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Abstract
Temperature has a range of effects on population demographic rates and physiology of microalgae for potential bioenergy application.
The changes in microalgal growth, stoichiometry and cellular lipid contents of 14 different microalgae species with high bioenergy
potentials in response to different temperature between 10 and 35 °Cwere investigated. For most of the chosenmicroalgae, the specific
growth rate increased with temperature over most of the range. On the other hand, the biomass density of most of the selected species
declined with temperature at stationary phase. Certain cyanobacteria failed to grow below 20 °C, while eukaryotes had a wider
temperature range. Lipid content, by contrast, showed different responses to temperature among the 14 species. Nine of the species
showed a positive response with increased temperature, while others showed neural or unimodal response. Cellular C:N and C:P ratios
weremostly unimodally related to temperature. Some eukaryotic species showed the lowest total lipid contents but the highest C:N and
C:P ratios, the fastest growth, and the highest biomass density at their stationary phases. The results indicated that the responses of the
life history and cellular stoichiometry to temperature were more consistent across microalgae than that of total lipid content.
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Introduction

Microalgae are regarded as a group of promising organisms
with high bioenergy and biofuel (e.g., biodiesel) production
potentials without requiring high-quality land (Schenk et al.

2008). Compared to terrestrial plants, algae have the potential
for high productivity biofuels used for transportation and
bioenergy used for heating/cooling and electricity generation
(Srebotnjaka and Hardi 2011), requiring less acreage than tra-
ditional feedstock. Moreover, microalgae can even grow on
non-arable land using wastewaters (Dismukes et al. 2008; Su
et al. 2012). Provided the nutrients are recycled and water loss
in evaporation is restricted, lipids accumulated by microalgae
for the production of biodiesel are a promising alternative to
producing energy without placing competing pressures on
food production systems except for fresh water and fertilizers
(Borowitzka and Moheimani 2013). In addition, microalgae-
based technologies could greatly reduce greenhouse gas emis-
sions (Brune et al. 2009; Tian et al. 2010; Balat and Balat
2011; Demirbas 2011). In spite of advantages previously men-
tioned, commercialization of microalgae-derived fuel still re-
mains challenging due to various technical and economic con-
straints. Microalgal species candidates for bio-oil production
must show relatively high growth rates and lipid content under
a wide range of environmental conditions for the sake of cost-
effectively growing outdoors (Markevicius et al. 2010).

Factors both abiotic to biotic affect microalgal growth and
biodiesel yield (Courchesne et al. 2009; Bernard 2011; Su
et al. 2012). Obviously, a good understanding of
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the physiology, biochemistry, and ecology ofmicroalgae helps
achieve reliable cultures, which is essential to fully exploit the
potential of microalgae (Borowitzka 2016). Growth condi-
tions such as temperature, light, pH, salinity, and nutrient sta-
tus of the culture medium affect microalgal photosynthesis
and biomass productivity as well as biochemical composition
caused by pattern, pathway, and activity of cellular metabo-
lism (Dean et al. 2008; Cheng et al. 2010; James et al. 2011;
Pal et al. 2011; Chaffin et al. 2012; Gonzalez-Fernandez and
Ballesteros 2012). Among these factors, temperature influ-
ences all metabolic processes and plays an important role in
microalgal growth (Raven and Geider 1988) and chemical
composition (Falkowski and Raven 2007; Rling et al. 2013).
For example, both growth and lipid composition of the marine
diatom Odontella auritawere sensitive to culture temperature
(Pasquet et al. 2014). It has been reported that high growth
temperature can lead to significant decreases in protein con-
tent and increases in lipid as well as carbohydrate contents
(Renaud et al. 1995; Oliveira et al. 1999). On the contrary, it
has been found that the effect of temperature on fatty acids
was species-specific and there was no conclusive trend in
biochemical composition for different species (Piepho et al.
2012). As a result, the effect of temperature on lipid content of
microalgae remains uncertain, especially for different
microalgal groups.

Temperature also affects morphology, stoichiometry, and
life history of microalgae. Several studies have shown a de-
cline in average size of cells under warmer conditions (Chen
et al. 2009), with a general tendency toward smaller body size
in multi-cellular organisms. Almost all species show a general
tendency toward unimodal growth response where growth
declines sharply once the temperature is above the thermal
optimum. Long-term exposure to suboptimal temperature
may change the structure and dynamics of the photosynthetic
apparatus (Teoh et al. 2004). The optimum growth tempera-
ture varies greatly among species (Thomas et al. 2012).
Population carrying capacity often declines at higher temper-
atures (above 30 °C) accompanied with increasing metabolic
demands (Savage et al. 2004). Furthermore, temperature also
has substantial effects on phytoplankton stoichiometry al-
though Fu et al. (2007) found that there was no change in
cellular C:N or C:P of Prochlorococcus or Synechococcus
between 20 and 24 °C. The elemental stoichiometric compo-
sition of microalgae reflects the integration of the various pro-
cesses involving nutrient uptake, assimilation, or other envi-
ronmental factors (Sterner et al. 2002; Ventura 2006). In ad-
dition, temperature significantly affects nutrient demands,
competitive dynamics, and interactions with consumers
(Kalacheva et al. 2002). However, available studies are only
based on a single group of microalgae (e.g., Chlorophyta)
(Raven and Geider 1988). There is no overall trend in gross
biochemical composition for all species under study (Renaud
et al. 2002). On the other hand, there has been no systematic

investigation of the impact of temperature on different groups
of microalgae which have bioenergy potential.

Therefore, in this study, 14 microalgal species belonging to
five phyla (Cyanobacteria, Bacillariophyta, Heterokontophyta,
Glaucophyta, and Chlorophyta) were chosen to investigate the
responses of growth dynamics, C, N, and P, and lipid contents
to different temperatures (10, 15, 20, 25, 30, and 35 °C). The
study also offers insight for selecting and engineering strains as
candidate bioenergy crops, as well as predicting the response of
phytoplankton populations and communities to future climate
change.

Material and methods

Cultures

The microalgae used in this study were all freshwater
microalgae obtained from culture collections and researchers
at the San Diego Center for Algal Biotechnology in University
of California (San Diego, USA). Species used in the experi-
ment are listed in Table 1.

Pre-culture

The stock cultures of 14 species were maintained in 250-mL
Erlenmeyer flasks containing 100 mLWC medium (Guillard
and Lorenzen 1972) closed with a cellulose stopper. The cul-
tures were maintained in an incubator at a stable temperature
(20 °C) with a light/dark cycle of 12 h/12 h at light intensity of
70 ± 5 μmol photons m−2 s−1 photosynthetically active radia-
tion (PAR). After acclimation, each culture was transferred to
clean 50-mL Erlenmeyer flasks with 20 mL of WC medium.
The initial concentration in each flask was 1 μg chlorophyll-
a L−1 for cyanobacteria, and 3 μg chlorophyll-a L−1 for eu-
karyotes as the chlorophyll-a concentration is relatively higher
in eukaryotic microalgal cells. Flasks were placed in incuba-
tors for 15 days at the same light and temperature regimes that
would be used during the experiment. Flasks were shaken
manually twice every day to homogenize the oxygen, pH,
light, temperature, and nutrient gradients.

Culture

Each species was cultured in monoculture in WC at six tem-
peratures including 10, 15, 20, 25, 30, and 35 °C with five
replicates. Different light levels were used for prokaryotes vs.
eukaryotes because cyanobacteria growth is often inhibited at
high light levels (Shurin et al. 2013). The irradiance was 70 ±
5 μmol photons m−2 s−1 PAR for eukaryotes and 20 ± 5 μmol
photons m−2 s−1 PAR for cyanobacteria. The experiment was
performed in 50-mL Erlenmeyer flasks containing 20 mLWC
mediumwhich was renewed every 2 days. Flasks were shaken
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manually twice every day to homogenize the oxygen, pH,
light, temperature, and nutrient gradients. Biomass accumula-
tion was monitored every other day in forms of chlorophyll-a
concentration, measured by the in vivo module of a Turner
Trilogy fluorometer. The experiments lasted to the stationary
phase of algal growth, usually15 to 21 days. Samples were
collected at the end of each growth period to analyze N, P, C,
and neutral lipid content of the algal biomass.

Analysis and data statistics

C and N contents were measured by filtering 4–8 mL of the
culture onto pre-combusted Whatman GF/F filters. Then, they
were analyzed by an elemental analyzer at the UCDavis Stable
Isotope Facility. P content was measured by the method of
Menzel and Corwin (1956). First, a standard curve of the dis-
solved phosphorus (DP) and total phosphate (TP) was prepared
by determining the absorbance of five standard solutions. Then,
the standard curves were used to calculate the dissolved phos-
phorus and total phosphate. Finally, the DP from the TP was
subtracted to obtain particulate phosphorus content.

The Nile red staining method was used to measure the
neutral lipid content in microalgae according to Chen et al.
(2009). Firstly, the absorbance of the algal sample was adjust-
ed near to 5 μL of the algal sample (OD750 of 0.06) of known
absorbance in a 1.5-mL Eppendorf tube. The 3 μL of Nile red
solution was added and mixed with a micropipette. After in-
cubating at room temperature for 10min, 292 μL of water was
added and vortexed for 1 min (120 rpm). One hundred micro-
liters was added to each 384-well plate. The fluorescence of
the sample (Fs) was measured in a plate reader with an exci-
tation wavelength of 530 nm and an emission wavelength of
580 nm. Three blank replicates (Fb) using distilled water were
also prepared. The corrected fluorescence intensity (Fcorr) was

obtained by subtracting the fluorescence intensity of the blank
from the sample. A standard curve was prepared using differ-
ent concentrations of triolein (0.5–4 μg mL−1 at 0.5 μg mL−1

intervals). The standard curve was used to calculate the neutral
lipid content in the algae.

Growth curves were measured as the change in chloro-
phyll-a concentration over time and used to estimate asymp-
totic density at stationary phase (K), specific growth rate (μ),
and lag phase duration (λ) for every replicate using the Grofit
package in R. This software compares four different models
(Logistic, Gompertz, modified Gompertz, and Richards) to fit
growth functions and estimates the three parameters from the
model with the best fit to the data. Linear models were fitted
for all five dependent variables (μ, K, C:N, C:P, lipid content
as a percent of dry weight) with species identity and temper-
ature treatment as cross-factored independent variables. We
compared fits of first- and second-order models for tempera-
ture to test for the possibility of non-linear responses.
Individual linear models for response to temperature were
then fit to each species, and second-order terms were included
whenever they or their interaction with species significantly
improved the fit of the overall model including all species.

Correlations among the species-averaged trait values
across all temperatures were tested with Pearson correlation
coefficients, and a principal components analysis was used to
illustrate multivariate patterns of association among them. All
analyses were performed in R (Kahm et al. 2010).

Results

The response of specific growth rate (μ) to different tempera-
tures varied with each species and showed significant non-
linearity (Table 2; Fig. 1). Most cyanobacteria failed to grow

Table 1 A list of species used in
the experiment Species Name Group

A-SCOB Scenedesmus obliquus UTEX 393 Chlorophyta

B-SCDI Scenedesmus dimorphus UTEX 1237 Chlorophyta

C-CHMI Chlorella minutissima UTEX 2219 Chlorophyta

D-CHVU Chlorella vulgaris UTEX 395 Chlorophyta

E-CHRE Chlamydomonas reinhardtii Chlorophyta

F-CHOL Chlorococcum oleabundans Chlorophyta

G-TESP Tetraselmis sp. UTEX LB 2767 Chlorophyta

H-CYBI Cyanophora biloba UTEX LB 2767 Glaucophyta

I-NAOC Nannochloropsis oculata UTEX LB 2164 Heterokontophyta

J-NASP Navicula sp. Heterokontophyta

K-SYEL Synechococcous elongatus PCC 7942 Cyanobacteria

L-SYSP Synechocytis sp. PCC 6803 Cyanobacteria

M-B910 BLO 91 Chlorophyta

N-B902 BLO 902 Cyanobacteria
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below 20 °C, while several of the eukaryotic species (e.g.,
B910, Navicula sp.) also failed to grow well at either high or
low temperatures not allowing the estimation of the growth
parameters of the logistic equation. Several species (e.g.,
C. vulgaris) showed declines in growth rate at the highest
temperatures while others (e.g., C. reinhardtii) showed no
sign of reduced growth due to thermal stress. Carrying capac-
ity (K) most often declined with the increasing temperature
(Fig. 2), with evidence for non-linearity in the significance of
the second-order term and its interaction with species.

Cellular lipid content varied by both species and tempera-
ture and the effect of temperature differed among species

(Table 2; Fig. 3). Furthermore, the shape of the relationship
varied greatly by species with some showing unimodal re-
sponses (e.g., Tetraselmis sp.) while others showing different
curvilinear functions (e.g., C. vulgaris).

Stoichiometry of algal cells varied between species and
temperature, and the effect of temperature was non-linear
and varied for different species (Table 2; Figs. 4 and 5). In
addition, cellular C:N ratio responded more strongly to
temperature than cellular C:P ratio (calculated from the
WC medium). Unimodal relationships were found between
temperature and cellular C:N and C:P ratios for most spe-
cies, with the highest values observed at intermediate
temperatures.

The species trait values averaged across all temperatures
and showed strong patterns of association (Fig. 6). A prin-
cipal component analysis found that the first principal axis
explained 48% of the variation and was strongly associated
with all of the traits except lipid content (Fig. 7). This
indicates that μ, K, cellular C:N, and C:P are all positively
correlated, as shown in Fig. 6. Cellular lipid content was
less strongly correlated with other traits, and mostly
showed negative associations, indicating that the species
with large size that grew fastest and reached highest
asymptotic densities had the lowest cellular N and P
contents and the lowest lipid content.

Table 2 Summary of the statistical models for each dependent variable
measured in the experiment. Each row indicates the significance of each
term in a linear model with species, temperature, and their interaction as
independent variables including second-order terms for temperature

Source μ K C:N C:P % lipids

Species < 0.0001 0.10 < 0.0001 0.02 < 0.0001

Temperature < 0.0001 < 0.0001 0.0006 0.25 < 0.0001

Temperature2 0.005 0.0006 < 0.0001 0.008 0.52

Species × temp < 0.0001 < 0.0001 < 0.0001 0.99 0.006

Species × temp2 0.0001 < 0.0001 < 0.0001 0.10 0.0003

temp2 second-order term of temperature
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Fig. 1 Specific growth rate (μ) of the 14 species in the experiment as a function of temperature. Fitted lines are second-order linear regressions for each
species
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Discussion

Temperature affects the physiology and ecology of algae which
are vital to their utility as bioenergy producers. Hence, it would
be beneficial for microalgal cultivation to use strains adapted to
wide range of temperature at different time of the year
(Chaisutyakorn et al. 2017). The results indicate that the re-
sponses of different algal traits related to growth, stoichiometry,
and lipid content to temperature showed varying levels of con-
sistency among species and taxonomic groups. Higher tempera-
tures were generally associated with faster specific growth rate
and lower cell density at stationary phase (K), while cellular C:N
and C:P ratios were often unimodal, peaking at intermediate
temperatures and declining at either extreme.Most cyanobacteria
fared poorly at low temperatures relative to eukaryotes. By con-
trast, lipid content showedmore variable patterns among species.

Growth characteristics

It is of interest to determine the ability of specific strains to
tolerate extremes that do not allow growth (Radway et al.
1992). In this study, the response of specific growth rate (μ)
varied among species and showed significant non-linearity
that also varied by species. Most cyanobacteria and several
of the eukaryotic species failed to grow below 20 °C, but the

absence of growth below 10 °C is not universal among
cyanobacteria (Chrismas et al. 2015). As previously reported
(Roleda et al. 2013), low to negative growth rates were observed
in most species under low temperature. The reason might be that
reproduction and/or cell division could be inhibited or even cells
die. The variation in response to temperature is also commonly
observed, althoughwe found less variation in temperature curves
than Thomas et al. (2012) who synthesized such curves across
populations growing at all latitudes. The taxa investigated here
have grown under lab condition for more than 3 years and were
likely acclimatized to growth at room temperature. In addition,
we found a decline in density at stationary phase for most species
with increasing temperature (Fig. 2), which might indicate a
greater resource demand at higher temperatures when metabo-
lism is higher (Thomas et al. 2012). This pattern indicated that
phytoplankton growing at elevated temperatures were likely to
show higher growth rates but lower standing stock (Shurin et al.
2012). Most of the species such as the Chlorophyte B902,
C. minutissima, Tetraselmis sp., and S. dimorphus are good can-
didates for outdoor cultivation in hot areas, but only a few species
such as C. vulgaris are optimal candidates in cold areas. The
response of those species to the temperature out of range between
10 and 35 °C still needs to be further studied. Among the 14
species, C. reinhardtii is an ideal one that could adapt to a wide
range o f t empera tu r e s . Meanwhi l e , i t t ook 15
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to 21 days for the species selected in the control experiment
condition to reach stationary phase. When they are cultured

outdoors, the cultivation time might fluctuate due to hydrology,
climate, even species competition, etc.
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Cellular neutral lipid content

Microalgae are the basis of aquatic food webs. Temperatures
have significant impacts on their adaptation and survival rates.
Algae respond to temperature changes by modulating their
photosynthetic rates and biochemical composition (Sushchik
et al. 2003). Fatty acid unsaturation increases with decreasing
temperature (Khotimchenko 2005; Griffiths and Harrison
2009). The ability of microalgae to alter the physical proper-
ties and thermal responses of membrane lipids may represent a
strategy for enhancing physiological acclimatization over a
range of temperatures. Besides, high-temperature stress can
enhance biofuel production in oleaginous microalgae during
nitrogen deficiency (Xia et al. 2016). Microalgae synthesize
mainly membranes or signaling glycolipids. However, under
stressful conditions, many species alter their lipid biosynthetic
pathways toward the formation and accumulation of neutral
lipids. The present study showed that there was a weak nega-
tive correlation between the averages of lipid content and
growth rate across species (r = − 0.27, P > 0.05), indicating a
potential tradeoff between maximizing growth rate and cellu-
lar neutral lipid accumulation among different species. The
effect of temperature on neutral lipid accumulation was
species-specific as reported in various algal species
(Sushchik et al. 2003).

Stoichiometry

We found that species varied considerably in cellular C, N,
and P contents and that C:N and C:P ratios were most often
highest at intermediate temperatures. Although the Redfield
ratio characterizes diverse natural microalgal assemblages, the
species that make up those communities can vary consider-
ably in elemental composition (Geider and Roche 2002).

Actually, stoichiometry is highly plastic within species in re-
sponse to multiple factors including temperature (Sterner and
Elser 2002), which was confirmed by our study. The change in
stoichiometry may have been due to the effects of temperature
on photosynthetic efficiency and nutrient uptake, as well as
activities of carbonic anhydrase, photosynthetic phosphory-
lase, and other enzymes. Studies have found that carbon to
nutrient ratios generally increase with the concentration of
dissolved CO2 as well as under high light conditions. In na-
ture, high temperature may reduce nutrient supply by reducing
the mixing depth and increasing the stability of stratification.

The results indicate that temperature also has strong direct
effects on stoichiometric ratio. In addition, the effects of cli-
mate warming will be non-linear, either increasing or decreas-
ing cellular N and P contents depending on ambient condi-
tions (Jiao et al. 2016). Unimodal relationships between tem-
perature and both cellular C:N and C:P ratios for most species
suggest that these species have low N and P requirement for
their growth at intermediate temperatures. High C:N and C:P
ratios may also decrease the quality of algae as food resources
for consumers (Sterner and Elser 2002). Thus, this study also
suggests that intermediate temperature may result in lower
trophic transfer efficiency as consumers face stronger elemen-
tal imbalances with their resources.

Trait correlations

Figs. 6 and 7 indicate that algal traits related to growth and
nutrient content might be only weakly associated with lipid
content. But the species with the fastest growth and highest
biomass had low lipids relative to others in general. It shows a
tradeoff which may constrain the selection of potential
bioenergy crop taxa between lipid content and growth which
are in line with previous studies (Liu et al. 2013; Li et al.
2014).

Conclusions

The results in this study have implications for the potential of
candidate bioenergy crops candidate to grow outdoors under a
wide range of temperatures. We found that Chlorophyta could
grow at a wide range of temperature from 15 to 35 °C, with the
optimum temperature of 20 to 30 °C (mainly around 25 °C).
Whereas cyanobacteria had a higher tolerance to high temper-
ature than Chlorophyta, the optimum temperature for growth
was between 30 and 35 °C. In particular, C. reinhardtii would
be an ideal one adapted to a wide range of temperatures.
Understanding species-specific thermal stress is essential in
understanding how temperature alteration leads to changes
in the algal composition (Barati et al. 2017). The optimum
growth temperature and the shape of the response to thermal
variation varied considerably among taxa, with growth and
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stoichiometric traits showing more consistent responses than
lipids. The patterns observed in this study also lend insight into
the anticipated changes in algal populations and communities
under ongoing warming of the atmosphere. First, C:N and C:P
ratios were unimodally related to temperature in the majority of
species examined, indicating that declines in nutrient content
may occur with rising temperatures below some critical levels.
These declines in nutrient content may affect the quality of
algae as food for consumers and therefore the production of
higher trophic levels. Second, the increased temperature may
lead to higher growth rates but lower standing biomass (density
at stationary phase). Shifts in production and composition of
phytoplankton with warming may have profound implications
for global energy and nutrient cycles and the dynamics and
stability of ecosystems.
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