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DMSO and 1-5 % ethylene glycol) in every growth phase. The best Isochrysis

sp. and P. tricornutum Nile red fluorescence values had close to a linear

relationship (Fig. 31). In Figure 31 the highest and most stable Nile red

fluorescence values from Figure 29 for the P. tricornutum (5 % glycerol, 10 %
glycerol and 15 % glycerol) and Isochrysis sp. (5 % DMSO, 5 % DMSO and 0 %)

cultures are presented.
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Figure 31. The highest and most stable Nile red fluorescence values in the

three growth phases for the P. tricornutum (5 % glycerol, 10 % glycerol and 15
% glycerol) and Isochrysis sp. (5 % DMSO, 5 % DMSO and 0 %) cultures.

In addition, the Isochrysis sp. culture contained almost as much lipids in the

stationary growth phase as the S. obliquus culture in the late stationary growth

phase, but after Nile red staining the Isochrysis sp. culture produced an

approximately nine times higher fluorescence value without solvents than the S.

obliquus culture with a high concentration of DMSO (Fig. 30).

8.3 A step towards automation of the Nile red method

The Nile red fluorescence values measured with both the traditional and modified

method are presented in Figure 32. The correlation between the fluorescence

values obtained with both methods is presented in Figure 33.
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Figure 32. The cell concentration (linear) and the average Nile red
fluorescence values measured with both methods. The cell concentrations
indicate the growth phase.
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Figure 33. The correlation between the traditional and modified Nile red

staining method.

Both methods produced similar results with only a few exceptions (experimental
days 12 and 19). When correlated together (Fig. 33), the R%-value was as high as
0.976. The average Nile red fluorescence values and the standard deviations of

the measured five replicates on each experimental day are listed in APPENDIX
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V. The calculated relative standard deviations for both methods are presented in
Table 8.

Table 8. The relative standard deviations obtained with the traditional and the
modified Nile red method. On day 5 the Nile red fluorescence values obtained

with the traditional method were negative and therefore discarded.

Experimental day RSD %
Traditional method Modified method
4 24.82 8.00
5 - 5.49
6 6.20 5.26
7 10.83 3:51
8 6.46 2.28
11 10.61 5.04
12 1.65 2.10
13 3.83 2.70
14 4.46 3.39
15 3.37 0.86
18 3.88 2.46
19 3.28 4.80

The relative standard deviations were, with only one exception on the 19"
experimental day, smaller with the modified Nile red method, where a ready
mixture of DMSO and Nile red was pipetted into the culture sample instead of

pipetting them separately (i.e., traditional method).
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9 Discussion

Working with Nile red and different phytoplankton species is very iterative. There
are several factors influencing the final outcome of the fluorescence
measurements: i) final concentration of Nile red, ii) concentrations of possible
solvents etc. used, iii) Nile red staining time with or without solvents or other
treatments, iv) fluorescence wavelengths, v) equipment (i.e., spectrofluorometer
and its settings), vi) phytoplankton species, vii) growth phase and viii) density of
the phytoplankton culture. Other possible factors affecting the results of Nile red
staining of phytoplankton neutral lipids are the growth medium of the
phytoplankton culture and the solvent into which the Nile red powder is dissolved.
Thus, there are many variables to be taken into account when studying the Nile
red method. Therefore, to limit the complexity of this study, some variables (e.g.,
culture density) had to be given less attention.

9.1 Preliminary experiments

In the wavelength experiment, excitation-emission matrices (EEMs) were
constructed for Nile red fluorescence measurements with P. tricornutum TV335.
In the stationary growth phase the Nile red emission maxima had clearly shifted
towards the neutral lipid region (< 580 nm) when compared to the EEM of the
exponential growth phase. However, the emission at the wavelength point
530/575 nm was not very strong. The true lipid content at the time of the
measurements was not determined, thus the weaker emission at the point where
strong Nile red emission had been observed before with other species
(unpublished studies by Seppala, Spilling and Tamminen) could be due to low
neutral lipid content in the P. tricornutum cells. The results showed the
accumulation of neutral lipids in the stationary growth phase, but because a clear
emission maximum in the neutral lipid region wasn’'t detected, the previously
used 530/575 nm wavelength combination was used in the subsequent
experiments of this thesis. In Table 2 it can be seen, that almost in every study

different wavelength combinations for excitation and emission have been used.
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The differences are probably at least partly due to differences in fluorescence

measurement equipment and the parameters used.

In addition to the varying wavelengths, also the final Nile red concentrations used
in different Nile red studies vary considerably (Table 2). In the wavelength
experiment a fixed Nile red concentration (1.0 ug/ml) was used, because it had
proven to be suitable for Nile red staining of P. tricornutum in previous
unpublished studies by Seppald, Spilling and Tamminen. The 1.0 ug/ml Nile red
concentration had also been used in many studies listed in Table 2. Studies on
the effect of different Nile red concentrations on the fluorescence intensity have
been published (Cooksey et al. 1987, Fowler et al. 1987, Chen et al. 2009,
Huang et al. 2009) and it was also tested in this thesis. In the results presented in
Section 8.1.2 the Nile red fluorescence intensity increased to 1.0 pug/ml, which
produced the highest fluorescence value, stayed almost constant between 0.5
and 3.0 pg/ml, and after that decreased. Similar results were displayed in the
study by Chen et al. (2009). The relative fluorescence was low at 0.1 pg/ml,
increased and stayed almost constant between 0.25 and 2.0 pug/ml with a highest
value at 0.5 pg/ml, and then decreased too with higher concentrations (5.0 and
10.0 pg/ml). This phenomenon of first increasing and then decreasing
fluorescence values along increasing Nile red concentrations was also constantly
detected by Fowler et al. (1987) in several experiments. However, different kinds
of results have been presented too. Cooksey et al. (1987) and Huang et al.
(2009) both didn't detect decrease of fluorescence with high Nile red
concentrations, but noted that with concentrations higher than approximately
1.0-2.0 pg/ml of Nile red the fluorescence produced stayed practically constant.
Therefore, both Cooksey et al. (1987) and Huang et al. (2009) chose to work with
the lowest Nile red concentration that still produced the highest fluorescence
values (1.0 and 2.0 pg/ml respectively, Table 2).

9.2 Effect of the solvents on Nile red penetration and staining
A central objective of this thesis was to find out, whether the Nile red penetration
into phytoplankton cells and the subsequent lipid staining of the neutral lipids

could be enhanced with the use of solvents in the case of phytoplankton species
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that have been proven difficult to stain. Three solvents were chosen to be tested
on four species of high interest for lipid production with different Nile red staining
behaviours. Successful Nile red penetration and complete staining of the neutral
lipid bodies is essential for the Nile red method to become a serious absolute

neutral lipid quantification method (i.e., no standard methods needed).

The diatom Phaeodactylum tricornutum TV335 was chosen, because of its high
lipid content and high growth rate (APPENDIX 1). In addition, in the unpublished
study by Seppala, Spiling, Tamminen and Enss (Table 10) it had exhibited
moderate Nile red staining without solvents and the solvent DMSO had already
proven to improve the staining of P. tricornutum TV335 cells. From the four
species, the P. tricornutum cells contained the highest amounts of lipids (% w/w)
and the culture had the highest lipid concentrations (mg/l) in the stationary growth
phases. The Nile red staining of the P. tricornutum culture with the help of
solvents was successful. This could be seen in the difference in the fluorescence
values obtained with and without solvents in the kinetic measurements. All the
solvents increased the fluorescence in every growth phase, although quite high
solvent concentrations were needed. The highest and most stable fluorescence
values were obtained with glycerol in every growth phase. The fluorescence
values increased linearly with the increasing lipid concentrations. The glycerol
concentrations, with which the highest values were obtained, were 5, 10 and 15
% (v/v) in exponential, stationary and late stationary growth phase respectively.
To produce the highest fluorescence values in the stationary growth phases with
DMSO and ethylene glycol higher concentrations (20 % v/v) were needed. Earlier
DMSO had been used to facilitate Nile red penetration into the P. tricornutum
cells (Unpublished study by Seppalad, Spilling, Tamminen), but the results of this
study indicated that both ethylene glycol and glycerol improve Nile red

penetration even more, the best results being obtained with glycerol.

The green alga Scenedesmus obliquus TVK-SOB-1 and Chlorella pyrenoidosa
TV216 are also promising species for lipid production, because of their high
growth rates and high lipid contents (% w/w). However, these species stain very
poorly, which has been suspected to be due to very rigid cell walls that Nile red
isn’'t able to penetrate (Chen et al. 2009). In the unpublished study by Seppala,

Spilling, Tamminen and Enss (Fig. 10) neither species produced higher
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fluorescence values in the stationary growth phase than in the exponential
growth phase after Nile red staining, although both species contained much
more lipids in the stationary growth phase than in the exponential growth phase.
Chen et al. (2009) tested the effect of DMSO on several species of the genus
Chlorella (e.g., Chlorella vulgaris) and found it to improve Nile red staining.
Subsequently, Huang et al. (2009) found DMSO effective for Nile red staining of
two different Chlorella species. Therefore, when planning the solvent experiment
for this thesis, the assumption was that at least DMSO from the chosen solvents
would increase the Nile red fluorescence values of the chosen green algae
species as well. However, none of the solvents increased the Nile red
fluorescence values of neither species from the exponential to the stationary
growth phase. On the contrary, the Nile red fluorescence even decreased from
the stationary to the late stationary growth phase in the case of S. obliquus. This,
although the cells of both species contained high amounts of lipids in the
stationary growth phases compared to the exponential growth phases. Questions
were raised about whether the cell walls of the S. obliquus cells thicken even

more when the cells age.

The results aroused interest and questions towards the studies by Chen et al.
(2009) and Huang et al. (2009). Huang et al. (2009) used lyophilized C.
pyrenoidosa powder dissolved in water for Nile red staining (i.e., Nile red in
DMSO), which might have facilitated Nile red staining. In this thesis, whole cells
were used and penetration was not achieved. Chen et al. (2011) further
developed the method by Chen et al. (2009) by adding microwave heating to the
DMSO treatment. This was done because after all, the method developed by
Chen et al. (2009) was not effective for some species with especially thick cell
walls (e.g., species belonging to the genus Scenedesmus) (Chen et al. 2011).
Hence, the green algae species used in this thesis might possess those
especially thick and rigid cell walls and might be those kinds of species Chen et
al. (2009) weren’t able to stain either.

In the unpublished study by Seppala, Spilling, Tamminen and Enss (Table 10)
the Isochrysis sp. cells stained well with only Nile red, which might be due to the
lack of a solid cell wall. Therefore, Isochrysis sp. CCAP 927/12 was chosen from

the promising species as kind of a reference species when it comes to Nile red
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staining. And indeed, the Isochrysis sp. cells stained best without solvents or with
very low concentrations of DMSO (5 % v/v) and ethylene glycol (1 % v/v). All
glycerol concentrations and the higher concentrations of DMSO and ethylene
glycol seemed only to harm the Isochrysis sp. cells by lowering the fluorescence.
The slope of the trendline of the highest /sochrysis sp. fluorescence values
wasn’t as large as the slope of the trendline of the highest P. tricornutum
fluorescence values (Fig. 31). This could indicate that the highest fluorescence
values obtained from the /sochrysis sp. culture in the kinetic measurements
weren't the highest possible. Thus, can the highest fluorescence values
corresponding to the true total lipid concentration in the culture even be obtained,
if the highest values were already obtained practically without solvents in this
case? One explanation for this might be an inadequate Nile red concentration for
staining all of the neutral lipid bodies in the Isochrysis sp. cells. Another reason
might be the quality and packaging of the stained lipids, which might affect the
Nile red fluorescence.

However, the interpretation of kinetic curves in general is very subjective (e.g.,
evaluation of what the highest values are) and statistical analysis of fluorescence
values changing as a function of time is impossible. Therefore, the results
presented in Section 8.2.4 are ambiguous and thus must not be interpreted too
pedantically. In general the results only indicate, whether fluorescence values
were improved with solvents and how much. Whether the maximum fluorescence

values obtained are the highest possible (i.e., absolute values) remains unknown.

9.3 Potential of the Nile red method for automation

The experiment with the modified Nile red method was a success. To my
knowledge, similar experimental setups have not been presented in literature.
The modified Nile red method produced similar results as the traditional method
and the relative standard deviations (RSD %) of the replicate samples were
smaller than those obtained with the traditional method. In addition, the mixture of
Nile red and DMSO was stable for at least three weeks (i.e., from preparation of

the mixture to the last experimental day).
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