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Growing interest in the use of microalgae as a sustainable feedstock to support a
green, circular, bio-economy has led to intensive research and development initiatives
aimed at increasing algal biomass production covering a wide range of scales. At
the heart of this lies a common need for rapid and accurate methods to measure
algal biomass concentrations. Surrogate analytical techniques based on chlorophyll
content use solvent extraction methods for chlorophyll quantification, but these methods
are destructive, time consuming and require careful disposal of the resultant solvent
waste. Alternative non-destructive methods based on chlorophyll fluorescence require
expensive equipment and are less suitable for multiple sampling of small cultures which
need to be maintained under axenic growth conditions. A simple, inexpensive and
non-destructive method to estimate chlorophyll concentration of microalgal cultures
in situ from digital photographs using the RGB color model is presented. Green
pixel intensity and chlorophyll a, b and total chlorophyll concentration, measured by
conventional means, follow a strong linear relationship (R? = 0.985-0.988). In addition,
the resulting standard curve was robust enough to accurately estimate chlorophyll
concentration despite changes in sample volume, pH and low concentrations of bacterial
contamination. In contrast, use of the same standard curve during nitrogen deprivation
(causing the accumulation of neutral lipids) or in the presence of high quantities of
bacterial contamination led to significant errors in chlorophyll estimation. The low
requirement for equipment (i.e., a simple digital camera, available on smartphones) and
widely available standard software for measuring pixel intensity make this method suitable
for both laboratory and field-based work, particularly in situations where sample, qualified
personnel and/or equipment is limited. By following the methods described here it should
be possible to produce a standard curve for chlorophyll analysis in a wide range of testing
conditions including different microalga cultures, culture vessel and photographic set up
in any particular laboratory.
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FIGURE 4 | The relationship between final green pixel intensity, calculated
from the RGB color method, and (A) chlorophyll a + b, (B) chlorophyll a and
(C) chlorophyll b concentrations, as measured by standard extraction method
in 80% acetone, for a culture of C. reinhardtii photographed at two different
culture volumes. Red = “low volume”, 3.5 ml samples; Gray = control, 5ml
samples. Data points represent the mean green pixel intensity of three
photographs (y) and the mean chlorophyll concentration of three sample
aliquots (x).

in the correlation at concentrations above chlorophyll a 4+ b =
16 jLg/ml (green pixel intensity = 0.125), correlations have only
been compared up to green pixel intensity = 0.125; data points
above this have been removed from the fitted lines.

Table 2 gives the minimum detectable effect size (| Aslope|) for
the given sample sizes. The effect size, in this case, is the smallest
difference in slope between the RGB/chlorophyll correlations for
control and variable datasets that can be distinguished with the
given sample sizes.

Figure 4 shows the effect on the relationship between green
pixel intensity and chlorophyll 4, b and total chlorophyll when
the photographed sample volume is reduced from 5.0 to 3.5 ml.
Samples were photographed at a volume of 3.5 ml for comparison
with the control samples (5ml) before being analyzed for
chlorophyll concentration by extraction in 80% (v/v) acetone in
methanol. In each case the linear fit for the low volume samples
(red) is shown next to that of the control dataset (gray) with the
95% confidence bands of each fit. In each case the R? values of
0.988, 0.989 and 0.985 for total chlorophyll (a + b), chlorophyll
a and chlorophyll b, respectively demonstrate a strong linear
relationship between the green pixel intensity and chlorophyll
concentration for the lower sample volume.

Comparing the low volume and control datasets, we found
no significant difference between the slopes of the two lines (p
> 0.05, Table 3); this is corroborated by the overlapping 95%
confidence bands in each case.

Similarly, we found no significant difference between the
intercepts of the low volume and control datasets (p > 0.05,
Table 3).

During growth, even buffered cultures can vary in their pH
owing to the consumption and release of carbon dioxide during
photosynthesis and respiration. A selection of samples were
transferred into high pH media (pH 9.5) immediately before
being photographed in order to test the effect of pH on the RGB
method. Figure5 shows the relationship between green pixel
intensity and conventional chlorophyll quantification for high
pH samples compared to the control dataset (7.0 < pH <8.5).
The control dataset is present at a range of pH values owing to the
increase in pH as the culture grows. The strong linear relationship
is maintained despite the increase in pH as is evident from the
high R? values (R? > 0.995 in each case).

We found a significant difference between the slopes of the
high pH and control data for total chlorophyll and chlorophyll
a (p = 0.035 and 0.009 respectively, Table 4). In contrast, for
chlorophyll b there is no significant difference in the slope or
intercept compared with that of the control data (p = 0.383)
indicating that chlorophyll b concentration determined from the
RGB color method is less sensitive to change in the culture
pH. This can be seen clearly from the plots of the correlations
against the control correlation (Figure 5). With the exception
of chlorophyll b, the high pH correlation is steeper than the
corresponding correlation for the control dataset.

E. coli was added at two different concentrations (Agpy ~
1.0 and 0.25) to a range of C. reinhardtii samples to investigate
the effect of bacterial contamination on the RGB method.
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TABLE 3 | Regression parameters for “Low Volume” samples.

Slope? Intercept®
Equation R? F1,33) P F1,34) P
Chla+b y = 0.00721(+0.00035) x + 0.988 0.405 0.529 1.292 0.264
0.00117(+0.00337)
Chla y =0.01016(£0.00047) x + 0.989 0.335 0.567 1.251 0.271
0.00136(+0.00320)
Chlb y = 0.02481(+0.00139) x + 0.985 0.545 0.466 1.328 0.257
0.00085(+0.00388)
ap-values indicating whether the slope of the fitted line is significantly different from that of the control dataset in each case.
bp-values indicating whether the intercept of the fitted line is significantly different from zero and from the control dataset in each case.
TABLE 4 | Regression parameters for “High pH” samples.
Slope? Intercept®
Equation R2 F(1,31) P F(1 ,32) P
Chla+b y = 0.00782(£0.00021) x — 0.997 4.868 0.035 - -
0.00316(+0.00186)
Chla y =0.01137(£0.00026) x — 0.998 7.890 0.009 - -
0.00204(+0.00154)
Chl b y = 0.02493(+0.00104) x — 0.993 0.783 0.383 1.825 0.186
0.00530(+0.00292)

ap-values indicating whether the slope of the fitted line is significantly different from that of the control dataset in each case.
bp-values indicating whether the intercept of the fitted line is significantly different from zero and from the control dataset in each case.

Figure 6 shows the relationship between the two methods for
each concentration of E. coli (red) compared to the control
dataset (gray). The clear linear relationship between the two
methods is maintained despite the bacterial contamination (R? >
0.995 in both cases). There was no significant difference between
the slopes of the contaminated samples and control data for
chlorophyll g, b or total chlorophyll concentration (Table 5).

However, when fitting two lines with the same slope, there
was a significant difference between the intercepts of the
contaminated and control datasets for both the high and low
E. coli cases, except for low E. coli chlorophyll b (Table 5). This
difference in the intercepts of the contaminated and control
correlations can be clearly seen in Figure 6, indicating that the
high E. coli contamination is causing a zero error in the intercept
affecting the detection limit of the method. That can be easily
corrected if the level of contamination is known.

When starved of nitrogen, microalgae typically accumulate
neutral lipids and cellular chlorophyll content is seen to deplete;
this is proposed to be due to recycling of the chloroplast
membrane lipids in favor of neutral lipid accumulation as an
energy store (Moellering and Benning, 2010; Valledor et al,
2014). Reduction in chlorophyll concentration therefore has the
potential to be used in many cases as an early indicator of neutral
lipid accumulation. To test the effect of this process on the RGB
method, a series of samples at a three optical densities (Agoo
= 1.6 - 0.6) were transferred into TAP-N media and analyzed
periodically, one sample per starting optical density over 8 days,

as the chlorophyll content gradually decreased. Figure 7 shows
the effect of nitrogen starvation on the correlation between green
pixel intensity and chlorophyll concentration; individual symbols
represent different starting optical densities.

Decreasing initial culture absorbance (Aggp) is shown to result
in a decrease in the measured green pixel intensity at similar
chlorophyll concentrations. Similarly, the green pixel intensity at
zero chlorophyll concentration is shown to be dependent upon
the initial optical density of the samples. For nitrogen starved C.
reinhardtii there is a clear difference in the correlations between
methods compared with that of the control dataset.

Table 6 gives the error generated, as a percentage of the
actual value, if the standard curve for the control dataset is used
to estimate chlorophyll concentration for each environmental
variable; TAP-N correlations are not included owing to the
poor similarity with the control. In each case, the green pixel
intensity corresponding to the maximum and half maximum
measurable chlorophyll concentrations for the control dataset
are used to calculate the predicted and actual chlorophyll
concentrations for each variable in order to calculate the
generated errors.

For the low volume, high pH and low E. coli concentration
the errors are typically <10% indicating only a relatively small
overall error in the estimate of chlorophyll concentration. The
standard curve for the control dataset could be used in each of
these cases with relatively small errors. In contrast, there is a
large error introduced when there is larger E. coli contamination,
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FIGURE 5 | The relationship between final green pixel intensity, calculated
from the RGB color method, and (A) chlorophyll a + b, (B) chlorophyll a and
(C) chlorophyll b concentrations, as measured by standard extraction method
in 80% acetone, for a culture of C. reinhardtii photographed at two different
culture pHs. Red = “high pH”, pH 9.5 samples; Gray = control, pH 7.0-8.5
samples. Data points represent the mean green pixel intensity of three
photographs (y) and the mean chlorophyll concentration of three sample
aliquots (x).

with errors typically between 15 and 25%. Use of the standard
curve of the control dataset would yield greater errors when
high levels of contamination are present. The errors shown also
corroborate that E. coli contamination induces a zero error in
the intercept of the standard curve as can be seen from the
increased percentage error at lower chlorophyll concentrations,
while high pH results in an increased slope of the fit, seen from
the reduced error at lower total chlorophyll and chlorophyll
a concentrations.

DISCUSSION

This study presents a simple and non-destructive method by
which the concentration of chlorophyll a, b and total chlorophyll
of a microalgal culture can be estimated from the green pixel
intensity of digital photographs using a standard calibration
curve. The ability to determine chlorophyll in situ avoids repeated
sampling, which is a problem with small culture volumes where
there is insufficient material for repeated removal of sample,
and which also risks introducing contamination. Compared with
other digital image analysis methods (Su et al., 2008; Dey et al.,
2016; Friedman et al., 2016), the method reported here needs only
simple, easily available digital camera equipment and software
and no complicated analysis. It should be easy to implement
in different laboratory settings once a standard curve has been
established for the specific experimental set up.

There is a strong linear relationship (R? > 0.985) between
green pixel intensity, calculated from the tested method, and
total chlorophyll concentration, as measured by a standard
spectroscopic method with chlorophyll extraction in 80% (v/v)
acetone/20% methanol (Porra et al., 1989) for a sterile culture
of C. reinhardtii in TAP media (pH 7.0-8.5), photographed at
a sample volume of 5ml, up to a concentration of 16 pg/ml
total chlorophyll (green pixel intensity = 0.125). Above this, the
gradient of the slope decreases indicating the curve tends toward
a plateau at high chlorophyll concentration. From this, the limit
of sensitivity for the method has been estimated at a green pixel
intensity of 0.125 and therefore samples with higher chlorophyll
concentration (>16 pg/ml) should be diluted to fall within the
linear interval of the RGB method.

A selection of commonly encountered environmental
variables were chosen to investigate the sensitivity of the method
to environmental interference. For each variable investigated,
the excellent linear relationship between green pixel intensity
and chlorophyll concentration was maintained.

Statistical analysis revealed no significant difference in
the green pixel intensity/chlorophyll correlation when the
photographed sample volume was decreased. This indicates that
the method is insensitive to this factor and a single standard curve
created could be used to estimate chlorophyll concentration.
This is particularly important for time-course studies where the
culture volume may be reduced gradually over time as a result of
other analyses.

In contrast, we found that there is a statistically significant
increase in the slope of the green pixel intensity/chlorophyll
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FIGURE 6 | The relationship between final green pixel intensity, calculated from the RGB color method, and (i) chlorophyll a + b, (i) chlorophyll a and (jii) chlorophyll b
concentrations, as measured by standard extraction method in 80% acetone, for a culture of C. reinhardtii contaminated with two different concentrations of E. coli.
(A): Red = addition of 1.5ml E. coli (Asgp ~ 1.0); Gray = control, sterile samples. (B): Red = addition of 0.325ml E. coli (Agoo ~ 0.25); Gray = control, sterile samples.
Data points represent the mean green pixel intensity of three photographs (y) and the mean chlorophyll concentration of three sample aliquots (x).

correlation for both total chlorophyll and chlorophyll a when
pH is increased. Figure 8 shows the visible range absorbance
spectra for a culture of C. reinhardtii at pH 7.0 and 9.5. For the
sake of comparison, the pH 9.5 spectrum has been adjusted to a

total chlorophyll concentration equivalent to that of the pH 7.0
sample, assuming a directly proportional relationship between
total chlorophyll concentration and biomass optical density. As
can be seen from the spectra, the higher pH sample has a lower

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

10

July 2020 | Volume 8 | Article 746


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Wood et al.

Chlorophyll Quantification of Microalgal Cultures

TABLE 5 | Regression parameters for contaminated samples.

Slope? Intercept®
Equation R2 F(1 ,29) P F(1 ,30) P

+1.5ml E. coli Chla+b y = 0.00758(+0.00022) x + 0.998 2.526 0.123 16.156 <0.001
0.00623(+0.00198)

Chla y = 0.01092(+0.00041) x + 0.996 3.542 0.070 21.394 <0.001
0.00723(+0.00257)

Chlb y = 0.02472(+0.00025) x + 1.000 0.623 0.436 5.301 0.028
0.00418(0.00071)

+0.325ml E. coli Chla+b y = 0.00712(+£0.00019) x + 0.998 0.142 0.709 4.704 0.038
0.00488(+0.00132)

Chla y = 0.01023(+0.00029) x + 0.997 0.395 0.535 6.233 0.018
0.00500(-0.00139)

Chlb y = 0.02336(+0.00056) x + 0.998 0.022 0.882 1.894 0.179
0.00463(+£0.00118)

ap-values indicating whether the slope of the fitted line is significantly different from that of the control dataset in each case.
bp-values indicating whether the intercept of the fitted line is significantly different from zero and from the control dataset in each case.

TABLE 6 | Percentage error generated when using control data standard curve to estimate chlorophyll concentration in the presence of environmental interference*.

Total chlorophyll

Chla Chib

% error at max % error at half max

% error at max

% error at half max % error at max % error at half max

Low volume 4.3 4.6 3.9
High pH 8.8 5.2 12.9
+1.5ml E. coli 14.9 211 17.8
+0.325ml E. coli 6.4 10.7 8.1

4.4 5.1 5.2
10.2 0.1 —4.8
253 7.9 1.4
12.4 2.4 6.2

*Percentages are calculated at the maximum measurable and half maximum measurable chlorophyill concentration from the control data standard curve.

absorbance in the green region of the spectrum (~520-560 nm)
and higher absorbance in both the red (~630-750 nm) and blue
(~450-490 nm) regions of the spectrum. These differences will
result in the culture presenting with a stronger green color and
are likely responsible for the increased green pixel intensity of
the high pH samples at similar chlorophyll concentrations given
that green pixel intensity is defined as the ratio of the green pixel
component over the sum of red, green and blue components
(Equation 1). This increase in green color at high pH may be as
a result of chlorophyll conversion to chlorophyllin which occurs
via the removal of a hydrocarbon side chain and replacement
of the central magnesium ion with copper; copper chlorophyllin
has a much more intense green color compared with non-copper
chlorophyll (Kendrick, 2012).

Addition of E. coli (Agpp ~ 1.0) revealed a significant increase
in the intercept of the green pixel intensity/chlorophyll regression
for total chlorophyll and chlorophyll a, as can be seen from
Figure 6. It is likely that a zero error in the intercept is being
induced by the opacity of E. coli even in the absence of algal
biomass. The magnitude of this error was, as expected, higher for
high levels of contamination. Given that there is no significant
difference in the slope of the line with E. coli contamination, the
zero error in the intercept could likely be corrected for where the
level of contamination is known.

These observed differences in the lines for the E. coli and
high pH cases were much lower, or absent, for chlorophyll
b than total chlorophyll and chlorophyll a. The reason
for this is not understood but indicates chlorophyll b, as
calculated from the RGB method, is less sensitive to changing
environmental conditions. The control correlation could be used
as a standard curve to estimate chlorophyll b concentration
from green pixel intensity despite the environmental
interferences investigated.

In contrast to the other environmental interferences
investigated, there is a very clear difference between the
correlations for nitrogen starved samples compared with that
of the control dataset. For each initial biomass concentration,
the slope of the correlation is much shallower than that of the
control dataset and there is a clear increase in the intercept of
the correlation with increasing initial biomass concentration.
Both these factors would result in a significant overestimation
of the chlorophyll concentration from the green pixel intensity
if the original standard curve is used. We propose that this is
most likely due to the yellow color of the lipids as chlorophyll
concentration decreases. Given the proximity of yellow and
green within the visible spectrum, the residual yellow color
will likely cause significant interference with the green pixel
intensity. The green component of the RGB scale has previously
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= all of which can be conducted through widely accessible
0.000 : . software packages.
0.0 25 5.0
Chlorophyll b (ug/ml)
CONCLUSIONS
FIGURE 7 | The correlation between final green pixel intensity, calculated from
the RGB color method, and (A) chlorophyll a + b, (B) chlorophyll a and (C) Digital image analysis has been used to develop an inexpensive
Ch'$r09hy"b C?”Cemr?’[ionsvf aCS m?aiursq bVTS:;”aafd Z%tfaczonhme’[md L”d and rapid method to estimate chlorophyll a, b and total
80% acetone, for a culture of C. reinharalii in TAP-N media and photographe chlorophyll concentration of an algal culture without sample
over 8 days with three initial starting biomass concentrations as indicated by K i R K
the different Aggo values. Numbers above data points represent the number of destruction. Comparison of the Green Pixel Intensity (GPI)
days after inoculation that analysis took place. Data points represent the mean method described and a standard spectroscopic method for
green pixel intensity of three photographs (y) and the mean chlorophyll chlorophyll quantification of a culture of C. reinhardtii CC-1690
tc;):;iriwr::tlon of three sample aliquots (x) and lines represent linear fits through revealed a strong linear correlation ( R2 - 0.985) up to a green
' pixel intensity of 0.125, corresponding to a total chlorophyll
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concentration of 16 g/ml in this case. The standard curve
created is robust despite changes in sample volume and small
quantities of bacterial contamination and can therefore be used
in these cases without modification. Increasing pH resulted in
a small increase in the slope of the GPI/chlorophyll correlation
but errors in chlorophyll estimation remained small. In contrast,
large quantities of bacterial contamination result in an error in
the intercept of the standard curve leading to overestimations
of chlorophyll concentration. It is likely that correction factors
could be found and applied where the level of contamination is
known. Lipid accumulation, as a result of nitrogen deprivation,
resulted in significant changes to the GPI/chlorophyll correlation
proposed to be due to yellowing of the culture as chlorophyll
was depleted and neutral lipids accumulated. As such the
method, as it stands, is not appropriate for cultures with
reduced chlorophyll concentrations as a result of significant
lipid accumulation.

This method has the potential to be applied widely to
different algal culture situations or even environmental
samples, particularly in situations where sample and equipment
availability may be limited. This could include, for example, field
laboratories and laboratories in developing countries, school
laboratories or citizen science projects. It would require following
the methodology described to construct a standard curve relating
chlorophyll content to GPI for the specific algal species, culture
vessel and photographic set up. Although the experiments
presented here used an iPhone 5S and Microsoft Paint, in
principle any digital camera and software capable of analyzing
RGB pixel intensity could be used as long as the conditions
used for establishing the standard curve (growth, photographic
set up, and software) are subsequently replicated precisely
for the experimental samples. To the best of our knowledge,
the simplicity and accessibility of this method is unique
compared with other non-invasive chlorophyll quantification
methods, requiring very little equipment, expertise or
specialist software.
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