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Abstract

Freshwater macroalgae from the genus Oedogonium have recently been targeted for biomass applications; however, strains
of Oedogonium for domestication have not yet been identified. Therefore, the objective of this study was to compare the
performance of isolates of Oedogonium collected from multiple geographic locations under varying environmental
conditions. We collected and identified wild-type isolates of Oedogonium from three geographic locations in Eastern
Australia, then measured the growth of these isolates under a range of temperature treatments corresponding to ambient
conditions in each geographic location. Our sampling identified 11 isolates of Oedogonium that could be successfully
maintained under culture conditions. It was not possible to identify most isolates to species level using DNA barcoding
techniques or taxonomic keys. However, there were considerable genetic and morphological differences between isolates,
strongly supporting each being an identifiable species. Specific growth rates of species were high (.26% day21) under 7 of
the 9 temperature treatments (average tested temperature range: 20.9–27.7uC). However, the variable growth rates of
species under lower temperature treatments demonstrated that some were better able to tolerate lower temperatures.
There was evidence for local adaptation under lower temperature treatments (winter conditions), but not under higher
temperature treatments (summer conditions). The high growth rates we recorded across multiple temperature treatments
for the majority of species confirm the suitability of this diverse genus for biomass applications and the domestication of
Oedogonium.
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Introduction

Freshwater macroalgae have diverse applications as targets for

biofuels [1], the bioremediation of waste waters [2–4], fertiliser

and soil conditioners [5]and as a tool for carbon sequestration [1].

But despite their potential for biomass applications, freshwater

macroalgae have thus far been under-utilised as a feedstock. To

date, only a single study has compared the performance of

freshwater macroalgae in order to identify target species for

biomass applications. Lawton et al. [6] identified the cosmopolitan

genus Oedogonium as a target for biomass applications due to its

high productivity, favourable biochemical composition, cosmo-

politan distribution and competitive dominance over other algal

species. However, these findings were based on the performance of

a single wild-type strain of Oedogonium. In order to realise the full

potential of this alga for biomass applications, high productivity

strains of Oedogonium need to be identified and domesticated.

Domestication and selective breeding of agricultural food crops

has resulted in large gains in productivity compared to wild-type

varieties and generated the high yielding strains which are

cultivated today [7].For example, worldwide production of cereals

more than doubled between 1960 and 2000 as a result of selective

breeding and optimisation of cultivation techniques [8].Applying

the same processes and principles used in past agricultural

domestications to new target species, biofuel crops for example,

will enable efficient identification of strains for domestication [9].

As a first step towards domestication, the natural variability of

wild-type strains for production related traits needs to be

determined and the degree to which different genotypes perform

best under different environments assessed [9]. Performance tests

of different provenances and strains over a range of conditions are

necessary in order to reveal possible genotype by environment (G

X E) interactions and determine appropriate strains to domesticate

[10]. If there are strong genotype by environment interactions,

some strains may be adapted to local conditions at their collection

locations and may not perform well under other conditions [11].

Therefore, the best candidates for domestication of freshwater

macroalgae should be strains with naturally high productivities

under a range of conditions, particularly if this productivity has a

genetic rather than environmental basis.

A wide range of environmental conditions can also influence the

growth and productivity of macroalgae [12]. Conditions such as

nutrient availability and water flow rate can be easily manipulated

in intensive large scale cultivation systems; however, it is often

difficult and costly to manipulate temperature. Therefore, the effect

of temperature on productivity should be a key consideration when

selecting strains for domestication. In general, photosynthesis and

growth rates of macroalgae, and therefore productivity, increase
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with increasing temperature up to an optimum point and then

rapidly decline near an upper critical temperature [13,14]. The

exact parameters of these curves and temperature optima vary both

between and within species; however, maximal growth rates and

tolerance to temperature variation are typically correlated with the

temperature regime in the local habitat of an algal species [12,13].

Consequently, strains of the same algal species inhabiting different

environments may have very different optimum temperatures for

growth and tolerances to temperature variation.

The objective of the current study was to compare the

performance of isolates of Oedogonium collected from multiple

geographic locations under varying environmental conditions. (We

use the term isolates here to refer to individual samples or variants

within a species, including strains, ecotypes or genotypes).Our

specific aims were to 1) collect and identify wild-type isolates of

Oedogonium from three geographic locations; and 2) measure the

growth of these isolates under a range of temperature treatments

corresponding to ambient conditions in each geographic location.

Ideally, we wanted to identify isolates that exhibit naturally high

growth rates under a range of temperature conditions. Assessing

the performance of a variety of Oedogonium isolates collected from a

range of environments will also provide insights as to whether the

high growth rates of Oedogonium recorded by Lawton et al. [6] are

unique to the single wild-type isolate tested in their study or are

characteristic of the genus.

Methods

Sample collection and isolation
Samples of freshwater macroalgae were collected from naturally

occurring water bodies, irrigation channels and wetland areas in

three distinct geographic regions of Australia– Riverina (35uS,

Table 1. Sample information.

Isolate Date Location
Accession
number2

Provisional species
identification Rationale

Riv1 13/11/2012 Yass, NSW ,34u309080S, 146u139560E KF606971 Oedognoium sp.,
belonging to capillare or
crassum group.

Not possible to assign a species name based on
morphological characteristics. ITS sequence
does not form a clade with any other
Oedogonium species.

Riv2 13/11/2012 Yenda, NSW,34u159050S, 146u129540E KF606972 Oedogonium
sp.aff.pringsheimii Cramer
ex.Hisn

Identification based on morphological
characteristics. Doe0 snot show the distinctly
narrower males of O. pringsheimii. ITS sequence
does not form a clade with any other
Oedogonium species.

Riv3 14/11/2012 Jerilderie, NSW,35u219160S, 145u439290E U/R Oedogonium sp. Not possible to assign a species name based on
morphological characteristics. Could not obtain
readable ITS sequence.

Riv4 14/11/2012 Rutherglen, VIC, 36u029150S, 146u239410E KF606973 Oedogonium implexum Identification based on morphological
characteristics. ITS sequence does not form a
clade with any other Oedogonium species.

Riv5 14/11/2012 Chiltern, VIC, 36u099280S, 146u349360E U/R Oedogonium undulatum
var Wissmanii

Identification based on morphological
characteristics. Could not obtain readable ITS
sequence.

Tar1 31/05/2012 Tarong, QLD, 26u469020S, 151u559260E KF606974 Oedogonium sp. Not possible to assign a species name based on
morphological characteristics. ITS sequence
does not form a clade with any other
Oedogonium species.

Tar2 11/10/2012 Tarong, QLD, 26u469010S, 151u549560E KF606975 Oedogonium sp. Not possible to assign a species name based on
morphological characteristics. ITS sequence
does not form a clade with any other
Oedogonium species.

Tar3 11/10/2012 Tarong, QLD, 26u469010S, 151u549560E U/R Oedogonium sp. Not possible to assign a species name based on
morphological characteristics. Could not obtain
readable ITS sequence.

Tar4 11/10/2012 Tarong, QLD, 26u469010S, 151u559120E KF606976 Oedogonium sp. Not possible to assign a species name based on
morphological characteristics. ITS sequence
does not form a clade with any other
Oedogonium species.

Tsv1 -1 Townsville, QLD, 19u199450S, 146u459410EKC701473 Oedogonium sp. Not possible to assign a species name based on
morphological characteristics. ITS sequence
does not form a clade with any other
Oedogonium species.

Tsv2 15/07/2012 Townsville, QLD, 19u199570S, 146u459330EKF606977 Oedogonium cf
intermedium

Most species defining morphological
characteristics were not present. ITS sequence
does not form a clade with any other
Oedogonium species.

1This strain has been maintained in continuous culture at James Cook University for .2 years.
2U/R - unreadable sequence.
List of isolates used in this study, collection date and location, GenBank accession number for ITS sequences and provisional species identification based on
morphological characteristics and phylogenetic trees constructed using ITS sequence data.
doi:10.1371/journal.pone.0090223.t001
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145uE), Tarong (26uS, 151uE) and Townsville (19uS, 146uE).Per-

mission was obtained from owners and local authorities where

appropriate to collect samples. These locations were chosen as

they encompass a broad range of environmental conditions

(Supporting information, Fig. S1) and they are focal areas for a

range of industries with potential biomass applications for

freshwater algae. The Riverina region has a cool temperate

climate and is a centre for agricultural production; Tarong has a

warm temperate climate and is the location of a coal fired power

station which produces large amounts of complex industrial waste

effluents; and Townsville has a tropical climate and is a centre for

biofuels research. Twenty samples were collected from the

Riverina, 5 samples from Tarong and 3 samples from Townsville

(including Tsv1, the original isolate tested by Lawton et al. [6]).

Samples were transported in water taken at the collection site back

to James Cook University, Townsville, where they were identified

to genus using a compound microscope. Any samples containing

Oedogonium were maintained in nutrient enriched autoclaved

freshwater in a temperature and light controlled laboratory

(12:12 light:dark cycle, 50 mmol photons m22 s21, 23uC), all

other samples were discarded. Stock cultures of Oedogonium isolates

were created by isolating individual filaments of Oedogonium from

each sample and maintaining these in sterile petri dishes with

nutrient enriched (Guillards F/2 medium; 12.3 mg L21 nitrogen,

1.12 mg L21phosphorus) autoclaved freshwater in culture cabi-

nets at 24.5uC with 12 hour light: 12 hour dark cycles and a light

level of 50 mmol m22 s21. These conditions correspond to the

middle temperature treatment (Tarong) of the constant temper-

ature experiment (see below). In some cases multiple isolates of

Oedogonium were isolated from the same sample. In total, 26 isolates

of Oedogonium were isolated, of which 11 were successfully scaled up

into stock cultures – 5 isolates from Riverina, 4 isolates from

Tarong and 2 isolates from Townsville (Table 1). Stock cultures of

each isolate were maintained for at least 2 months prior to the start

of each experiment to allow acclimation to the culture system and

ensure that all algae were pre-exposed to identical conditions.

Isolation and identification
Isolates of Oedogonium were identified using DNA barcoding and

taxonomic keys. Samples of each isolate were examined under

dissecting and compound light microscopes and their morpholog-

ical characteristics were recorded. Where possible, each sample

was identified to species using taxonomic keys [15]. For the DNA

barcoding, DNA sequences from the internal transcribed spacer

(ITS) region of the ribosomal cistron were used to assign species

names to isolates of Oedogonium. This marker has been widely used

in species level phylogenetic studies of green algae and was the

marker of choice in a recent phylogenetic study of Oedogonium

[16].Genomic DNA was isolated from fresh tissue samples of each

isolate using a Qiagen DNEasy Plant Mini Kit following the

manufacturer’s instructions. The ITS region was amplified using

the primers ITS1 [17] and G4 [18]. Polymerase chain reaction

(PCR) amplifications were performed in a 25 mL reaction mixture

containing 1.5 U of MyTaq HS DNA polymerase (Bioline), 56
MyTaq reaction buffer, 0.4 mM each primer, and 1 mL of genomic

DNA (25–30 ng). Amplifications were performed on a BioRad

C1000 Thermal Cycler with a touchdown PCR cycling profile

(cycling parameters: 5 min at 94uC, 30 cycles of 30 s denaturing at

95uC, 45 s annealing at 56uC with the annealing temperature

decreasing by 0.5uC each cycle, 60 s extension at 72uC, and a final

extension at 72uC for 5 min). PCR products were column purified

using Sephadex G25 resin and sequenced in both directions by the

Australian Genome Research Facility (Brisbane, Australia). If

sequences were unreadable or contaminated a second PCR

attempt was made and sequenced. If these sequences were also

unreadable or contaminated, then DNA was re-extracted from a

fresh sample and further PCRs and sequencing attempts were

made. However, despite these steps we were not able to obtain

readable sequences for three isolates – Riv3, Riv5 and Tar3.

Sequences were edited using Bioedit [19] and submitted to

GenBank under the accession numbers given in Table 1.

Isolates were identified based on their DNA sequences by

constructing phylogenetic trees using sequences downloaded from

GenBank. All publically available Oedogonium ITS sequences were

downloaded. Duplicate sequences were removed from each

dataset and then all remaining sequences were aligned with ours

and trimmed to a standard length in MEGA 5.0 [20]. The ITS

dataset included 32 sequences, 24 of which were retrieved from

GenBank and the alignment consisted of 766 positions. Maximum

likelihood (ML) phylogenetic trees were constructed in MEGA

using a Bulbochaete rectangularis sequence (AY962677) as an out-

group. jModelTest 2.1 [21,22]showed that the SYM+I+G model

of molecular evolution best fitted the data. However, as this model

was not available in MEGA we used the simple Kimura two-

parameter model to estimate genetic distance [23] as this is the

standard model of molecular evolution used in barcoding studies

[24]. The reliability of tree topologies was estimated using

bootstrapping (1,000 replicates). Pairwise differences between all

sequences used in the analysis were generated in MEGA using a

maximum composite likelihood model.

Constant temperature experiments
To determine which isolates of Oedogonium would be suitable for

targets for biomass applications, growth trials were conducted on

all isolates under three temperature treatments that were kept

constant at all times. Nine filaments of each isolate were cut to a

standardised length of 6 mm. Three filaments from each isolate

were then grown under each of three constant temperature

treatments (21.3uC, 24.5uC, and 27.7uC) in culture cabinets

(Sanyo MLR-351) with 12 hour light: 12 hour dark cycles and a

light level of 50 mmol m22 s21 (Philips TLD 36W/850 Daylight)

for 7 days. These temperatures correspond to the mean annual

3pm air temperature in Wagga Wagga – the central point of our

Riverina sampling locations (21.3uC), Kingaroy – the closest

weather station to Tarong (24.5uC) and Townsville (27.7uC)

(Table 2).This range of temperatures also represents the lower

range of Townsville (21.3uC) and the upper range of Wagga

Wagga and Kingaroy (27.7uC). Each individual filament was

maintained in a sterile 60 mm petri dish with nutrient enriched

autoclaved freshwater and photographed under a dissecting

microscope (Olympus model SZ61) at the start and end of the 7

day period (Supporting information, Fig. S2). The 2-dimensional

surface area of filaments was determined using ImageJ [25].

Specific growth rates were calculated for each individual replicate

of each isolate using the equation SGR (% day21) = Ln(Bf/Bi)/

T*100, where Bf and Bi are the final and initial surface areas (mm2)

and T is the number of days in culture. The experiment was

repeated a further two times using new filaments from stock

cultures at the start of each 7 day period to give a total of 3

replicate weeks of data. Permutational analysis of variance

(PERMANOVA) was used to analyse the effects of isolate,

temperature (both fixed effects) and week (random effect) on the

specific growth rate of isolates. Analyses were conducted in Primer

v6 (Primer-E Ltd, UK) using Bray-Curtis dissimilarities on fourth

root transformed data and 9999 unrestricted permutations of raw

data [26].

Isolation of Oedogonium Species and Strains
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Variable temperature experiments
To provide further insights into the performance of isolates

under different temperature conditions, growth trials were also

conducted on isolates using a summer variable temperature

treatment and a winter variable temperature treatment. In these

variable temperature experiments, temperature treatments in-

creased and decreased during the day to represent natural

variations recorded in summer (January) and winter (July) at each

location (Table 2; Figs. 1B and 2B).Temperatures were maintained

at the minimum summer or winter temperature from 6 pm until 6

am, then increased in equal increments every 30 minutes to reach

the maximum summer or winter temperature at 12 pm.

Temperatures were maintained at the maximum between 12 pm

and 2 pm, then decreased in equal increments every 30 minutes

from 2 pm to reach the minimum summer or winter temperature

at 6pm. These profiles resulted in average daily temperatures of

20.9uC for the Riverina treatment, 21.8uC for the Tarong

treatment and 26.7uC for the Townsville treatment in the summer

variable temperature experiment; and 5.8uC for the Riverina

treatment, 8.1uC for the Tarong treatment and 17.3uC for the

Townsville treatment in the winter variable temperature experi-

ment (Table 2). The methods used were identical to the constant

temperature experiment except that each variable temperature

experiment was run for a single period of 7 days. Permutational

analysis of variance (PERMANOVA) was used to analyse the

effects of isolate and temperature (both fixed effects) on the specific

growth rate of isolates. Data for the summer variable temperature

experiment and winter variable temperature experiment were

analysed separately. Analyses were conducted in Primer v6

(Primer-E Ltd, UK) using Bray-Curtis dissimilarities on fourth

root transformed data and 9999 unrestricted permutations of raw

data [26].

Results

Strain identification
Specific morphological characteristics of species were not visible

in most isolates (Supporting information, Text S1). Consequently,

we were only able to assign species names to 2 of our isolates based

on morphological characteristics – isolate Riv4 was identified as

Oedogonium implexum and isolate Riv5 as Oedogonium undulatum var

Wissmanii (Table 1).The DNA sequence analysis was similarly

inconclusive in terms of matching isolates with extant species of

Oedogonium. None of our isolates had identical ITS sequences to

any of the Oedogonium sequences downloaded from GenBank.

Furthermore, none of the isolates formed tight clades in the

phylogenetic tree with any GenBank sequences (Fig. 3). Therefore

it was not possible to assign species names to any isolates based on

the ITS phylogenetic tree. Pairwise differences between GenBank

samples included in the analysis ranged from 0.002 to 0.181. As

the smallest pairwise distance between a sequence from our

isolates and any other sequence was 0.005 (between isolates Tar4

and Tar1), it was also not possible to use pairwise distances to infer

that any of our isolates were the same species as other isolates or

GenBank samples included in the analysis. However, the higher

pairwise differences recorded for our isolates (all .0.005), and the

fact that all isolates formed distinct clades on the phylogenetic tree

and did not group with any other sequences, demonstrate that

isolates of Oedogonium are genetically distinct and therefore provides

strong support that each isolate is a genetically differentiated

species.

Constant temperature experiments
Average specific growth rates were high across all isolates

ranging from 38.5% day21 (62.9 S.E.) at 21.3uC (Riverina

treatment) to 45.3% day21 (62.3 S.E.) at 27.7uC (Townsville

treatment) in the constant temperature experiment (Fig. 4).

Specific growth rates varied significantly between isolates of

Oedogonium, however this effect was not consistent between the

three replicate weeks of the experiment (Table 3). There were

significant differences in growth rates between weeks for all isolates

except Riv5 and Tar4 (P,0.05) (Supporting information, Table

S1). Most isolates had lower specific growth rates in week 2 of the

experiment compared to week 1 and 3. There was no obvious

effect of collection location on specific growth rate (Fig. 4), with

isolates collected from the same location attaining their highest

growth rates under different temperature treatments. For example,

growth of Riverina isolate Riv2 was highest at 21.3uC (Riverina

treatment), while that of Riverina isolate Riv3 was highest at

27.7uC (Townsville treatment).

Variable temperature experiments
Growth rates in the summer variable temperature experiment

were similar to those seen in the constant temperature experiment.

Average specific growth rates varied across all isolates, ranging

from 31.9% day21 (65.4 S.E.) under the Riverina temperature

treatment, to 42.3% day21 (66.8 S.E.) under the Tarong

temperature treatment (Fig. 1A). However, neither isolate nor

temperature had any significant effect on growth in this

experiment (Table 3). In the winter variable temperature

experiment, growth rates were much lower overall compared to

the summer variable temperature experiment and the constant

Table 2. Temperature treatments for growth experiments.

Constant Summer variable Winter variable

Region Weather station Min Average Max Min Average Max

Riverina Wagga Wagga AMO 21.3 16.3 20.9 32.2 2.9 5.8 12.9

Tarong Kingaroy airport 24.5 18.0 21.8 30.9 3.4 8.1 19.4

Townsville Townsville aero 27.7 24.7 26.7 31.7 14.0 17.3 25.3

Temperature treatments (uC) used in growth experiments. Temperatures for each experiment were based on those recorded by the Australian Bureau of Meteorology
between 1981 and 2010 at the following weather stations: Wagga Wagga AMO for the Riverina region (35.16uS, 147.46uE), Kingaroy airport for the Tarong region
(26.57uS, 151.84uE) and Townsville aero for the Townsville region (19.25uS, 146.77uE). Treatments for the constant temperature experiment correspond to the mean
annual 3pm temperature in each location. Treatments for the summer variable temperature experiment correspond to the minimum and maximum mean temperatures
recorded in January for each location. Treatments for the winter variable temperature experiment correspond to the minimum and maximum mean temperatures
recorded in July for each location. Average daily values for each temperature profile in the variable temperature experiments are given. See methods and Figures 1B and
2B for more detail on the variable temperature treatments.
doi:10.1371/journal.pone.0090223.t002
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temperature experiment. Across all isolates, average specific

growth rates ranged from 2.6% day21 (62.1 S.E.) under the

Riverina temperature treatment to 51.7% day21 (65.3 S.E.)

under the Townsville temperature treatment (Fig. 2A). Temper-

ature had a significant effect on the growth rate of isolates (Table 3)

and growth was significantly higher under the Townsville

temperature treatments compared to the Tarong and Riverina

treatment (P,0.001, PERMANVOA post hoc tests for main effect

of temperature). Specific growth rates were ,10%day21 for all

isolates except Riv2 under the Riverina temperature treatment

and ,10% day21 for all isolates except Riv2, Riv3 and Riv5

under the Tarong temperature treatment. In contrast, growth

rates ranged from 26–85% day21 for all isolates under the

Townsville temperature treatment.

Discussion

Determining the natural variability of wild-type isolates for

production related traits and the degree to which different isolates

perform best under different environments is an essential starting

point for the domestication of new target species [9]. Our survey of

natural populations in three geographic regions of Australia

identified 11isolates of Oedogonium that were successfully main-

tained under culture conditions. Despite being collected from a

range of environments and comprising multiple species of

Oedogonium, supported by molecular data, the majority of these

isolates had high specific growth rates across a range of

temperature treatments (.30% day21 in the constant temperature

experiment and summer variable temperature experiment). These

specific growth rates are considerably higher than those recorded

for marine macroalgae in similar studies [27,28]. The high

Figure 1. Growth rates of Oedogonium isolates and temperature profiles for the summer variable temperature experiment. A) Mean
(6S.E.) specific growth rates (% day21) of isolates of Oedogonium collected from the Riverina (Riv), Tarong (Tar) and Townsville (Tsv) and grown under
three variable temperature treatments and B)temperature profiles for Riverina, Tarong and Townsville treatments in the summer variable
temperature experiment. These profiles result in average daily temperatures of 20.9uC for the Riverina treatment, 21.8uC for the Tarong treatment and
26.7uC for the Townsville treatment.
doi:10.1371/journal.pone.0090223.g001

Isolation of Oedogonium Species and Strains
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Figure 2. Growth rates of Oedogonium isolates and temperature profiles for the winter variable temperature experiment. A) Mean
(6S.E.) specific growth rates (% day21) of isolates of Oedogonium collected from the Riverina (Riv), Tarong (Tar) and Townsville (Tsv) and grown under
three variable temperature treatments and B)temperature profiles for Riverina, Tarong and Townsville treatments in the winter variable temperature
experiment. These profiles result in average daily temperatures of 5.8uC for the Riverina treatment, 8.1uC for the Tarong treatment and 17.3uC for the
Townsville treatment.
doi:10.1371/journal.pone.0090223.g002

Figure 3. Maximum likelihood tree of Oedogonium internal transcribed spacer (ITS) sequence data. Maximum likelihood tree of
Oedogonium internal transcribed spacer (ITS) sequence data (scale at bottom). Numbers near each node refer to bootstrap support values, nodes with
,50% bootstrap support are not labelled. Isolates collected in this study shown in bold. Numbers accompanying the species names are GenBank
accession numbers for the sequences used in the analysis.
doi:10.1371/journal.pone.0090223.g003

Isolation of Oedogonium Species and Strains
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performance of the majority of isolates (species) across the range of

temperature treatments tested here further confirms the findings of

Lawton et al. [6] that species of Oedogonium are ideal targets for

biomass applications and should be a focus for domestication

efforts.

Temperature is a major factor controlling the growth of

macroalgae [12,13,29]. However, temperature treatment only

had a strong effect on Oedogonium growth rates in the winter

variable temperature experiment. Growth rates across all treat-

ments were lower in this experiment compared to the constant

temperature experiment and the summer variable temperature

experiment, and most isolates had very low growth rates (,10%

day21) under the treatments with lowest temperatures (i.e. under

Riverina and Tarong conditions). While the cause of these low

growth rates is unknown, sub-lethal effects may have accumulated

over the 7-day experimental period as a result of the low

temperatures, limiting growth in some isolates. Low temperatures

limit metabolic and photosynthetic rates in macroalgae as some of

the enzymes involved in these processes are temperature

dependent [12,14]. Low temperatures also impair the synthesis

and functioning of photosynthetic pigment proteins [13,14] and

damage cells in macroalgae by limiting electron transport and

photon capture [12]. While it was not a goal of this study to

quantify temperature thresholds for growth, it is possible that the

growth rates recorded under the lowest temperature treatments

Figure 4. Growth rates of Oedogonium isolates for the constant temperature experiment. Mean (6S.E.) specific growth rates (% day21) of
isolates of Oedogonium collected from three locations (Riverina, Tarong, Townsville) and grown under three constant temperature treatments.
Temperatures are average daily temperatures for each profile (uC).
doi:10.1371/journal.pone.0090223.g004

Table 3. Results of permutational analyses of variance
(PERMANOVAs) testing the effects of temperature
(Te),isolate(Is) and week (We)on specific growth rates of
Oedogonium in the constant temperature experiment; and the
effects of temperature (Te) and isolate (Is)on specific growth
rates of Oedogonium in the summer and winter variable
temperature experiments.

Constant
Summer
variable Winter variable

Source df F P F P F P

Te 2 0.71 0.575 1.89 0.159 26.09 ,0.001

Is 10 1.09 0.374 1.55 0.124 1.83 0.069

We1 2 24.23 ,0.001

Te x Is 20 0.94 0.539 1.02 0.449 1.29 0.215

Te x We1 4 1.46 0.204

Is x We1 20 3.47 ,0.001

Te x Is x We140 1.11 0.297

1Week was not a factor in the summer and winter variable temperature
experiments.
Pseudo F (F) and P values are presented, significant terms shown in bold.
doi:10.1371/journal.pone.0090223.t003
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represent the response of isolates to a shock treatment or acute

stress rather than to low temperatures per se. In the winter variable

temperature experiment filaments were transferred directly from

stock cultures maintained at 24.5uC to each treatment. For the

Tarong and Riverina treatments, this represented an immediate

temperature change of at least 5 to 11uC; however, it is notable

that the daily temperature swings for both treatments are greater

than this at 15–20uC. The rate of cooling is an important factor

affecting plant responses to low temperatures [30] and could

potentially be used as a strategy to ease domesticated cultures into

winter conditions to enhance annual production yields.

Irrespective of the cause of low growth rates in the winter

variable temperature experiment, our results demonstrate that

some isolates are better able to tolerate lower temperatures than

others. For example, under all three winter temperature

treatments isolate Riv2 maintained specific growth rates .20%

day21. Similarly, some isolates were more susceptible to low

temperatures than others. For instance, isolate Tsv2 had negative

growth rates under the Tarong and Riverina winter temperature

treatments. Most macroalgae are capable of acclimating to

variable temperatures to some degree; however, this ability is

expected to be higher in algae native to habitats with large annual

variations in temperature compared to those from habitats with

more stable climates [12,13]. In agreement with these predictions,

the best performing isolates (Riv2, Riv3 and Riv5) under the lower

winter temperature treatments were all collected from the

Riverina – the sampling location with the greatest annual

variations in temperature. These results suggest that domestication

efforts should further target isolates from regions with large annual

variations in temperature as these isolates are likely to have broad

temperature tolerances and therefore perform well across a wide

range of conditions. The next steps in assessing the suitability of

isolates for domestication and biomass applications should be the

measurement of areal productivity in larger outdoor cultures [1,6].

Subsequent tests of other traits of interest between isolates, such as

biochemical profiles for bioenergy potential [31], bioremediation

ability [4] and carbon sequestration [1], can then be evaluated in

the scaled biomass.

The lower growth rates recorded for most Oedogonium isolates

under the Riverina and Tarong winter temperature treatments

indicate that biomass production of Oedogonium is likely to be low

over the winter period in these regions and other locations that

experience similar temperatures. Estimating growth and expected

production across multiple seasons is important when considering

potential biomass applications for Oedogonium, particularly for

locations where seasonal temperatures vary significantly, as use of

data from a single season may result in erroneous estimates of

annual productivity [12]. In contrast to growth rates recorded

under the Riverina and Tarong treatments, Oedogonium growth

rates were high (over 45% day21) under the Townsville treatment

in the winter variable temperature experiment. These high growth

rates indicate that Townsville, and other locations with similar

temperature profiles, are target locations for Oedogonium cultivation

as it will be possible to maintain high biomass productivity year

round under ambient conditions in these locations using any of the

domesticated strains.

Conclusion
This study compares, for the first time, the growth rates of

multiple isolates of Oedogonium under a range of temperature

regimes in order to identify isolates that exhibit naturally high

growth rates under varying environmental conditions. The high

growth rates recorded across multiple temperature treatments for

the majority of isolates tested here confirm the suitability of this

genus for biomass applications and demonstrate that most

naturally occurring isolates of Oedogonium can be domesticated.

All isolates tested here had similar growth rates to isolate Tsv1, the

original isolate tested by Lawton et al. [6] which outperformed

other genera of freshwater macroalgae across a range of metrics.

Our results confirm that the genus Oedogonium contains many

species that have a superior performance and provide a vital first

step to determining the suitability of Oedogonium isolates for biomass

applications prior to measuring areal productivity and assessing

biochemical composition in large outdoor cultures. Worldwide

production of food crops is based around a small number of target

species. Similarly, production of marine macroalgae is dominated

by only six genera [32]. Future production of freshwater

macroalgae is also likely to follow these trends and rely on a

select group of target genera. Our findings provide strong rationale

for the inclusion of Oedogonium as a key target genus for the

development of this industry worldwide. Our approach of

collecting isolates of Oedogonium from multiple geographic locations

and comparing their performance under a range of conditions

provides a template that can be applied to other novel target

species as a first step towards domestication.

Supporting Information

Figure S1 Annual temperature profiles for sampling
locations. Average 9am monthly temperatures recorded in

Wagga Wagga (Riverina region), Kingaroy (Tarong region) and

Townsville. Error bars show mean maximum and mean minimum

monthly temperatures. Data from the Australian Government

Bureau of Meteorology.

(EPS)

Figure S2 Before/after photographs of Oedogonium
growth. Microscope photos of single Oedogonium filament at the

start and end of 7 day growth period in the constant temperature

experiment.

(EPS)

Table S1 PERMANOVA post hoc tests for constant
temperature experiment. Results of PERMANOVA post

hoc tests on main effect of Week x Isolate (We x Is) in the constant

temperature experiment. P values for each test are presented,

significant terms shown in bold.

(DOCX)

Text S1 Morphological characteristics of Oedogonium
isolates.

(DOCX)
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