levels g (gmin = 0, gmax < 255). The workflow “B” differed by additional step—setting all pixels
of the map with negative values to 0 before the transformation to TIFF image (right column in
Fig 1).

The second stage, common for the both workflows, involved the computing of the relative
entropy value for each pixel of the resulting TIFF images (for more details, see [38]; for the
rationale of the image processing algorithm see [37]). The histogram H(g) of the a posteriori
probability, together with additional parameters, were calculated:

Goean = %ZgH (&), (1)

PLOS ONE | https://doi.org/10.1371/journal.pone.0208830 December 11,2018 4/21


https://doi.org/10.1371/journal.pone.0208830

o ®
@ ’ PLOS | ONE Quantification of P and N reserves on EFTEM maps

N-map of a cell section P-map of a cell section
with N-inclusions with P-inclusions
in number of electrons I in number of electrons

Yes

«— Number of P-inclusions No
=0 l Workflow 5"
_ Setting of pixels with negative

y

Transformation into an image values to zero
with 8 bit TIFF format ‘
Transformation into an image
with 8 bit TIFF format
v ‘
N- or P-rich

P-rich inclusions

P

structures

Typical relative entropy analysis

. e A , 8
S hd
Pixelswith  Pixels with Pixelswith  Pixels with
8<8o g>8p g<g, g>8,
Processedto Pronicsedtowhite Processet to Prc‘)msedto
darkpixels pixels dark pixels white pixels

N- or P-map Processed
N- or P-map

Processing of the map

STI

Scell

Sr =51/ Scen™ 100%

HistogramH(g) . Cellsection
== == == (Gaussiancurve G(g) n Inclusions (N- or P-rich)
......... Relative entropy R(g)H(g) - Signal from other cell structures

PLOS ONE | https://doi.org/10.1371/journal.pone.0208830 December 11,2018 5/21


https://doi.org/10.1371/journal.pone.0208830

®PLOS | one

Quantification of P and N reserves on EFTEM maps

Fig 1. Scheme of the processing of EFTEM N- and P-maps. The method of EFTEM maps processing may be
implemented via two alternative workflows. The workflow “A” (left column) is used for processing N-maps and low-
phosphorus maps (less than 10 PRIs per cell section), the workflow “B” (right column) is used for processing P-maps
with more than 10 PRIs per cell section. The workflows are based on comparison of the a posteriori probability that a
map pixel contains payload information and the Gaussian a priori probability of that the pixel belongs to noise. The
difference is expressed as relative entropy value for each pixel so pixels with positive relative entropy values grouped in
the right half of the histogram do not belong to the noise. After the relative entropy analysis of each pixel and
subsequent binary thresholding of the map, a simple assessment of the relative area and localization of the inclusions
on the cell section is carried out. Spy—total pixel area of the cell inclusions, S.—total pixel cell area, Sg—relative area of
P or N reserves. See text and S1 and S2 Appendices for details.

https://doi.org/10.1371/journal.pone.0208830.g001
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where P = YH(g) is the total number of pixels in the map.
Then the Gaussian a priori probability G(g) was calculated for each grey level, g, of the map
and relative entropy, q(H/g), of each pixel was estimated:
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where R(g) = log {G(g) . (5)

The third step was constituted by plotting the histogram H(g), the Gaussian curve G(g) and
the relative entropy, R(g)H(g), at the same graph (see Fig 1).

The grey levels (g) on the right half of the histograms corresponded to positive relative
entropy values. It means that for such pixels the a posteriori probability, H(g), is greater than
the Gaussian a priori probability G(g) under the same experimental conditions (i.e. same num-
ber of electrons incident on the same number of pixels) [37,38]. Considering P- and N-maps,
this means that the pixels of the map with high g values (greater than g,) belong to the P- or N-
rich cell structures, otherwise the pixels belongs to the noise. Essentially, this approach allows
to distinguish the cell structures rich in P and/or N and pixels that belong to the noise.

The final step of the EFTEM map processing includes binary thresholding of maps using a
contrast limit to classify each pixel of a map as white (i.e. containing a significant amount of
the element of interest) or black (content of the element of interest is too low). In the workflow
“A”, the pixels with g > g, are white and the pixels with g < g, are black (see left column in Fig
1). In this case, the inclusion area was measured on the processed maps by manually selecting
the structures to avoid including of the white pixels from other cell structures. This operation
does not take much time since total number of the inclusions was < 10. The number of white
pixels in the selected area was accepted as the pixel area of the inclusion, S (Fig 1). Finally, a
total area of the cell inclusions, Sty, was calculated.

The workflow “B” dictates that the pixels with g > g; are white and the pixels with g < g;
are black, where g; > g, (see right column Fig 1). On the relative entropy curve of the P-maps,
the value g; was determined as the end of the first peak to the right of the gy. This peak corre-
sponded to P-containing cell structures except the PRIs. The map pixels with g > g; were con-
sidered as belonging to the PRIs. Area of the inclusions on the processed map was manually
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selected. The number of white pixels in the selected region was accepted as the total pixel area
of the inclusions (Sty) (Fig 1).

Then total cell area, Sy, was calculated (in pixels) and the relative area of N or P reserves,
Sg, in this cell was computed (see Fig 1):

S,
S, =~ % 100%

cell

(6)

The S.o and St; were measured on the EFTEM maps of random cell ultrathin sections
(n = 18) and on the corresponded processed EFTEM map respectively, using Image] software
(NIH, Bethesda MA, USA). The relative area of N- or P-reserve structures (Sg; i.e. ratio of the
inclusion area to the total area of the studied cell section) was measured on the random cell
ultrathin sections (n = 18 for each sample).

For the measurement of Sty of PRIs, the PRIs were located using survey TEM images of the
cell sections. In the Nostoc sp. images, attributability to a poly-(R)-3-hydroxybutyrate (PHB)-
rich structure was tested for each PRI. In the C. vulgaris and Desmodesmus sp. images, attribut-
ability to vacuolar, cytosol, chloroplast or nuclear localization were tested. The cases of uncer-
tain localization of the PRIs were designated as “not determined”.

In the case used for this work, cell heterogeneity of the studied cultures was probed from 18
random cell sections for each sample. Measurement of Sg by the proposed method was
repeated 3 times for each cell section (standard error was no more than 0.03% for each studied
cell section).

Results
Application of the method to EFTEM maps

The proposed method was tested on the eukaryotic chlorophytes C. vulgaris and Desmodesmus
sp. and a cyanobacterium Nostoc sp. cell section maps. Our preliminary studies yielded the
EFTEM maps and EEL spectra similar to those showed in Figs 2 and 3 and S1 and S2 Figs
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Fig 2. Typical EEL spectra of P-rich and N-rich inclusions. (A) Spectrum of P-rich inclusion in Chlorella vulgaris IPPAS C-1. (B) Spectrum of N-rich inclusion in
Chlorella vulgaris IPPAS C-1. (C) Spectrum of N-rich inclusion in Nostoc sp. PCC 7118. The hatched rectangle in the EEL spectra indicates the range used for fitting of
the power law function representing the background for subtraction. Inserts in (B) and (C): enlarged part of the same spectra background-corrected using the range
just before the peak of N.

https://doi.org/10.1371/journal.pone.0208830.9002
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Fig 3. Application of the proposed method to the EFTEM N-maps. (A-E) The results of the method application to a cyanobacterium Nostoc sp. PCC 7118
from the P-starved culture. (F-J) The results of the method application to a eukaryotic microalga Chlorella vulgaris IPPAS C-1 from the P-starved culture. (A)
and (F) Elastically filtered TEM images of cell sections. (B) and (G) EFTEM N-maps of the cell sections. (D) and (I) Averaged profiles of the EFTEM N-maps.
(C) and (H) The EFTEM maps processed according to the workflow “A” (see text and Fig 1). (E) and (J) The relative entropy analysis of the EFTEM maps (B)
and (G), respectively. The averaged profiles were recorded along the white lines (see the N-maps). The red outline on the processed maps (C) and (H) indicates
the region taken for the inclusion area measurements. In the graphs (E) and (J) the threshold pixels g, used for the EFTEM maps processing are designated (for
details see text). CG cyanophycin granule, T thylakoid(s), § high electron density lipid B-granules, Ch chloroplast, NRI nitrogen-rich inclusion, § starch, P
pyrenoid, OB oil body. Scale bars = 0.5 pm.

https://doi.org/10.1371/journal.pone.0208830.9003

suggesting that these microorganisms accumulated, under P starvation, NRIs. At the stationary
growth phase following the re-feeding of the P-starved cells with inorganic phosphate the
microalgal cells accumulated PRIs. The method was used for quantification of the NRIs in the
P-starved cultures and PRIs in the P-sufficient cells sampled from the stationary cultures.

The typical EEL spectra of the PRI (Fig 2A) and NRI (Fig 2B) in C. vulgaris cells are shown
together with the spectrum of NRI (Fig 2C) typical of the cyanobacterium Nostoc sp. The EEL
spectra of the PRIs in Desmodesmus sp. (Fig A in S1 Fig) and Nostoc sp. (Fig B in S1 Fig) were
similar to those in C. vulgaris. The EEL spectra of the NRIs in Desmodesmus sp. were similar to
those of C. vulgaris except for the difference in the NRI signal level (Fig C in S1 Fig). The pres-
ence of P in the spectra taken from the PRIs was indicated by the characteristic L, ;-edge at an
energy loss of 132 eV, which was most often accompanied by the L,-edge (350 V) and Ls-
edge (346 eV) of calcium (Fig 2A, Fig B in S1 Fig). The presence of N in spectra from NRIs was
indicated by the characteristic K-edge at an energy loss of 401 eV (Fig 2B and 2C, Fig Cin S1
Fig). These spectra were used for the selection of the corresponding energy windows for the
EFTEM mapping (see “Material and methods” section).

The results of the analysis of Desmodesmus sp. cell section N or P EFTEM maps (S2 Fig)
according to the workflow “A” or “B” (see “Material and methods” section and Fig 1) were
similar to those obtained for C. vulgaris (Figs 3 and 4). The Excel spreadsheets illustrating the
calculations behind the workflows “A” and “B” are available as S1 and S2 Appendices, respec-
tively. The proposed method enabled the detection of tiny (<180 nm in diameter) PRIs and
NRIs (Figs 3 and 4).

Abundance of the NRIs did not exceed 10 per cell section for the both eukaryotic microal-
gae and the cyanobacterium. For the analysis of the NRIs the workflow “A” was selected (Fig
3). When the workflow “B” was used for the quantification of these inclusions (S3 Fig), the rel-
ative entropy curves featured a single clearly pronounced peak belonging to the N-rich struc-
tures including NRIs. Therefore, it was not possible to separate signal derived from the NRIs
and other N-rich structures. In the studied eukaryotic microalgae, the NRIs were localized in
vacuoles (Fig 3F and 3G). The abundance of the PRIs in the studied microorganisms normally
exceeded 10 per cell section, so the workflow “B” was used for their analysis (Fig 4).

When the workflow “A” was used for the quantification of the PRIs (S4 Fig), the inclusions
on the processed maps were surrounded by the pixels belonging to irrelevant cell structures.
Manual selection of multiple inclusions on such maps would be too time-consuming. How-
ever, zeroing of the negative values in the raw map before the processing (workflow “B”, see
“Material and methods”) resulted in the formation of an additional peak on the entropy curve
corresponding to the structures other than the structures of interest (right column in Fig 1, Fig
4E and 4]). In this case it was possible to automatically separate the signal from numerous
inclusions and the signal from the irrelevant structures.

The inclusions of interest were readily apparent on the processed N- and P-maps (Fig 3C
and 3H; Fig 4C and 4H) and their area, represented by white pixels, was easy to calculate by
selecting the region containing these inclusions. The measured inclusion area was used for cal-
culation of the relative area occupied by the inclusions (see “Material and methods”).
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Fig 4. Application of the proposed method to the EFTEM P-maps. (A-E) The results of the method application to a cyanobacterium Nostoc sp. PCC 7118 from
the P-sufficient stationary phase culture. (F-J) The results of the method application to a eukaryotic microalga Chlorella vulgaris IPPAS C-1 from the P-sufficient
stationary phase culture. (A) and (F) Elastically filtered TEM images of cell sections. (B) and (G) EFTEM P-maps of the cell sections. (D) and (I) Averaged
profiles of the EFTEM P-maps. (C) and (H) The EFTEM maps processed via the workflow “B” (see text and Fig 1). (E) and (J) The relative entropy analysis of the
EFTEM maps (B) and (G), respectively. The averaged profiles were recorded along the white lines (see the P-maps). The red outline on the processed maps (C)
and (H) indicates the region taken for the inclusion area measurements. In the graphs (E) and (J) the threshold pixels g; used for the EFTEM maps processing are
designated (for details see text). PRI P-rich inclusion, PHB poly-(R)-3-hydroxybutyrate granules, T thylakoid(s), Ch chloroplast, N nucleus, S starch. Scale

bars = 0.5 pm.

https://doi.org/10.1371/journal.pone.0208830.9004

Estimation of the N and P reserve abundance

Relative inclusion area for NRIs or PRIs was calculated for each cell section of Nostoc sp., C.
vulgaris and Desmodesmus sp. (Fig 5). Relative area of NRIs for Nostoc sp., C. vulgaris and Des-
modesmus sp. was in the range 4.4%-18.5% (Fig 5A), 0-7.9% (Fig 5C), and 0.9-17.2% (Fig 5E),
respectively.

Abundance of the NRIs in C. vulgaris cells was the lowest among the studied microorgan-
isms: their relative area did not exceed 8%, two of 18 studied cell sections did not contain NRIs
at all (Fig 5C). The cells of Nostoc sp. harbored more NRIs than the Desmodesmus sp. cells: 11
of 18 cell sections of Nostoc sp. possessed the NRIs occupying more than 8% of the section area
(Fig 5A) while only 5 of 18 cells of Desmodesmus sp. featured the presence of the NRIs occupy-
ing more than 8% of the section area (Fig 5E).

Generally, the relative area of the PRIs was lower than that of the NRIs in all studied micro-
organisms. The abundance of the PRIs per cell section did not exceed 0.8% for Nostoc sp. (Fig
5B) or 1.4% for C. vulgaris (Fig 5D) and Desmodesmus sp. (Fig 5F). The lower relative area of
the PRIs meant the lower number of pixels classified as belonging to this inclusion type in
comparison with NRIs; it can be a plausible reason for the absence of a clearly defined peak
corresponding to the PRIs on the relative entropy curves (see Fig 5L and 5P).

The cells of Nostoc sp. contained more PRIs in comparison with other studied microalgae:
only three of 18 studied cell sections did not contain PRIs (Fig 5B).

The proposed method enabled us to classify the PRIs of Nostoc sp. cells as associated or not
associated with PHB (Fig 5B): five of 18 studied cell sections possessed the PRIs associated
with PHB, only in one of the cell sections the main P reserves were in PHB-associated PRIs, in
other cell sections the main P reserves were localized in the PRIs not associated with PHB.

The main P reserves in the C. vulgaris and Desmodesmus sp. cells were in the PRIs localized
in the vacuoles or cytosol (Fig 5D and 5F). The PRIs situated in the chloroplast, nucleus and
the inclusions with undetermined localization occupied a much smaller part of the cell area
(< 0.06% and 0.13% for C. vulgaris and Desmodesmus sp., respectively; Fig 5D and 5F).

We also compared the localization of the main and total P reserves in C. vulgaris and Des-
modesmus sp. cells (Fig 6). Most of the C. vulgaris cell sections possessed the main P reserves
in cytosol (Fig 6A), while most of the Desmodesmus sp. cell sections—in vacuoles (Fig 6B).

The subcellular localization of the total P reserves in the cells of studied eukaryotic microal-
gae was also different (see Fig 6C and 6D): most of the C. vulgaris cell sections possessed the
inclusions only in cytosol (Fig 6C), whereas most of the Desmodesmus sp. cell sections har-
bored the inclusions both in the vacuoles and in the cytosol (Fig 6D).

Discussion

A conventional approach to the evaluation of ultrastructural changes in eukaryotic microalgae
and cyanobacteria including changes in PRIs and NRIs abundance is constituted by direct

morphometry of the cell section TEM images [14,42-48]. This type of quantification is carried
out manually hence it is labor-intensive and error-prone. Even more serious is the problem of
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Fig 5. Estimation of the N and P reserve abundance in the studied cells. (A) and (B) Estimation of the reserves in the Nostoc sp. PCC 7118 cells. (C) and (D)
estimation of the reserves in the Chlorella vulgaris IPPAS C-1 cells. (E) and (F) estimation of the reserves in the Desmodesmus sp. IPPAS S-2014 cells. (A), (C) and (E)
estimation of the N reserves in the cells of P-starved cultures. (B), (D) and (F) estimation of the P reserves in P-sufficient cells sampled from the stationary phase
cultures. The results expressed in relative area of the P-rich or N-rich inclusions are shown for each cell section (n = 18). Relative area values on the histograms are
sorted in descending order (A), (C), (E) or in descending order within the following groups: in (B), both P reserves associated with PHB and P reserves not associated
with PHB; only P reserves not associated with PHB; in (D) and (F), main P reserves in the vacuoles, no P reserves in the cytosol; P reserves both in the vacuoles and in
the cytosol and the main P reserves are located in the vacuoles; P reserves both in the vacuoles and in the cytosol and the main P reserves are located in the cytosol; the
main P reserves in the cytosol, no P reserves in the vacuoles. For the P-rich inclusions (B), (D), (F) subcellular localization is also shown.

https://doi.org/10.1371/journal.pone.0208830.9005

reliable identification of the structure type which is hard to achieve using survey TEM images
without objective information on the elemental composition of the structures. In contrast, the
method proposed in this study offers the analysis of EFTEM maps according to well-defined
criteria taking into account the objective data on the elemental composition of the structures
of interest. Remarkably, implementation of this method does not require as much time as the

A Chlorella vulgaris B  Desmodesmus sp.
in vacuoles in vacuoles
17% 72%

C Chilorella vulgaris D  Desmodesmus sp.
only in vacuoles

both in vacuoles i
only in vacuoles 229,

and in cytosol 6%
33%

only in cytosol
1%

Fig 6. Localization of main P reserves and total P reserves in the studied microalgae. The results are represented for
cells sampled from the P-sufficient stationary phase cultures. (A) and (B) Main P reserves in Chlorella vulgaris IPPAS
C-1 and Desmodesmus sp. IPPAS S-2014, respectively. (C) and (D) Total P reserves in Chlorella vulgaris IPPAS C-1
and Desmodesmus sp. IPPAS S-2014, respectively. Percentages of cell sections containing the P reserves of the total
number of studied cell sections are shown. In (C) and (D) the inclusions localized in chloroplast, nucleus and the
inclusions with undetermined localization were not taken into account.

https://doi.org/10.1371/journal.pone.0208830.9006
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conventional TEM-based morphometry because it is based on automatic binary thresholding
of the EFTEM maps yielding a bitmap. This kind of processing makes possible a simplified
area-based quantification of the analyzed structures (e.g., PRIs or NRIs) by summation of the
white pixels attributed to these structures in the selected region of the map.

In our study, for each pixel of the N- or P-map the contrast limit of the map was set simi-
larly to the routines described in Koop et al. [26] who used binary thresholding of EFTEM N-
maps to identify and localize the cyanophycin granules in recombinant strains of Ralstonia
eutropha. In that work [26], pixels with a signal-to-noise-ratio (SNR) > 3 were considered N-
containing (white) if it was known in advance that the sample contains N, otherwise the pixels
with a SNR > 5 were considered N-containing. The SNR for each pixel was calculated by stan-
dard procedures [49] using the post-edge image and pre-edge images. These approaches are
calculation-intensive, their practical implementation is difficult for biologists lacking a profes-
sional background in mathematics and statistics [49]. In the present study we suggest process-
ing of EFTEM maps via simple calculations based on relative entropy which do not require
advanced knowledge of statistics and can be implemented in standard spreadsheets like Excel
(see S1 and S2 Appendices). Specifically, the relative entropy is inferred directly from the
EFTEM maps after conventional background subtraction eliminating the raw post- and pre-
edge image manipulations necessary for the SNR-based method [26].

The P reserves (mainly PolyP in biological samples) can be assayed using chemical analysis,
chromogenic tests, enzymatic methods, 4’,6-diamidino-2-phenylindole (DAPI) staining-based
fluorometric methods, >'P nuclear magnetic resonance spectroscopy and Raman microscopy
[50,51]. All these methods except Raman microscopy allow to analyze only bulk cell suspen-
sion samples yielding an average PolyP abundance in the cell population or at a single cell level
if a flow cytometer is used. A key advantage of the proposed method is its subcellular resolu-
tion. A method based on Raman microscopy [41] also gives information about intracellular
distribution of PolyP and, as the proposed method, allows to assess heterogeneity of individual
cells [41]. However, the using of confocal microscope limits its spatial [52] resolution to
roughly 180 nm which is insufficient to resolve the intracellular (cytosolic, vacuolar, chloro-
plast, nuclear, mitochondrial etc.) inclusions [41]. The method proposed in this study does not
suffer from these limitations.

The selection of methods for quantification of cyanophycin in cyanobacteria is even scarcer:
the standard method based on a chemical assay for arginine [53] and a more rapid and sensi-
tive method based on 'H nuclear magnetic resonance (NMR) spectroscopy [54]. Both methods
[53,54] analyze the isolated cyanophycin granules and provide an averaged value for the bulk
sample whereas our method allows quantification of cyanophycin with subcellular resolution.
Notably, cyanophycin granules from dead and destroyed cells retain their integrity [47] and
interfere with the arginine-based assay [53] and 'H NMR spectroscopy [54]. The method pro-
posed in the study allows to estimate cyanophycin granules only in the cells that were alive at
the moment of fixation for TEM and retained their integrity judging from their morphological
features on the cell sections.

The literature available at the time of this research lacked reports on quantitative analysis of
NRIs in eukaryotic microalgal cells (represented by guanine and/or uric acid). It is likely that
such a method for quantification of guanine using Raman microscopy will be developed [15]
as it was done earlier for PolyP quantification [41] but the spatial resolution of Raman micros-
copy is limited (see above). Therefore, the method proposed here is, to the best of our knowl-
edge, the first method for simple quantification and location of P-rich and N-rich structures
including small ones (< 180 nm) at subcellular level.

Limitations of the method proposed in the study generally stem from the requirement of
ultrathin cell sections for the EFTEM analysis. First, one should remember that a cell section is
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not equal to whole cell volume and a single EFTEM map visualizes only the content of a single
section of the cell. Second, this method provides information only on the area occupied by
inclusions which contain enough P or N atoms sufficient for detection by the EFTEM. The
method does not take into account the difference in the inclusion density or magnitude of the
signal from them. In view of what is said above, this method is most suitable for comparative
assessments of P and N reserve abundance. For absolute quantification, other available quanti-
tative methods should be used [41,50,53-57]. Confirmation of chemical nature of the inclu-
sions by independent methods (NMR spectroscopy, Raman microscopy, etc.) is highly
advisable. Third, extremely small inclusions (mainly PRIs) might not be detectable with
EFTEM. Fourthly, one should be cautious of the inclusion matter crumbling out of the sec-
tions during their preparation (especially frequent in vacuolar inclusions). And finally, some-
times it is difficult to determine reliable localization of tiny P-inclusions (e.g. in cytosol or in a
small vacuole). Most often this difficulty results from poor contrast of membranes because of
exclusion of uranyl acetate staining from the sample preparation for the EFTEM P-mapping.
This is required to avoid the interference from the overlap of the uranium peak and the range
of the EEL spectra before P peak which is used for estimation the background in the EFTEM
P-mapping [27]. We believe that most of the abovementioned limitations could be overcome
by working with a sufficiently large set of cell EFTEM maps.

In our work, we assessed the relative area of P and N reserves from the cell section EFTEM
maps. A cell section is not equal to whole cell volume and a single EFTEM map visualizes only
the content of a single section of the cell. Therefore, these assessments are comparable only
with cell section-based data e.g. morphometry analysis of the P and N reserve structures in
conventional TEM images.

With regard to TEM-morphometry analysis of PRIs in cyanobacteria, the relative area of
PolyP inclusions in P-sufficient cyanobacteria Anabaena variabilis UTEX 1444 and Nostoc
muscorum UTEX 1037 closely related to Nostoc sp. PCC 7118 is 1.6 and 0.4%, respectively
[48]. P-sufficient cyanobacterium Nostoc sp. PCC 7118 studied in our work is capable of more
intensive accumulation of PRIs than N. muscorum UTEX 1037 in the work of Lawry and
Simon [48] (up to 0.8% versus 0.4%), but of less intensive accumulation than A. variabilis
UTEX 1444 in the work of Lawry and Simon [48] (up to 0.8% versus 1.6%).

The relative area of NRIs in P-sufficient cyanobacterium Nostoc muscorum CALU 304 cal-
culated from the data published in the work of Korzhenevskaya et al. [45] is 5-6%. The results
[45] for relative area of NRIs correspond to our results for Nostoc sp. PCC 7118 (Fig 5A) in
order of magnitude. According to [48] the relative area of NRIs in P-deficient cyanobacteria A.
variabilis UTEX 1444 and N. muscorum UTEX 1037 is 10.2 and 5.4%, respectively. P-deficient
cyanobacterium Nostoc sp. PCC 7118 studied in our work is capable of more intensive accu-
mulation of NRIs: by almost 2 times more than A. variabilis UTEX 1444 in the work of Lawry
and Simon [48] (up to 18.5% versus 10.2%), and by more than 3 times in comparison with N.
muscorum UTEX 1037 in the work of Lawry and Simon [48] (up to 18.5% versus 5.4%).

We have not found published data of such type for PRIs in eukaryotic microalgae, although
the relative area of NRIs in microalga Symbiodium sp. (designated as uric acid crystals) living
in symbiosis with coral host under phosphorus limitation did not exceed 4% basing on 100
examined cell sections [14]. P-deficient microalgae C. vulgaris and Desmodesmus sp. studied in
our work are capable of more intensive accumulation of NRIs than Symbiodium sp. in the
work of Rosset et al. [14]: the relative area of the NRIs in the C. vulgaris and Desmodesmus sp.
can reach 7.9% and 17.2%, respectively.

The proposed simplified method of the EFTEM map processing should be handy for
cytological and microbiological studies or, generally, in all fields where (comparative) assess-
ments of subcellular distribution of cyanophycin, PolyP and other nutrient-rich inclusions are
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needed. One of the illustrious examples is the study of the effect of cultivation on subcellular
distribution of guanine and PolyP in microalgae. The information about the distribution of N
and P among the cell (sub)compartments is a unique outcome of this method. It will be crucial
for obtaining a deeper mechanistic insight into luxury uptake of phosphorus and for dissecting
the effects of silencing and/or overexpressing genes involved in the regulation and implemen-
tation of nutrient storage in the cell. We assume that this technique is potentially applicable to
other types of microorganisms or cells capable of accumulating PRIs and/or NRIs. The main
prerequisites for the application of this method include: (i) sufficient amount of P and/or N
atoms within the inclusions for detection by the EFTEM, and (ii) possibility to obtain an
EFTEM map encompassing the entire cell section to estimate their area.

The subdivision of the method into two workflows made it possible to analyze both cell sec-
tions with small (the workflow “A”) and large (the workflow “B”) number of inclusions. The
workflow “A” involving all pixels with positive values of relative entropy is problematic when
applied to the cell sections with a large number of the inclusions (54 Fig). Ten inclusions per
section was accepted as the threshold value for the choice between the workflows. Namely, up
to 10 inclusions/cell section can be quickly identified on maps with the workflow “A”. In the
workflow “B”, negative values of pixels in the raw maps are set to zero. As a result, an addi-
tional peak corresponding to the structures other than the structures of interest appeared in
the entropy curve of the maps with a large number (>10) of inclusions. This feature likely aris-
ing from pixel zeroing was used for separation of the signal of the inclusions. However, the
workflow “A” applied for the maps did not yield this peak (54 Fig). This peak also lacked when
the workflow “B” was applied to maps with a small number of inclusions (<10) (S3 Fig). We
believe that it was due to a lower relative area of the inclusions typical of the maps with numer-
ous inclusions (>10) but unusual for the map with a small number of inclusions (<10). Hence
these maps yielded the relative entropy curves lacking a clearly defined peak corresponding to
the inclusions, so the peak corresponding to the irrelevant structures became visible.

Importantly, almost all stages of both workflows constituting the method (excepting man-
ual selection of the inclusion area in the workflow “A” and the cell area calculation in both
workflows) have potential for automatization. In view of this, the proposed method is the first
approach supporting semi-automatic EFTEM map processing and evaluation. Upon imple-
mentation of this capacity, our approach will increase significantly the throughput to EFTEM
mapping. In our study we demonstrated the feasibility of the cell P and N reserve heterogeneity
estimation with this method in the studied microorganisms. In our work the cell heterogeneity
was probed from 18 random cell sections for each sample. Therefore, standard statistical treat-
ment of the data was inappropriate for revealing the biological effect, although it does not
undermine the validity of the EFTEM map analysis. Repeated measurements (n = 3 for each
cell section) by the proposed method for the same cell section showed no significant differ-
ences (standard error was no more than 0.03% for each studied cell section). So, the technique
itself yields reproducible results. At the same time, it is important to understand that to enable
the calculation of standard statistics like means and standard deviations for comparison of
control and experimental groups one just needs to feed a sufficiently large set of cell EFTEM
maps to this method. For example, the standard statistics were calculated in Symbiodinium sp.
for the relative NRIs area dataset obtained by processing 100 cell sections for each sample (see
[14]). By the way, this highlights the other potential strength of our method (possibility of
automated analysis of the EFTEM maps to acquire the large datasets required for conventional
statistics analysis more easily).

We also revealed peculiarities of the P and N reserves accumulation in two chlorophyte spe-
cies grown under similar conditions, and the cyanobacterium Nostoc sp. With regard to NRIs,
we found out that the signal derived from the NRIs of C. vulgaris was significantly lower than
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the signals derived from the inclusions of Desmodesmus sp. and Nostoc sp. (Fig 2B and 2C, Fig
C in S1 Fig), most likely due to differences in their density and fine structure of the NRIs.

We also determined the localization of the P reserves both in cyanobacterial and in microal-
gal cells. We were able to spatially resolve the contrasting types of PRIs in the Nostoc sp. cells
(PHB-associated or not associated with PHB). Colocalization of PolyP and PHB is important
in the studies of PolyP formation and deposition in microalgae since we assumed, basing on
our previous results [27], that PolyP chains constituting the PRI in vacuoles of eukaryotic
microalgae might be embedded into the PHB matrix. Hence the colocalization of PolyP and
PHB in cyanobacterial cells is potentially indicative of different biosynthetic pathways PolyP as
well as in microalgal cells. We showed that in the studied microalgal strains C. vulgaris and
Desmodesmus sp., the main P reserves were in the form of the vacuolar and/or cytosolic PRIs,
whereas the PRIs situated in the chloroplast, nucleus and the inclusions with unclear localiza-
tion apparently made a minor contribution to the total cell P storage (Fig 5D and 5F). We also
revealed the difference in the localization of different P pools in the two strains of green micro-
algae grown under the similar conditions.

Conclusions

We propose a simplified method of EFTEM cell section map analysis for assessing the abun-
dance and localization of P and N reserves in microalgal cells. Apart of simplicity and reliability,
this method is characterized by a high spatial resolution (better than 180 nm). We demonstrated
its applicability to the different cells including eukaryotic chlorophytes and cyanobacteria. Limi-
tations of the method were discussed stemming mainly from the requirement of ultrathin cell
sections for the EFTEM. Despite the limitations, the proposed method seems to be a powerful
tool which can be used to quantify and to localize P and N reserves at the subcellular level. An
added value of the proposed approach is its potential for semi-automation of the data processing
and evaluation adding the high throughput capability to EFTEM which have not been consid-
ered before. The proposed technique can be potentially useful to estimate P or N reserves in
other types of microorganisms or cells capable of accumulating PRIs or NRIs.

Supporting information

S1 Appendix. Demo Excel spreadsheet for the workflow “A”. Data generated for the N-map
of Nostoc sp. PCC 7118 (Fig 3A-3E, cell section No.17 in Fig 5A) are used in the demo spread-
sheet. The input data generated by Image] and imported into the spreadsheet (see “Material
and methods”) is marked in green.

(Z1P)

S$2 Appendix. Demo Excel spreadsheet for the workflow “B”. Data generated for the P-map
of Nostoc sp. PCC 7118 (Fig 4A-4E, cell section No.2 in Fig 5B) are used in this spreadsheet.
The input data generated by Image] and imported into the spreadsheet (see “Material and
methods”) is marked in green.

(Z1P)

S1 Fig. Typical EEL spectra of P-rich and N-rich inclusions. (A) Spectrum of P-rich inclu-
sion in Desmodesmus sp. IPPAS S-2014. (B) Spectrum of P-rich inclusion in Nostoc sp. PCC
7118. (C) Spectrum of N-rich inclusion in Desmodesmus sp. IPPAS S-2014. The hatched rect-
angle in the EEL spectra indicates the range used for fitting of the power law function repre-
senting the background for subtraction. Insert in (C): enlarged part of the same spectrum
background-corrected using the range just before the peak of N.

(TIF)
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S2 Fig. Application of the proposed method to the EFTEM maps of Desmodesmus sp.
IPPAS S-2014. (A-E) Application to N-map of cell from P-starved culture. (E-J) Application
to P-map of cell from P-sufficient stationary phase culture. (A) and (F) Elastically filtered TEM
images of cell sections. (B) and (G) EFTEM maps of the cell sections. (D) and (I) Averaged
profiles of the EFTEM maps. (C) and (H) The EFTEM maps processed according to the work-
flow “A” and “B”, respectively (see text and Fig 1). (E) and (J) The relative entropy analysis of
the EFTEM maps (B) and (G), respectively. The averaged profiles were recorded along the
white lines (see the maps). The red outline on the processed maps (C) and (H) indicates the
region taken for the inclusion area measurements. In the graphs (E) and (J) the threshold pix-
els go and gy, respectively, used for the EFTEM maps processing are designated (for details see
text). Ch chloroplast, N nucleus, NRI nitrogen-rich inclusion, OB oil body, P pyrenoid, PRI P-
rich inclusion, § starch, V vacuole. Scale bars = 0.5 um.

(TIF)

S3 Fig. Application of the workflow “B” to the EFTEM N-maps. (A) The results of the work-
flow application to a cyanobacterium Nostoc sp. PCC 7118 from the P-starved culture. (B) The
results of the workflow application to a eukaryotic microalga Chlorella vulgaris IPPAS C-1
from the P-starved culture. (A) and (B) The relative entropy analysis via the workflow “B” of
the EFTEM N-maps from Fig 3B and 3G, respectively. In the relative entropy curves there is
one clearly pronounced peak belonging to the N-rich structures including N-rich inclusions.
(TIF)

$4 Fig. Application of the workflow “A” to the EFTEM P-maps. (A) and (B) The results of
the workflow application to a cyanobacterium Nostoc sp. PCC 7118 from the P-sufficient sta-
tionary phase culture. (C) and (D) The results of the workflow application to a eukaryotic
microalga Chlorella vulgaris IPPAS C-1 from the P-sufficient stationary phase culture. (A) and
(C) The EFTEM maps processed according to the workflow “A” (see text and Fig 1). (B) and
(D) The relative entropy analysis via the workflow “A” of the EFTEM P-maps from Fig 4B and
4G, respectively. In the graphs (B) and (D) the threshold pixels gy used for the EFTEM maps
processing are designated (for details see text). The P-rich inclusions on the processed maps
(A) and (C) are surrounded by the pixels belonging to other structures. Scale bars = 0.5 um.
(TIF)
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