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Abstract
Background

Euglena gracilis is a unicellular eukaryotic microalgae found in aquatic environments. It can adapt its
morphology in response to various environmental stress factors such as changes in temperature, light,
and ion concentrations. E. gracilis cells excrete succinate and amino acids under dark and anaerobic
conditions; however, only a few studies on the effect of these conditions on the cell morphology of E.
gracilis have been conducted thus far. In the present study, we aimed to evaluate the effects of pH on
succinate, glutamine and glutamate production in E. gracilis and the correlation between the levels of
these metabolites and cell morphology under dark, anaerobic conditions.

Results

The production of succinate, glutamine and glutamate by E. gracilis was pH dependent. Glutamate and
glutamine excretion increased under acidic conditions (pH 3–5), irrespective of the buffer salts. On the
contrary, succinate production depended on the buffer salts; succinate levels were higher when GTA or
citrate buffer were used and were lower when acetate buffer was used (pH 4 or 5). The number of spindle
cells tended to increase under acidic conditions and the aspect ratio of the cells was positively correlated
with glutamine and glutamate levels. Increase in cell density particularly enhanced glutamine and
succinate production; in particular, the succinate titre reached 1.5 g/L, which is the highest reported level
of succinate produced from photosynthetic eukaryotes till date.

Conclusions

Our �ndings indicate that pH of the media alters metabolite production and cell morphology of E. gracilis
cells under dark, anaerobic conditions. A deeper understanding of eukaryotic fermentation will bene�t the
biore�nery industry, mainly for the production of value-added products using anaerobic microorganisms.

Background
Euglena gracilis is a unicellular eukaryotic microalga of the genus Euglena. E. gracilis cells possess
unique characteristics of both plants and animals—both �agellar movement and photosynthesis within
the chloroplasts can be observed in this organism. Euglena has attracted the attention of both
researchers and the industry because of its ability to produce valuable products such as wax esters,
paramylon, and organic acids. E. gracilis cells �x carbon dioxide and accumulate paramylon, which is an
insoluble β-1,3-glucan [1]. Paramylon stimulates immune activity [2] and is effective in the treatment and
prevention of infectious diseases, allergies, and arthritis [3, 4]. Paramylon is accumulated in the presence
of light and under aerobic conditions and is degraded under dark, anaerobic conditions. Paramylon
degradation produces wax esters consisting of C14:0 saturated fatty acids, myristic acid, and myristyl
alcohol [5]. Biodiesel and jet fuels are developed from wax esters, and recently, there have been increased
efforts toward elucidating the practical uses of wax esters. Under aerobic conditions, E. gracilis cells
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accumulate amino acids at high levels, including methionine, an essential amino acid for humans [6]. E.
gracilis cells also contain all the essential vitamins and polyunsaturated fatty acids (docosahexaenoic
acid and eicosapentaenoic acid), which are nutritionally important [7, 8]. Therefore, E. gracilis cells have
wide applications in the nutritional, healthcare, energy, and environmental sectors.

In addition to the metabolites accumulated in the cells, E. gracilis can excrete value-added metabolites
into the extracellular environment. Under dark, anaerobic conditions, nitrogen-starved E. gracilis cells
excrete succinate, which is a precursor of many valuable products such as nano�bers and bioplastic
resources [9, 10]. At least 38 metabolites including various amino acids are excreted under dark,
anaerobic conditions and glutamate is produced in a (NH3)2HPO4-dependent manner [11]. The highest
succinate titre achieved is 870 mg/L, excreted from nitrogen-starved E. gracilis cells [10]. The highest
titres of glutamate and glutamine are 265 mg/L and 56 mg/L, respectively, excreted from E. gracilis cells
grown in a pH-adjusted media with buffer salts [11]. Hence, although E. gracilis has great potential for
metabolite production, the relationship between the excreted metabolite levels and the pH remains
obscure.

Cell morphology serves as an indicator of circadian rhythm, photosynthesis and respiratory capacity, cell
cycle phase, and environmental conditions in E. gracilis cells [12]. Euglena species is predominantly
spindle-shaped, but can also exist in spherical and elongated shapes [13]. Euglenoids exhibit a
deformation phenomenon, such as aperiodic contraction and re-expansion, known as euglenoid
movement [14]. Euglenoids display at least three types of morphologies—rounded, elongated, and bent
[14]. Euglenoids exhibit diverse cell morphologies and their mobility and shape depend on various
physical factors such as light, temperature, mechanical stimulations [15–17] and chemical factors such
as organic acids and cations [18–21]. The most well-known factor causing euglenoid movement is light
stimulation, particularly blue light [17], which causes a reversal of the direction of motion. E. gracilis cells
also change their shape twice a day when grown under the synchronizing effect of a daily light-dark cycle
[21]. E. gracilis cells change their cell morphology depending on the external environment. However, the
pH dependency of their cell shapes under dark, anaerobic conditions is not understood and the
relationship between morphology and metabolite production has not been examined.

In this study, we investigated the anaerobic production of glutamate, glutamine and succinate by E.
gracilis, which are of importance to the biore�nery industry. We also examined the effects of pH on the
production of these metabolites and the relationship between metabolite production and cell morphology
under dark, anaerobic conditions.

Results
pH-dependent production of glutamate, glutamine, and succinate by E. gracilis under dark, anaerobic
conditions
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To clarify and con�rm the pH-dependency for metabolite production by E. gracilis, we performed three
types of experiments: cells were incubated in 1) GTA buffer (pH 3–8), 2) citrate buffer (pH 3–8), and 3)
other commonly used buffers (glycine buffer for pH 3, acetate buffer for pH 4 and 5, citrate buffer for pH
6 and HEPES buffer for pH 7 and 8) under dark, anaerobic conditions. After incubation for 3 days, the
levels of glutamate, glutamine, and succinate in the media were quanti�ed. Glutamate levels were lower
in the GTA and citrate buffers at pH 6–8 than those at pH 3–5 (Fig. 1A and B). Glutamate production was
repressed in the glycine buffer (pH 3) but was less affected by the types of buffer (Fig. 1C). Glutamine
levels were increased at acidic pH (pH 3–5) irrespective of the buffer types (Fig. 1D–F). Citrate buffer
slightly repressed glutamine production at pH 3–5 (Fig. 1E) compared to GTA and the commonly used
buffers (Fig. 1D and 1F). The maximum titres of glutamate and glutamine were 78 mg/L in GTA buffer
(pH 3) and 88 mg/L in GTA buffer (pH 5), respectively (Fig. 1A and 1D).

Succinate levels were affected by the buffer types (Fig. 2A–C). The highest succinate levels were
observed in cells incubated in citrate buffer at pH 6–8 (Fig. 2B). The succinate titres were high under
several incubation conditions: 183 mg/L in GTA buffer (pH 5), 165 mg/L in citrate buffer (pH 6) and
177 mg/L in HEPES buffer (pH 7) (Fig. 2A–C). Succinate production was less affected by the pH of GTA
buffer (Fig. 2A), however, it was higher at neutral pH (pH 6–8) than at acidic pH (pH 3–5) in the citrate
buffer (Fig. 2B). Acetate buffer intensely decreased the succinate levels to 6 mg/L at pH 4 (Fig. 2C).

The pH of the buffers before and after dark, anaerobic incubation was measured. pH of the buffers was
altered from the initial pH during dark, anaerobic incubation within a range of pH 4–7 (Fig. 2D–F).
Interestingly, glycine buffer (pH 3) after dark, anaerobic incubation was strikingly alkalinised from pH 3 to
6 (Fig. 2F). As glycine is an intermediate of photorespiration, NH3 might be possibly produced by glycine
decarboxylase in the photorespiration pathway. NH3 levels in the glycine buffer (pH 3) were quanti�ed
after dark, anaerobic incubation and the NH3 titre was observed to be approximately 17 mg/L, whereas, it
was lesser than 2 mg/L in the HEPES buffer (pH 8) (Fig. 2G).

pH-dependent morphological changes in E. gracilis cells under dark, anaerobic conditions

In addition to the metabolite analysis, morphology of E. gracilis cells incubated under dark, anaerobic
conditions for 3 days was observed via microscopy and analysed by Image J software. Brown granules
were frequently observed in the cells cultivated at pH 3–5, but less frequently at pH 6–8 (Fig. 3A).
Chloroplasts were widely spread throughout the cells at pH 7 and 8, compared to that in cells cultivated at
pH 3–6 (Fig. 3A). In case of the citrate buffer, brown granules were absent at all the pH conditions tested
(Fig. 3B). Chloroplasts were also widely spread at neutral pH (pH 7 and 8) (Fig. 3B). In case of the
commonly used buffers, brown granules increased, and spindle cells were frequently observed in the
acetate buffer (pH 4 and 5) (Fig. 3C). Chloroplasts in the HEPES buffer were similarly extended at neutral
pH (pH 7 and 8) (Fig. 3C), but were relatively aggregated compared to the GTA and citrate buffers (Fig. 3A,
B).
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E. gracilis cells exhibited a spindle shape at acidic pH (pH 3–5) and a spherical shape at pH 6–8 in the
GTA buffer (Fig. 3A and 4A). The ratios of spindle cell at pH 3 and 4 were 57% and 37%, respectively and
the aspect ratio was the highest in the GTA buffer at pH 3 (Fig. 4A). In contrast, more than 90% of the
cells exhibited spherical shape in the GTA buffer at pH 5–8 (Fig. 4A). E. gracilis cells were spherical in the
citrate buffer irrespective of the pH (Fig. 3B and 4B). E. gracilis cells maintained spherical shape in the
glycine buffer (pH 3) and HEPES buffer (pH 7 and 8) but spindle cells were dominant in the acetate buffer
(pH 4 and 5) (Fig. 3C and 4C). Aspect ratio of the cells was in the range of 1.5–1.6 in the acetate buffer
(pH 4 and 5) (Fig. 4C). Cell area after dark, anaerobic incubation was almost similar irrespective of the
buffer types used and pH conditions (Fig. 4D–F).

Relationship among metabolite levels and cell morphology and cell density of E. gracilis under dark,
anaerobic conditions

For biological application, increased cell density for fermentation reduces cost, input energy and
materials. E. gracilis cells with increased density by 7- or 10-fold (OD730 = 140 or 200) were similarly
incubated in the citrate buffer (pH 6) and the production of the three metabolites and cell morphology
were examined. Glutamate levels were not increased at OD730 = 140 and only increased by 1.5-fold at
OD730 = 200, compared to OD730 = 20 (Fig. 5A). Glutamine and succinate levels increased in a cell density-
dependent manner, whose maximum levels reached 163 mg/L and 1.5 g/L at OD730 = 200, respectively
(Fig. 5B and 5C). The pH of the media was maintained at 6 during dark, anaerobic conditions irrespective
of the cell density (Fig. 5D). Interestingly, spindle cells increased in a density-dependent manner,
approximately 58% of the cells exhibited spindle shapes containing brown granules at OD730 = 200
(Fig. 5E and F). Cell area was also maintained constant irrespective of the cell density (Fig. 5G).

Altered relationship dependent on buffer types, pH of the media, and cell concentrations

Finally, we analysed the data to reveal the relationship between the metabolite levels, pH of the media
and parameters of cell morphology with the calculation of correlation coe�cients. In all the dark,
anaerobic incubation conditions tested, glutamate and glutamine levels were positively correlated with
each other and their levels were negatively correlated with pH of the media (Fig. 6A–D). Aspect ratio was
negatively correlated with the pH of the media and positively correlated with glutamate and glutamine
levels (Fig. 6A, B, D), except for the incubation in citrate buffer, where the correlation between the aspect
ratio and glutamate/glutamine levels was absent (Fig. 6B). Succinate levels were positively correlated
with glutamine and glutamate levels in the GTA buffer (Fig. 6A), whereas negatively correlated with them
in the citrate and commonly used buffers (Fig. 6B and C). Correlation of succinate with pH and aspect
ratio were varied in different incubation conditions (Fig. 6A–D).

Discussion
Amino acid and organic acid levels inside E. gracilis cells are altered by changes in light and aeration [22,
23]. Metabolomic analysis comparing three growth conditions—aerobic dark, aerobic light and anaerobic
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dark conditions, shows that only 4 out of 56 metabolites, including succinate, were increased in the E.
gracilis cells grown under anaerobic dark conditions [22]. Levels of most of the amino acids in the cells
except lysine decrease under anaerobic dark conditions, and glutamate and glutamine are undetectable
at these conditions [22]. The data from the metabolomic analysis suggested that the excretion step may
be the rate-limiting factor for succinate production, but glutamate and glutamine are easily exported from
E. gracilis cells under dark, anaerobic conditions. Hence, the results of excreted metabolite analysis
during dark, anaerobic conditions were different from that of the analysis of intracellular metabolites.

Glutamate and glutamine levels at acidic conditions (pH 3–4) were higher than those at neutral
conditions (Fig. 1). The pH dependency of succinate production varied among the three types of
experiments (Fig. 2A–C). These results demonstrate that glutamate and glutamine production is
dependent on the pH of the media and succinate production is affected by the buffer salts. A previous
study revealed the pH-dependency of glutamate production by E. gracilis at neutral pH [11]. In the
previous study, pH was adjusted using 3-morpholinopropanesulfonic acid (MOPS) buffer, and similar
results for glutamate production were observed with the use of HEPES buffer (compared to the glutamate
levels at pH 7 and 8 in Fig. 1C). However, incubation of the cells in the GTA and citrate buffers diminished
the difference between glutamate levels at pH 7 and 8 (Fig. 1A and 1B). Unlike the MOPS and HEPES
buffers, Tris reduces the cell growth [24] and citrate inhibits lipid accumulation in microalgae [25],
indicating that the buffer salts affect cell metabolism under dark, anaerobic conditions and must be
optimised to increase the metabolite productivity of E. gracilis under dark, anaerobic conditions. The
optimum pH of glutamate synthase in E. gracilis is 7.5 [26], but glutamate production was accelerated
under acidic conditions (Fig. 1A–C), suggesting that the optimum pH was not the only factor determining
metabolite levels.

Succinate production from E. gracilis exhibited dependency on the type of the buffer (Fig. 2A–C).
Depending on the buffer salts, correlation of succinate and pH of the media varied (Fig. 6A–D), and
acetate buffer strikingly repressed succinate production (Fig. 2C). Acetate assimilated into E. gracilis cells
is used in the glyoxylate pathway [27]. Succinate is generated through the glyoxylate pathway; however,
resultant succinate is converted into wax esters under dark, anaerobic conditions [5], possibly decreasing
the succinate levels. Considering the cost and titres, citrate buffer is suitable for succinate production by
E. gracilis. The maximum succinate titre, 1.5 g/L, from E. gracilis cells incubated in citrate buffer (pH 6)
obtained in this study (Fig. 5C), is the highest reported among the succinate production studies using
photosynthetic eukaryotes till date. Interestingly, dark, anaerobic incubation in glycine buffer alkalised the
media (Fig. 2F), possibly assimilated glycine was metabolised to generate ammonium through the
photorespiratory pathway (Fig. 2G). Thus, our analysis demonstrated how the succinate levels vary with
the difference in buffer types in E. gracilis cells incubated under dark, anaerobic conditions.

E. gracilis cells perform elongation and contraction called euglenoid movement under aerobic conditions
[28]. Although cell morphology of E. gracilis changes frequently depending on the growth conditions [14,
21], E. gracilis cells form spherical cysts in response to various stresses [29–32]. In our study, the increase
in the ratio of spindle to spherical shaped cells at pH 3–5 was more than that at pH 6–8 in the GTA buffer
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(Fig. 3A and 4A) and the aspect ratio was negatively correlated with the pH of the media (Fig. 6). At
neutral pH conditions, all the cells exhibited spherical shapes in all of the buffer types tested (Figs. 3 and
4). However, in acidic conditions, cell shapes were dependent on the buffer salts; acetate buffer increased
spindle cells and citrate and glycine buffers increased spherical cells, compared to the cells in the GTA
buffer (Figs. 3 and 4). These results demonstrate that cell shapes are dependent on pH at neutral pH
conditions and buffer salts at acidic conditions. Cyst formation of E. gracilis requires mucus sheath
formation, which is repressed under acidic conditions [33]. Hence, cyst formation (conversion to spherical
cells) may be interrupted at acidic conditions due to the lack of mucus sheath, leading to the formation of
spindle cells at acidic conditions. Nevertheless of these morphological changes, cell area remained
constant at all of the conditions tested (Fig. 4F and 5G), indicating the homeostasis of cell volumes under
dark, anaerobic conditions. Brown granules were observed in cells incubated at acidic pH (pH 3–5), and
were located closer to the cell surface and adjacent to other organelles (Fig. 3). In E. gracilis cultivated
under dark conditions, chloroplasts are degraded, but brown granules remain in the cells [34]. These
granules are reported to be massive membrane structures generated from degraded thylakoids [34]. In our
study, the brown granules were less frequent at neutral pH (pH 7 and 8). The negative correlation between
brown granules and green-coloured chloroplasts support the idea that brown granules are derived from
chloroplasts. Correlation analysis revealed that the relationship between the levels of the three
metabolites, pH of the media and parameters of cell morphology was varied by buffer salts and cell
concentrations. Only positive correlation between glutamate and glutamine and negative correlation
between glutamine/glutamate and pH of the media were consistent from the data of the four
experiments (Fig. 6A–D). The current results demonstrate that the relationship between the metabolite
productions and cell morphology is dependent on buffer types.

Conclusions
The present study showed that E. gracilis cells have great potential for the production of metabolites
from carbon dioxide. We achieved the highest titre for succinate produced by eukaryotic microalgae to
date. Further studies optimising cultivation conditions and scaling up the E. gracilis culture are necessary
for the bioproduction of value-added products from carbon dioxide by E. gracilis.

Methods
Euglena strains and culture conditions

Euglena gracilis strain NIES-48 was obtained from the National Institute for Environmental Studies in
Japan. E. gracilis cells were grown in modi�ed CM medium (pH adjusted to 3.5) [11]. Cells were grown in
liquid medium bubbled with 1% (v/v) CO2 in the air and incubated in a plant growth chamber for
preculture (TOMY, Tokyo, Japan) at 25 °C under 12 h light/dark conditions with white light at ~ 40 µmol
photons m− 2 s− 1. After preculture, the cells were inoculated into 1 L of modi�ed CM medium and
cultivated using a magnetic stirrer in the plant growth chamber for approximately 15 days. Cell densities
were measured at OD730 using a spectrophotometer UV-2400 (Shimadzu, Kyoto, Japan).
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Incubation under dark, anaerobic conditions and quanti�cation of cell morphology parameters

Dark, anaerobic incubation was performed as described previously [10, 28] with certain modi�cations. E.
gracilis cells were concentrated in 10 mL of 20 mM buffer ranging from pH 3–8 at OD730 = 20, 140 or 200
in a GC vial. GTA buffer, containing 20 mM 3.3-dimethyl glutarate, 20 mM tris (hydroxymethyl)
aminomethane (Tris) and 20 mM 2-amino-2-methyl-1,3-propanediol, was used for incubation in the range
of pH 3–8. pH of the GTA buffer was adjusted with 1 M sodium hydroxide and 2 M hydrochloric acid
solutions. Additionally, the buffers consisted of glycine-HCl (pH 3), sodium acetate (pH 4 and 5), sodium
citrate (pH 6), and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-KOH (pH 7 and 8). After
introduction of nitrogen gas for 3 min with a syringe, the GC-vial was sealed with a butyl rubber cap. The
GC-vial was wrapped in an aluminium foil to maintain dark, anaerobic conditions and then incubated at
25 °C for 3 days with shaking. After dark, anaerobic cultivation, cells were observed using a Leica DM 500
microscope (Leica Microsystems, Tokyo, Japan). Sixty cells were randomly selected and analyzed using
the Leica Application Suite software, version 4.6. The pH levels of the supernatants were measured using
a LAQUAact pH meter (Horiba, Kyoto, Japan). Cell morphology was measured, and cell areas were
quanti�ed using the image visualisation software ImageJ. If the length/width ratio, de�ned as aspect
ratio (AR) was 1.3 or greater, then the cell was considered to be spindle shaped, whereas an AR less than
1.3 indicated the spherical shape of E. gracilis cells. The area of an individual cell and the length of the
pixel size per micrometre were determined using the Image J software.

Glutamate and Glutamine Quanti�cation

After dark, anaerobic incubation for 3 days, cells were removed by centrifugation (5,800 g × 2 min at room
temperature), and the supernatant was �ltered by a membrane �lter with 0.45 μm pores (LMS, Tokyo,
Japan). The �ltrates were used for metabolite analysis. Glutamate and glutamine levels were quanti�ed
by a biosensor BF-7D (Oji Scienti�c Instruments, Hyogo, Japan) with a glutamate electrode (ED07-0004)
and a glutamine electrode (ED07-0015). Enzyme reaction was performed at 37 °C in a biosensor chamber
and the standard curves were constructed with standard solutions purchased from Oji Scienti�c
Instruments.

Succinate Quanti�cation

Succinate was quanti�ed by high-performance liquid chromatography as previously described with
certain modi�cations [35]. After dark, anaerobic incubation, 1 ml of �ltrates was dried with a vacuum
dryer CC-105 (TOMY, Tokyo, Japan), and resuspended in 97 μL HClO3 and 3 μL of trichloroacetic acid
(Wako, Osaka, Japan). Further, it was mixed in a vortex mixer for 10 min, the mixture was centrifuged for
10 min at 20,500 g × 2 min. Supernatant (100 μL) was used for HPLC analysis with LC-2000Plus Systems
(JASCO, Tokyo, Japan).

Ammonia Quanti�cation
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Sample preparation was performed in a manner similar to that used for glutamate, glutamine and
succinate. Filtered supernatant (150 μL) was dried with a vacuum dryer, and resuspended in 1.2 mL of 3%
trichloroacetic acid solution. After centrifugation for 10 min at 20,500 g × 2 min, supernatant was
commercially analyzed by Hokkaido University Global Facility Center with HPLC L-8900 (Hitachi High
Tech Science, Tokyo, Japan).

Statistical analysis

Statistical analyses, calculation of means, standard deviation (SD), and correlation coe�cients, were
performed using Excel 2016 software (Microsoft, Seattle, WA, USA). We conducted statistical analysis
using Tukey’s HSD test for multiple comparisons and Student’s t-test for differences between the two
samples. p-value < 0.05 was considered as statistically signi�cant. Pearson correlation coe�cient (r-
value) was visualised with the Cytoscape_ver3.7.2 software.

Abbreviations
AR, aspect ratio; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; MOPS, 3-
morpholinopropanesulfonic acid; SD, standard deviation;
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Figure 1

Levels of glutamate and glutamine excreted from E. gracilis following dark, anaerobic incubation.
Glutamates (A–C) and glutamines (D–F) were obtained from the cells incubated in the GTA buffer (A, D),
citrate buffer (B, E), and commonly used buffers (C, F) at pH 3–8. Data are represented as the mean ± SD
for biologically independent samples (n = 3–5). Different letters indicate statistically signi�cant
differences (Tukey's HSD test; p < 0.05). #Same data of metabolite levels in the citrate buffer (pH 6) were
used for B and C as well as E and F, respectively.

Figure 2

Levels of succinate and ammonium excreted from E. gracilis and pH values of the media after dark,
anaerobic incubation. Succinates (A–C) were obtained from the cells incubated in the GTA buffer (A), the
citrate buffer (B) or the commonly used buffer (C) at pH 3–8. The pH of the media before (designated as
Initial) and after (designated as Final) were measured after cell incubation in the GTA buffer (D), the
citrate buffer (E) or the commonly used buffer (F). (G) Levels of ammonium excreted from the cells
incubated at glycine buffer (pH 3) or HEPES buffer (pH 8) were quanti�ed. Data are represented as the
mean ± SD for biologically independent samples (n = 3–5). Different letters indicate statistically
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signi�cant differences (Tukey's HSD test; p < 0.05) or an asterisk (p < 0.05). #Same data of metabolite
levels in the citrate buffer (pH 6) were used for Fig. B and C, and E and F, respectively.

Figure 3

Cellular morphology of E. gracilis under dark, anaerobic incubation. Representative cells incubated in the
GTA buffer (A), citrate buffer (B), and commonly used buffer (C) at pH 3–8 were observed by microscopy.
Scale bars represent 10 µm. #Same data of the cells in the citrate buffer (pH 6) were used for B and C.

Figure 4

Observation of E. gracilis cells under dark, anaerobic incubation. Cell morphology was measured by
microscopy and the parameters were calculated using the image visualisation software ImageJ. Data are
represented as the mean ± SD for biologically independent samples (n = 60). (A–C) The shape of the E.
gracilis cells was considered as spindle if the length/width ratio, designated as aspect ratio (AR), was 1.3
or greater and was considered spherical if AR was less than 1.3. Cell areas were also calculated from the
photographs using ImageJ. Data are represented as the mean ± SD for biologically independent samples
(n = 60). Cells incubated in the GTA buffer (A, D), citrate buffer (B, E), and commonly used buffers (C, F) at
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pH 3–8. #Same data of the cells in the citrate buffer (pH 6) were used for B and C as well as E and F,
respectively.

Figure 5

Density of E. gracilis cells under dark, anaerobic conditions. Cells (OD730 = 20, 140 or 200) were
incubated in citrate buffer (pH 6) for 3 days. Levels of excreted glutamate (A), glutamine (B), and (C) after
incubation in dark, anaerobic conditions are represented as mean ± SD for biologically independent
samples (n = 3). (D) pH of the media before (designated as Initial) and after (designated as Final)
incubation were measured, and are represented as mean ± SD for biologically independent samples (n =
3). Cell morphology was measured by microscopy (E). A representative cell was chosen, and the cell
shape (F) and cell area (G) were calculated using the image visualisation software ImageJ, and the data
are represented as mean ± SD for biologically independent samples (n = 60). #Data of OD730 in Figure 5
are the same as that in Fig. 1–4.
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Figure 6

Correlation analysis of the metabolites, pH of the media, parameters of cell morphology and cell density.
Positive and negative correlations are shown in red and blue lines respectively. Line density represents the
degrees of the correlations, visualised by Cytoscape_ver3.7.2. Correlation analysis was performed using
the data of cells incubated in the GTA buffer (A), the citrate buffer (B) or the commonly used buffer (C) at
pH 3–8 in Figures 1, 2 4, and different cell densities in the citrate buffer (pH 6) in Figure 5. The numerical
values of correlation coe�cients are listed in Additional �le 1.
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