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Abstract:

The effect of temperature on the photosynthetic rate of Chlamydomonas reinhardtii wild type
(CC-1690 - wild type mt+ 21 gr) and mutant (CC-3913 - pf9-3-mt-) was studied in this
experiment by the measurement of oxygen production under treatments of 15°C, 22°C, and
27°C. We predicted that the mutant would produce less oxygen than the wild type due to the lack
of flagella, and that decreasing temperature would decrease the photosynthetic rate due a
decrease in kinetic energy (Lambers et al. 2008, Petrucci et al. 2011). Our results showed that
the wild type produced significantly more oxygen than the mutant for the 15°C and 27°C
treatments (0.27mg/L and 1.24 mg/L more oxygen, respectively), allowing us to reject Ho, for
these treatments. We also found that decreasing temperature decreases oxygen production of the
wild type with significant differences in the oxygen production between the 15°C
(0.27£0.1mg/L) and 22°C (1.2+0.2mg/L) treatments, as well as between the 15°C
(0.27+0.1mg/L) and 27°C (1.6£0.4mg/L) treatments. This trend, however, is not consistent with
the results of the mutant; therefore, we were failed to reject Ho,. The mutant’s oxygen
production peaked at 22°C with a production of 0.84+0.1mg/L, and then dropped at 27°C to a
production of 0.36+£0.1mg/L. These results suggest that mutant strain CC-3913 - pf9-3-mt- may
be a temperature-sensitive mutant, and likely has reduced RuBisCO carboxylase activity at
certain temperatures (Spreitzer et al. 1988).

Introduction:

Chlamydomonas reinhardtii is a photosynthetic unicellular eukaryotic alga that lives in
fresh water ecosystems (Harris 2001). It has a diameter of approximately 50 micrometers and an
eyespot that mediates light perception and helps in finding optimal light conditions for
photosynthesis (Boyd 2011). The optimal temperature for photosynthesis of wild type C.
reinhardtii is 28°C (McCombie 1960). Our experiment focused on the photosynthetic ability of
C. reinhardtii wild type strain CC-1690 - wild type mt+ 21 gr and mutant strain CC-3913 - pf9-
3-mt- under varying temperature conditions. A key difference between the wild type and mutant

that may affect their photosynthetic rates is their flagella, as this affects their mobility. The wild



type has two flagella, resulting in faster movement, while the mutant has no flagella and is
therefore non-motile. These movement patterns were observed when viewing the wild type and
mutant under an Axio light microscope. This observation led us to predict that the wild type
would have a higher photosynthetic rate due to its increased ability to move to areas of optimal
light. Therefore, our first null and alternate hypotheses are:

Ho.: Wild type Chlamydomonas reinhardtii will produce equal or less oxygen than

mutant Chlamydomonas reinhardtii.

Ha.: Wild type Chlamydomonas reinhardtii will produce more oxygen than mutant

Chlamydomonas reinhardtii.

Photosynthesis, a process used by plants to convert light energy to chemical energy,
consists of two main parts: the light reactions and the Calvin cycle (Nelson and Cox 2008). As
oxygen is a by-product of the light reactions, we used it to measure of the rate of photosynthesis
in our experiment. The light reactions also produce ATP and NADPH, which are used to drive
the Calvin cycle, a process which consumes CO, and produces sugar (Fig. 1). It is important to
note that the Calvin cycle also produces ADP and NADP®, which are required for the light
reactions. Therefore, the light reactions and Calvin cycle are dependent on one another.
Temperature has an effect on the photosynthetic rate of organisms as increasing temperature
increases kinetic energy, which has been found to increase the rate of photophosphorylation
(Lambers et al. 2008, Petrucci et al. 2011). In our experiment, an increased rate of
photophosphorylation was measured by an increase in oxygen production. This model leads to
our second set of hypotheses:

Ho,: Lower temperatures increase or have no effect on the oxygen production of

Chlamydomonas reinhardtii.



Ha,: Lower temperatures decrease the oxygen production of Chlamydomonas reinhardtii.
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Figure 1. Overview of the two steps involved in photosynthesis. Image adapted from Purves et al., Life: The
Science of Biology, 4th Edition, by Sinauer Associates and WH Freeman.

Another factor that has been found to increase the photosynthetic rate of Chlamydomonas
reinhardtii is increased light intensity. Therefore we will be sure to maintain constant light
intensity over all three of our treatments (McCombie 1960).

The effect of temperature on the rate of photosynthesis of C. reinhardtii is an important
factor to investigate as it is a primary producer at the base of the ecosystem; thus its productivity
has an effect on the productivity of the ecosystem as a whole (Olga et al. 2012). As global
climate change is a current issue we are facing, it is valuable to know if C. reinhardtii can
photosynthesize at varying temperatures and produce sufficient amounts of oxygen to help

maintain habitable environments for other freshwater organisms (Allan and Castillo 2007).



Knowing the effect of temperature on the photosynthetic rate of C. reinhardtii can also act as a

model for how the photosynthetic rate of other plants may be affected at different temperatures.

Methods:

We performed our experiment over the course of one morning. First, we added 10 pL of
IKI fixative to 90 uL of stock culture of each strain (wild type and mutant) in two mcf vials, and
mixed them by micropipette. Next, we placed four 10 uL samples each of the fixed mutant and
wild-type strains on haemocytometers and counted the number of cells withina 1 x 1 x 0.1 mm
square grid under a light microscope (Fig. 3). We counted four replicates per strain. We then
calculated the cells/mL ratio to determine initial concentrations of each solution. We used the
formula C.V, = C,V, (C representing the concentration and V, the volume), to determine what the
final volumes of each strain needed to be in order for the wild type and mutant solutions to be the
same concentration. To achieve this concentration, we centrifuged each strain stock solution and
discarded the supernatant. We then re-suspended the pellet of each strain to achieve a final cell
concentration of 3,450,000 cells/mL (Fig. 2). Again, we added 10 pL of IKI fixative to 90 uL of
the now more concentrated stock solutions in two more mcf vials, and mixed by micropipette.
We then placed four more 10 pLL samples of each the fixed concentrated wild type strain and
mutant strain on haemocytometers to determine the new cell/mL ratio, and to make sure the
concentrations of both strains were relatively close to our target concentration of 3,450,000

cells/mL.



Figure 2. Louisa proudly displaying our centrifuged and re-suspended C. reinhardtii mutant cells.

Figure 3. The partial view under a light microscope of the fixed concentrated C. reinhardtii mutant cells about to be
counted on a haemocytometer under 100X magnification.

We prepared three replicates each of the wild type, mutant, and standard medium (the
procedural control) for each of the three experimental conditions (15°C, 22°C, and 27°C), as well
as three of each (the wild type, mutant, and standard medium) for an initial oxygen measurement.
Each replicate consisted of a 27 mL sample in a 27 mL vial, sealed tightly to prevent air bubbles
(Fig. 4). We filled three clear glass bowls with tap water for our water baths. Each was
individually lit with their own 150W flood lamp. We recorded the light intensity reaching each
water bath with a light intensity meter. To achieve the temperatures of 22°C and 27°C, we let the
water warm up under the lamps, and then maintained the target temperature by the addition of

ice. Similarly, the water bath of temperature 15°C was maintained by the addition of ice (Fig. 5).



Figure 4. C. reinhardtii wild type replicate at time zero in the 22°C water bath, notice no air bubbles (left). C.
reinhardtii wild type replicate at 22°C displaying the formation of oxygen bubbles after 1 hour (right).

We measured the initial oxygen concentration of three replicates of each of the wild type,
mutant and procedural control using an oxygen meter, and then discarded them. We then placed
nine replicates (three wild type, three mutant, and three procedural control) into the 15°C water
bath. The vials were placed upside down to expose the transparent side of the vial to the light
source, allowing for maximum light exposure. After five minutes, nine replicates were placed in
the 22°C bath, and after another five minutes nine replicates were placed in the 27°C bath. This
staggering of start times was to ensure all replicates would be exposed to their treatment for the
same amount of time despite the time lag created by taking the final measurements. Throughout
the experiment, we monitored the temperatures of the water baths with thermometers and added
ice when necessary. After the replicates had been exposed to their treatment for eighty minutes,

we measured their final oxygen concentrations using an oxygen meter.



Figure 5. Our experimental set-up. Three C. reinhardtii mutant, three wild type, and three procedural
control replicates in each water bath (temperatures from left to right: 15°C, 22°C, and 27°C) under 150W
flood lamps.

After data collection, we subtracted the mean initial oxygen concentration from the mean final
oxygen concentration for each of the wild type, mutant, and procedural control solutions, and
calculated 95% confidence intervals. (Note: Since we had to discard the samples after taking the
initial oxygen reading, the data were not paired; this is why we subtracted means instead of
pairings.) The mean difference in oxygen concentration of the procedural control was then
subtracted from the mean oxygen concentration differences of the wild type and mutant. For
comparison between the wild type and mutant, we subtracted the mean oxygen production of the

mutant from the wild type for each condition and performed a t-test between samples.



Results:

Table 1. Difference in oxygen production (mg/L) between C. reinhardtii wild type and mutant at 15°C, 22°C, and

27°C after 80 minutes.

Temperature Treatment

Wild Type [O;] — Mutant [O,]

15°C 0.27 mg/L (P-value 0.05)
22°C 0.36 mg/L (P-value 0.10)
27°C 1.24 mg/L (P-value 0.01)

As shown in Table 1, the wild type produced more oxygen than the mutant at each
temperature treatment. Based on the P values for the t-test, we can conclude that there was a
significant difference in the production of oxygen between the wild type and mutant at 15°C and
27°C, but not at 22°C. At 15°C, the wild type produced 0.27 mg/L more oxygen than the mutant,
and at 22°C, 0.36 mg/L more the mutant. The largest difference in oxygen production was at

27°C, with the wild type producing 1.24 mg/L more than the mutant.

2.5
2
—
SN
£ ¢
€ 15
s
3 ot
w
g &
a Em
c
% 0.5 i
& ¢
O i T T T T T T 1
14 16 18 20 22 24 26 28
-0.5
Temperature in degrees Celsius

Figure 6. Mean oxygen production (mg/L) of C. reinhardtii mutant (m) and wild type (wt) at 15°C, 22°C, and 27°C
after 80 minutes with 95% confidence intervals (n=3).



For the wild type, there was a significant difference between oxygen produced at 15°C
and 22°C. There was also a significant difference between oxygen produced at 15°C and 27°C.
While there was no significant difference between 22°C and 27°C, the 27°C treatment still had a
mean higher than that of the 22°C treatment, thus showing an apparent trend. The trend is that
with increasing temperature, there is an increase in oxygen production, with the 15°C treatment
having the lowest production of oxygen, 0.27£0.1mg/L, the 22°C treatment having an oxygen
production of 1.2+0.2mg/L, and the 27°C treatment having the highest production of oxygen,
1.6+0.4mg/L (Fig. 6).

Figure 6 also shows that for the C. reinhardtii mutant, there was a significant difference
between oxygen concentrations in each temperature treatment. Oxygen concentration was lowest
at 15°C, with a production of 0+0.1mg/L, and peaked at 22°C, with an oxygen production of

0.84+0.1mg/L. Oxygen concentration then dropped down to 0.36+0.1mg/L at 27°C.

Sample Calculation of [O,] Produced by the Mutant at 22°C:
Initial Mean [O,] Mutant: (8.3 + 8.4 + 8.4)/3 = 8.4+0.1 mg/L
Initial Mean [O,] Procedural Control: (8.3 + 8.2 + 8.3)/3 = 8.3£0.1 mg/L
Final Mean [O,] Mutant: (8.7 + 8.7 + 8.6)/3 = 8.7+0.1 mg/L
Final Mean [O,] Procedural Control: (7.7 + 7.7 + 7.8)/3 = 7.7£0.1 mg/L
*used excel to calculate 95% confidence intervals:
Example of a confidence interval calculation for final mean of procedural control:

/02+02+0.12
=1.96x = = 1.96% *——=008mg/L =0.1 mg/L

Subtracted Initial [O,] Means from Final Means:
[O,] Production of Mutant: (8.7+£0.1 mg/L) - (8.4+0.1 mg/L) = 0.30+£0.1 mg/L
[O,] Production of PC: (7.7£0.1 mg/L) - (8.3£0.1 mg/L) = -0.54+0.1 mg/L
Subtracted [O,] Production of the PC from [O,] Production of Mutant:
0.30£0.1 - (-0.54+0.1) = 0.84+0.1 mg/L

Sample t-test calculation between wild type and mutant O, production at 15°C:

\/(Slzfr.?’ll + .5'22 J'fﬁ:!)



1.6-0.36  _ 1.24 _ 124

N \/(0.092)+ (0352) V0.0027+0.0408  0.209
3 3

=5.933

Degrees of freedom = 3+3-2=4
The value for a two-sided test with a p-value 0.01, and 4 degrees of freedom on the t-table is 4.604.
5.933 > 4.604, therefore we are 99% confident of a difference between the two means.

Discussion:
Based on statistical analysis of our results, we reject Ho; and Ho,. Supporting Hay, the results
from our experiment showed that the wild type C. reinhardtii produced significantly more
oxygen than the mutant at 15°C and 27°C. While the difference was not significant at 22°C, the
wild type still produced more oxygen than the mutant. This trend probably exists due to the fact
that our mutant doesn’t have any flagella. This is most likely the result of a genetic defect in the
mutant’s central-pair microtubule structure in the flagella’s supporting structure (Adam et al.
1981). Due to this mutation (lack of flagella), the mutant’s ability to move in the direction of a
light source is restricted (Adam et al. 1981). While we applied constant light over all samples,
the top of each vial most likely received the most light. Therefore, the wild type’s ability to move
to the top of the vial may have caused the higher oxygen production compared to the mutant.
Observations during our experiment support this as in the wild type vials, we saw a concentrated
green colour near the top of the vials, which represented C. reinhardtii gathering together in that
location. This was not seen as much in the mutant vials, as the green colour was much more
evenly distributed.

Decreasing temperature decreases the oxygen production of wild type C. reinhardtii. The
decrease in temperature caused a significant decrease in oxygen from 27°C to 15°C, and from

22°C to 15°C. While the difference from 27°C to 22°C was not significant, it still followed the



same trend. Literature supports these findings as it states that 28°C is the optimal temperature for
photosynthesis in wild type C. reinhardtii, suggesting that lower temperatures should result in
less oxygen production (McCombie 1960). Because oxygen is a product of the light reactions of
photosynthesis, our results show that increasing the temperature increases the rate of
photophosphorylation. A possible explanation for this is that increasing temperature increases the
kinetic energy of a system (Petrucci et al. 2011). Higher kinetic energy increases the number of
collisions between the enzymes and substrates of the light reactions, ultimately resulting in a
higher photosynthetic rate (Lambers et al. 2008).

The light reaction rate (and thus rate of oxygen production) is also affected by the rate of
the Calvin cycle since the ADP and NADP+ produced in the Calvin cycle are required for the
light reactions to take place. Therefore, another possible factor that may contribute to the trend
seen in the wild type could be that RuBisCO, an enzyme responsible for carbon fixation, is
sensitive to colder temperatures (Storey and Tanino 2012). If the Calvin cycle was slowed down,
the rate of production of ADP and NADP™" would slow down, and thus the rate of the light
reactions would slow down accordingly.

When looking at the trend in the mutant, there is a peak in oxygen production at 22°C,
with significantly less oxygen being produced at 27°C and 15°C. Spreitzer et al. (1988) states
that many mutants are temperature-sensitive, with their defects being evident at varying
temperatures. Our results suggest that the mutant strain CC-3913 - pf9-3-mt- is temperature-
sensitive, since the difference in oxygen production between the wild type and mutant was
significantly larger at 27°C, with a difference of 1.24 mg/L. This defect can be due to a number
of factors including pigmentation, a defective electron transport chain, or a defect in RuBisCO

(Spreitzer et al. 1988). The pigmentation of the wild type and mutant were both a pale green



colour, and defects in the electron transport chain are rare as they are usually lethal, so it is
unlikely the temperature sensitivity in the mutant was due to either one of those factors. The
mutant’s temperature sensitivity is most likely caused by reduced RuBisCO carboxylase activity
at certain temperatures, as this is the case for most temperature-sensitive mutants (Spreitzer et al.
1988). This reduced activity is generally caused by the defect in a gene that codes for the large
subunit of RuBisCO (Spreitzer et al. 1988). As stated earlier, reduced RuBisCO activity would
decrease the rate of the Calvin cycle, which would decrease production of ADP and NADP®, and
thus decrease the rate of oxygen production. Regarding the low oxygen production of the mutant
at 15°C, this is most likely due to decreased kinetic energy at lower temperatures and the
temperature sensitivity of RuBisCO, just as in the wild type (Petrucci et al. 2011, Storey and
Tanino 2012).

One limitation to our study is that while these results are representative of the particular
culture we tested, they may not be representative of the strain in general. The particular mutant
and wild type cultures used were raised at 17°C, thus natural selection could have favoured
individuals best suited for this temperature. It is possible cultures raised at different temperatures
would lead to different results.

In addition to biological factors, sources of error in the execution of the experiment could
have affected our results. For example, while we tried to keep our water baths at 15°C, 22°C, and
27°C, their temperatures fluctuated between 14-15°C, 20-23°C, and 26-30°C, respectively.
Another source of error regarding the maintenance of abiotic factors is that although we tried to
keep the light intensities constant by using bulbs of the same watts, there was still some

variation. The light intensities were 46500 lux, 47500 lux, and 44100 lux in the 15°C, 22°C, and



27°C treatments, respectively. It is possible that part of the increase in oxygen production in the
22°C treatment was due to the increased light intensity, not solely due to the temperature.
Another factor that may have had an effect on our data is that although our target cell
concentrations for the wild type and mutant was 3,450,000 cells/mL, there is likely to be some
degree of error due to sampling variation. If the wild type or mutant ended up having a higher

cell concentration, this would most likely result in higher oxygen production.

Conclusion:
In conclusion, we rejected H1 and Ho,. We found significant differences showing that
increasing temperature increases oxygen production. The wild type C. reinhardtii produced

significantly more oxygen than the mutant at 15°C and 27°C.
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