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Abstract Invasive species display remarkable levels of

ecophysiological plasticity, which supports colonization,

population establishment and fitness across their intro-

duction range. The red seaweed genus Asparagopsis

comprises genetically homogeneous invasive species (A.

armata) and cryptic species complexes (A. taxiformis

sensu lato) consisting of invasive mitochondrial lineages

introduced worldwide. The photosynthetic plasticity of

Australian, Mediterranean and Hawaiian Falkenbergia

stages (i.e. the tetrasporophytic stage) of A. taxiformis

lineages 2, 3 and 4 and Mediterranean isolates of A.

armata was assessed by challenging their photosynthetic

performance at five different temperatures (12–26 �C).

Our aim is to portray the photosynthetic profiles in

relation to temperature for each of the aforementioned

Asparagopsis OTUs. We additionally test the physiolog-

ical response of A. taxiformis lineage 2 sampled within its

invasive (Mediterranean Sea) and native range (Austra-

lia) to identify physiological features associated with

invasive strains. Based on photosynthesis optima, Aspar-

agopsis isolates were recovered into a tropical (NL2 and

L4) and a temperate (AA, Il2 and L3) group that

presented no differences in most photosynthetic param-

eters at the experimental temperatures, thus indicating a

greater physiological plasticity. On the other hand, low Ic

values together with an apparent lack of sensitivity in the

photosynthetic response to changing temperatures were

revealed for the Mediterranean lineage 2, indicative of

adaptive benefits that likely support its invasive success

compared to the rest of the genus. Our results represent a

valuable resource to predict distributional shifts in some

of the lineages and to anticipate control programs for

lineage 3, potentially invasive.
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Introduction

Introductions of non-indigenous marine seaweeds

represent a direct consequence of global climate

change and habitat degradation yet a major challenge
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for conservation and management of local marine

communities (Thresher 1999; Nyberg and Wallenti-

nus 2005; Schaffelke et al. 2006; Andreakis and

Schaffelke 2012). In the near future, global biodi-

versity hot-spots such as the Mediterranean Sea are

expected to be the world’s most severely compro-

mised areas due to multiple species introductions,

many of which are considered invasive and pests

(Galil 2000; Boudouresque and Verlaque 2002,

2010; Zenetos et al. 2010).

Besides its potential involvement in biodiscovery

and as a biofilter in aquaculture (Salvador et al. 2007;

Genovese et al. 2009; Manilal et al. 2010; Mata et al.

2010), the red seaweed genus Asparagopsis Montagne

(Bonnemaisoniales, Rhodophyta) is notorious for its

invasiveness in the western Mediterranean Sea and

worldwide (Cebrián and Ballesteros 2004; Altamirano

et al. 2008). Asparagopsis comprises well-established

morphospecies and cryptic species complexes, i.e. the

cold-temperate A. armata Harvey and the tropical to

warm temperate A. taxiformis (Delile) Trevisan de

Saint-Léon (Guiry and Guiry 2011). Whereas A.

armata is a genetically homogeneous species, A.

taxiformis consists of at least four cryptic mitochon-

drial lineages (L1–L4) either dispersed or introduced

in multiple regions (Andreakis et al. 2004, 2007a; Nı́

Chualáin et al. 2004; Sherwood 2008). For instance,

the invasive Indo-Pacific L2 sensu Verlaque and

Boudouresque (2004), considered native to Australia,

has invaded the Mediterranean sea through the Suez

Canal and has been recently found on the western

coasts of the Mediterranean Sea (Andreakis et al.

2004, 2007b; Nı́ Chualáin et al. 2004; Altamirano et al.

2008). The Atlantic L3, on the other hand, occurs

sympatrically in South Africa with L2, where both

lineages are considered invasive and the latter recently

introduced (Bolton et al. 2011). For sake of clarity, we

will refer to A. armata and L1–L4 of A. taxiformis as

operational taxonomic units (OTUs).

Rapid micro-evolutionary changes triggered by

founder events, population bottlenecks or high rates of

hybridization among genealogically related taxa drive

speciation in marine organisms (Knowlton 1993).

However, although genetic divergence has often been

associated with reproductive incompatibility, mor-

phological and ecophysiological differentiation may

not necessarily complement full lineage sorting,

leading to the formation of cryptic species complexes

(Kooistra et al. 2002; Zuccarello and West 2002, 2003;

De Clerck et al. 2005; Andreakis and Schaffelke

2012). In invasive species with identical genetic

backgrounds between native and introduced strains,

phenotypic or ecophysiological plasticity induced by

the novel environmental conditions may at times be

adaptive (Eggert 2012). This will lead to superior

fitness associated with distinct ecophysiological and/

or morphological profiles of the introduced individu-

als, compared to the donor population in the species

native range (Andreakis and Schaffelke 2012). There-

fore, adaptive plasticity confers evolutionary advan-

tages to invasive species by optimizing acclimation

mechanisms to the new environmental conditions

(Davidson et al. 2011).

Local temperature regimes are known to govern

photosynthetic response, survival and fitness in

seaweeds (Breeman 1988; Padilla-Gamiño and Car-

penter 2007) since the genome traits and associated

enzymes involved in these processes are sensible to

temperature fluctuations (Webster et al. 2013). Dif-

ferent thermal regimes or temperature gradients are

therefore expected to influence drastically the expres-

sion profile of these genes resulting in the establish-

ment of local ecotypes and in macroecological scale,

to new lineages and species (Andreakis and Schaff-

elke 2012; Eggert 2012). Following introduction,

Falkenbergia, the resilient stage in the triphasic life

cycle of Asparagopsis, is expected to face unusual

temperature regimes. In the present study we assess

the photosynthetic profiles and physiological toler-

ance of tetrasporophytes of A. armata and A.

taxiformis L2, L3 and L4, by means of their

photosynthetic performance at different tempera-

tures. In addition, for the invasive L2, we compare

photosynthetic performance of isolates collected

from the lineages’ native and introduced ranges to

assess the extent of physiological plasticity for that

lineage and evaluate its contribution in support of

invasiveness of A. taxiformis L2 in the Mediterranean

Sea. Our hypothesis is that Mediterranean isolates of

the invasive L2 (IL2) show a broader physiological

plasticity compared to any other Asparagopsis OTU

and they are physiologically distinct from isolates of

L2 native to Australia (NL2). Since the photosyn-

thetic response of each of the OTUs analysed will

likely be influenced by local thermal regimes, the

information gathered from this study represents a

useful tool to infer OTU-specific distribution ranges

and predict potential range expansions.
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Materials and methods

Algal material and culture conditions

Falkenbergia stages of Asparagopsis armata (AA) and

A. taxiformis lineages 2 (L2), 3 (L3) and 4 (L4) were

collected by snorkeling and/or SCUBA diving from a

depth range of 0–1.5 m (Table 1), gently cleaned of

epiphytes and maintained in culture in 2L beakers with

aeration for at least six months in the University of

Málaga, in sterilized seawater enriched with Provasoli

(PES) medium Provasoli (1968). Culture medium was

changed weekly for all isolates at the same time. All

cultures were kept, as described previously (Guiry and

Dawes 1992; Paul 2006), at 18 �C, 12:12 (L:D),

20–30 lmol photons m-2 s-1 of white light provided

by fluorescent Sylvania grolux lamps, except for L4

that was cultured at 28 �C, 12:12 (L:D), 20–30 lmol

photons m-2 s-1 because it failed to survive at 18 �C.

DNA extraction, PCR amplification and genetic

identification of isolates

For species and lineage identification, DNA extraction

and sequencing of the cox 2–3 IGS was performed

as described previously (Andreakis et al. 2004;

Sherwood 2008). Sequences were compared to the

following cox 2–3 sequences available in GenBank:

EU146198, EU146197, EU146196 (for L2 of A.

taxiformis), AY589524 (for L3 of A. taxiformis),

EU146220, EU146221, EU146222 (for L4 of A.

taxiformis), and AY589522, AY589523 (for A. ar-

mata). Sequences were aligned by eye in Bioedit v.

4.8.5 (Hall 1999); hierarchical likelihood ratio tests

(hLRTs) were performed in Modeltest v3.06 (Posada

and Crandall 1998) to find the best-fitting parameters

for maximum likelihood (ML) analysis given the

alignment and ML phylogenies were inferred in

PAUP* for Windows 4.0b10 (Swofford 2002). Com-

putations were performed using heuristic searches and

ten random sequence additions to find the highest

likelihood tree. Bootstrap support for individual clades

was calculated with 1,000 replicates using the same

options and constraints as used in the tree-inferences.

More detailed information of the samples used in this

study is given in Table 1.

Photosynthetic measurements

We used photosynthesis-irradiance (P-E) curves tested

at different temperatures to assess the photosynthetic

tolerance of the Falkenbergia isolates from each OTU

Table 1 Collection and accession information for Asparagopsis samples

Taxon Collection site Collector Cox 2–3

GenBank accession

A. armata Calaburra Beach, Málaga

(Spain, 36�300N, 4�380W)

J. De La Rosa JF820070a

A. taxiformis

Invasive lineage 2

(IL2)

Marina del Este, Granada

(Spain, 36�430N, 3�430W)

M. Zanolla AY589537a

A. taxiformis

Native lineage 2

(NL2)

Kissing Point Northward, Townsville

(Australia, 19�140S, 146�480E)

M. Altamirano AY589537a

A. taxiformis

Lineage 3

(L3)

El Hierro, Canary Islands

(Spain, 27�470N, 17�590O)

J. De La Rosa KJ584611

A. Taxiformis

Lineage 4

(L4)

Makai Pier, Oahu, Hawaii

(USA, 21�190N, 157�400W)

M. Zanollaa EU146224

Lineages of A. taxiformis are designated as in Andreakis et al. (2007b)
a Identical to the #sequence
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used in this study. Four replicates, ca. 0.04 g FW, each

belonging to a single individual, were pre-incubated at

12, 15, 18, 22 and 26 �C, for 45 min in 50 mL Falcon

tubes with sterile seawater (Padilla-Gamiño and

Carpenter 2007). Temperature regime was chosen on

the basis of the thermal range to which OTUs are

exposed in their natural environment. Specimens were

then transferred to the reaction chamber of a Clark-

type oxygen electrode system (Hansatech Instruments,

Norfolk, England), in 2 mL sterile seawater at the

experimental temperature to determine photosynthetic

performance.

Changes in dissolved oxygen concentration were

used to estimate the respiration and photosynthetic rates

of OTUs at each temperature under increasing irradi-

ances ranging from 0 to 600 lmol photons m-2 s-1.

Different irradiances were achieved by setting neutral

density filters between the light source (KL 1500

Compact, Schott) and the reaction chamber and they

were measured with a quantum photon meter (LICOR,

LI-185B, Lincoln, NE, USA) inside the reaction

chamber. Algal samples were initially exposed to

darkness for 15 min to estimate the dark respiration

rates (DR), and then exposed for 5 min at each

irradiance value for the assessment of photosynthetic

rates. P-E curves were fitted to the Edwards and Walker

equation (1983) using Kaleidagraph (Synergy Software,

Version 4.0) to obtain the maximum net photosynthetic

rate (NPRmax) and the light compensation point (Ic). The

photosynthetic efficiency (a) was estimated from the

linear portion of each P-E curve as the slope of the linear

model. The light saturation parameter (Ik) was obtained

from the ratio NPRmax/a (Henley 1993). The photoin-

hibition rate (b) was estimated as the slope of the linear

regression of the last four values of the P-E curve. All

photosynthetic parameters were expressed on a fresh

weight (FW) basis.

Photosynthetic pigment analysis

Samples used for P-E curves were weighed following

removal of the surface water and frozen at -20 �C for

pigment concentration analysis due to its role in the

photosynthetic performance. Chlorophyll a and total

carotenoids were extracted in DMF (N,N-dimethyl-

formamide) at 4 �C in darkness overnight. Chlorophyll

a and carotenoid concentration were estimated spec-

trophotometrically (Jenway 6500 Scanning spectro-

photometer, Keison Products, UK) according to the

equations of Wellburn (1994). Values of pigment

concentration were also expressed on FW basis.

Data analysis

Comparison of photosynthetic parameters was per-

formed by a two-way (temperature and OTU) analysis

of variance (ANOVA). Homogeneity of variances was

assessed by the Fmax test. When significance was

found, a Holm–Sidak post hoc test was applied

(p \ 0.005) to separate means. Pigment data were

compared using a one-way (lineages/species) analysis

of variance (ANOVA) followed by a Holm–Sidak post

hoc test (p \ 0.001), since there were no significant

differences in the pigment content among tempera-

tures within species or lineage. All tests were

performed using the SIGMAPLOT software (Systat

Software Inc., version 11.0).

Results

Differences in photosynthetic profiles

among OTUs given a specific temperature

Photosynthetic performance varied significantly

among the Asparagopsis OTUs and was highly

influenced by temperature (Fig. 1).

No significant differences in NPRmax were

observed in the temperature range of 12–15 �C for

L3, NL2, IL2 and AA, whereas L4 displayed negative

values (Fig. 2a). The response of AA and L3 at 18 �C

was higher compared to the rest of the OTUs and was

followed by similar values of IL2 and NL2 (Fig. 2a;

Table 2). L4 and L3 behaved similarly at 22 �C,

showing significantly lower NPRmax values than NL2;

AA and IL2 presented similar rates than the other taxa

studied at that temperature. At 26 �C, AA displayed

the lowest values compared to the rest of the OTUs,

which showed no differences at that temperature. DR

was not significantly different among OTUs or

between IL2 and the rest of the OTUs at any

temperature tested. However, AA showed 60 % lower

respiration rates compared to tropical L4 and NL2 at

all temperatures. L4 showed twofold higher DR values

than L3 at all temperatures. Finally, all OTUs

displayed the lowest rates of DR at the lower temper-

ature range (12–15 �C) (Fig. 2b; Table 2). The highest

values for a were recorded for AA at 18 �C
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(0.094 ± 0.012 mg O2 g-1 FW h-1/lmol photons

m-2 s-1), almost fourfold higher than the ones observed

for L3 and L4 at the same temperature (Fig. 2c). We

found no differences among OTUs at lower tempera-

tures (12–15 �C) and 22 �C. NL2 showed higher a
values at 26 �C (0.050 ± 0.027 mg O2 g-1 FW h-1/

lmol photons m-2 s-1) than AA and L3, yet statically

similar values with IL2 and L4. The values of a obtained

for L4 at 12 and 15 �C are here excluded from the

comparisons since photosynthetic rates were negative at

those temperatures (Fig. 1). Photoinhibition rates were

generally low, ranging from 3 9 10-4 to 2.8 9 10-3

mg O2 g-1 FW h-1/lmol photons m-2 s-1 for A. armata

and 6.2 9 10-5 to 6.6 9 10-3 mg O2 g-1 FW h-1/lmol

photons m-2 s-1 for the A. taxiformis lineages. L4 was

the only one to show photoinhibition at 26 �C (Fig. 2d;

Table 2). Yet, no consistent differences in b among

OTUs at any tested temperature could be observed.

Both A. armata and IL2 did not show significant

differences in the light compensation point (Ic) at all

temperatures tested, showing values 80 % smaller

than L4 and L3. The latter presented intermediate

Fig. 1 P–E curves of A. armata and the lineages of A.

taxiformis at different temperatures. Vertical bars represent

SD of the mean values (n = 4). AA: Asparagopsis armata; IL2:

invasive lineage 2 of A. taxiformis; NL2: native lineage 2 of A.

taxiformis; L3: lineage 3 of A. taxiformis; L4: lineage 4 of A.

taxiformis
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values than L4, and the group formed by AA and IL2

at most temperatures, except at 22 �C that was

recovered similarly for all of the OTUs analysed

(Fig. 2e; Table 2). Finally, L4 scored the highest

values of Ic at all temperatures tested. However, the

values measured at 12 and 15 �C will not be consid-

ered in the comparison since they represent artefacts

obtained from the fitting procedure of the P–E curves

(see ‘‘Materials and methods’’; Fig. 1).

Differences in Ik were not statistically significant

for IL2 in the temperature range analysed. However,

significant differences for this parameter were

observed at extreme temperatures with NL2 showing

the highest values at 26 �C (Fig. 2f; Table 2).

Differences in photosynthetic profiles

among temperatures within an OTU

Similar trends and a correlation of NPRmax with

temperature were found for IL2 and L3. However,

none of them presented consistent differences in the

remainder of the parameters studied at all tempera-

tures (Fig. 2). The values of NPRmax and Ic were lower

for A. armata at temperatures ranging from 15 to

Fig. 2 Photosynthetic parameters of Asparagopsis OTUs esti-

mated from P–E curves (see ‘‘Materials and methods’’) at

different temperatures. Vertical bars represent SD of the mean

values (n = 4). Different letters represent significant differences

(p \ 0.001) among temperatures within an OTU. a Maximum

net photosynthetic rate (NPRmax) and b dark respiration (DR) are

expressed on FW basis (mg O2 g-1 FW h-1); c a is expressed as

mg O2 g FW-1 lmol photons m-2 s-1, and d b as mg O2 g FW-1

h-1/mmol photons m-2 s-1; e light compensation point (Ic) and

f light saturation parameter (Ik) are expressed as lmol photons

m-2 s-1. AA: Asparagopsis armata; IL2: invasive lineage 2 of A.

taxiformis; NL2: native lineage 2 of A. taxiformis; L3: lineage 3

of A. taxiformis; L4: lineage 4 of A. taxiformis
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26 �C although Ic values at 26 �C were 14 % higher

than at 12 and 15 �C (Fig. 2a, e). On the other hand, Ik

did not show differences among all temperatures

tested. The greatest value of a was recorded at 18 �C,

almost 84 % higher than at the rest of the temperatures

(Fig. 2c). L4 showed statically higher values of

NPRmax and a at 26 �C, 76 and 66 %, respectively

higher compared to intermediate temperatures of

18–22 �C. The greater value of Ic was recorded at

18 �C and Ik values were also increased at higher

temperatures. Finally, NL2 showed optimum values

for NPRmax, Ic and Ik at the highest temperatures

(22–26 �C), while a was positively correlated with

temperature (Fig. 2a, e, f).

Pigment content analysis

Inconsistent differences were observed in either

chlorophyll a or carotenoids content among IL2, L3

and A. armata isolates (Fig. 3a, b). However, NL2

presented the highest concentration of chlorophyll

a (1.40 ± 0.28 mg g-1 FW) and carotenoids

(0.45 ± 0.09 mg g-1 FW), up to fourfold higher

compared to the rest of the OTUs analysed. On the

other hand, L4 presented intermediate values of

chlorophyll a (0.12 ± 0.03 mg g-1 FW) between

NL2 and L3/IL2/A. armata (Fig. 3a, b).

Discussion

We report distinct patterns of photosynthetic perfor-

mance among the Asparagopsis OTUs analysed in this

study. These patterns reflect their genetic divergence

and the observed differences in their distribution

range. We further describe remarkable contrasts in

photosynthetic profiles among genetically identical L2

isolates collected from Australia and the

Table 2 Two-way

(temperature and OTUs)

ANOVA for the estimated

photosynthetic parameters

Differences among

temperatures within OTUs

are represented in Fig. 2

F values with an asterisk

represent significant

differences (p \ 0.05) in

the studied parameter; ns:

not significant. L: lineage;

T: temperature. AA:

Asparagopsis armata; IL2:

invasive lineage 2 of A.

taxiformis; NL2: native

lineage 2 of A. taxiformis;

L3: lineage 3 of A.

taxiformis; L4: lineage 4 of

A. taxiformis. When

lineage/species are not

indicated, no significant

differences were found in

relation to the other OTUs

Parameter F value p level Differences among lineages/species within temperatures

NPRmax L 58.8* \0.001 12 �C: L4 \ L3 = NL2 = IL2 = AA

T 140.5* \0.001 15 �C: L4 \ L3 = NL2 = IL2 = AA

L 9 T 12.2* \0.001 18 �C: L4 \ IL2 = NL2 \ L3 = AA

22 �C: L4 = L3 \ NL2

26 �C: AA \ L4 = L3 = NL2 = IL2

Ic L 97.8* \0.001 12 �C: NL2 = L3 [ AA = IL2

T 15.4* \0.001 15 �C: L3 [ IL2 = AA = NL2

L 9 T 9.72* \0.001 18 �C: L4 [ L3 [ IL2 = NL2 = AA

22 �C: L4 [ IL2 = NL2 = AA; L3 = L4

26 �C: L4 [ IL2

Ik L 7.7* \0.001 12 �C: no differences among lineages/species

T 18.0* \0.001 15 �C: no differences among lineages/species

L 9 T 3.1* \0.001 18 �C: no differences among lineages/species

22 �C: no differences among lineages/species

26 �C: L4 = IL2 = L3 = AA \ NL2

L 6.3ns \0.001 12 �C: no differences among lineages/species.

T 13.6ns \0.001 15 �C: no differences among lineages/species

L 9 T 2.0* 0.026 18 �C: L4 = L3 \ AA

22 �C: no differences among lineages/species.

26 �C: AA = L3 \ NL2

DR L 7.1* \0.001 All temperatures: L4 = NL2 [ AA; L4 [ L3

T 4.9* 0.002

L 9 T 1.1ns 0.41

L 1.5ns 0.2

T 1.1ns 0.4

L 9 T 0.9ns 0.6
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Mediterranean Sea. We argue that the extent of

ecophysiological plasticity observed in Asparagopsis

lineage 2 affects its fitness differently within its native

and introduced range. The capacity of this strain to

turn plastic physiological responses into adaptive

benefits makes L2 a successful invader.

Independently of genomic architecture, phenotypic

plasticity and physiological tolerance have been

accepted as specific responses to novel environmental

factors or a particular environmental cue (Stearns

1989; Raniello et al. 2004; Bradshaw and Holzapfel

2006). Defining the range of morphological and

physiological variation within cryptic species com-

plexes has significant ecological and evolutionary

consequences and has often challenged classical

taxonomy in several marine groups (Stearns 1989;

Raniello et al. 2004; Flagella et al. 2010; Schmidt-

Roach et al. 2013). Phenotypic plasticity has been

identified as a character supporting invasiveness

(Davidson et al. 2011), yet, its role in the success of

many marine biological invasions has been largely

overlooked, and it may explain why some organisms

behave as invaders whereas others do not (Bradshaw

1965; Rejmánek and Richardson 1996; Bradshaw and

Holzapfel 2006; Richards et al. 2006; Smith 2009). In

non-indigenous marine invasive species, understand-

ing the development of specific morphological and

physiological traits useful for species survival and

fitness is essential for the interpretation of the invasion

process itself (Schaffelke et al. 2006; Theoharides and

Dukes 2007).

Temperate versus tropical response to increased

temperature

Two groups of Asparagopsis OTUs are herein recog-

nised on the basis of their geographical distribution

and photosynthetic response to the tested tempera-

tures: (a) a temperate group consisting of invasive

lineages L2, L3 and AA, characterized in general, by

homogeneous photosynthetic behaviour and therefore

higher physiological tolerance; (b) a tropical group of

native lineages L2 and L4, characterized by photo-

synthetic optima displaced towards higher tempera-

tures, corresponding to a limited capacity of

acclimation to the experimental temperatures others

than those similarly found in their habitat (Figs. 1, 2).

Based on multiple lines of evidence, Nı́ Chualáin

et al. (2004) successfully delineated A. armata

tetrasporophytes collected worldwide from uncharac-

terized (sensu Andreakis et al. 2007b) A. taxiformis

tetrasporophytes. The latter set of isolates formed a

Caribbean/Atlantic (Canary Islands, Florida, México

and Puerto Rico) and a Pacific/Italian (Mediterranean

Sea, Australia and Hawaii) group. Despite Caribbean/

Atlantic isolates showing survival at higher tempera-

tures, the Pacific/Italian group presented intermediate

survival temperatures between A. armata and the

Caribbean/Atlantic group. The latter was therefore

proposed as an Asparagopsis thermal ecotype; the

former suggested as a different species (Nı́ Chualáin

et al. 2004). It was later assessed that these two groups

of isolates correspond to A. taxiformis L2 and L3

(Andreakis et al. 2007b). These occur sympatrically

with A. armata in the Mediterranean Sea. Whereas L3

is confined to few spots of the Almerian (Spain) and

Lebanese coasts, the invasive lineage 2 is ubiquitous

and replaces A. armata in locations where the two

OTUs overlap (Altamirano et al. 2008, Zanolla et al. in

preparation).

The photosynthetic findings from Australian native

L2 and L3 isolates analysed in this study do not match

the physiological profiles described for the Pacific/

Hawaiian group nor the Caribbean/Atlantic group (Nı́

Fig. 3 Photosynthetic pigment content (a Chlorophyll a,

b Carotenoids) of A. armata and the different lineages of A.

taxiformis. Values for each OUT are means of all temperatures

assayed since there were no significant differences among them.

Vertical bars represent SD of the mean values (n = 4). Different

letters represent significant differences (p \ 0.001). AA:

Asparagopsis armata; IL2: invasive lineage 2 of A. taxiformis;

NL2: native lineage 2 of A. taxiformis; L3: lineage 3 of A.

taxiformis; L4: lineage 4 of A. taxiformis
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Chualáin et al. 2004), despite their previous genetic

placement into A. taxiformis L2 and L3 respectively

(Andreakis et al. 2007b). In our study, Atlantic L3

showed a temperate profile. Sister lineage L4 on the

other hand, could represent a tropical clade due to its

optima at higher temperature and the lack of photo-

synthetic activity at lower temperatures (Figs. 1, 2).

Furthermore, our physiological assessment of A.

armata and Mediterranean isolates of invasive L2

[the only lineage collected from Italy in Nı́ Chualáin

et al. (2004)] fits the one reported by these authors for

A. armata and the Italian isolates of A. taxiformis,

showing lower survival temperatures than the tropical

isolates of A. taxiformis.

Asparagopsis armata showed unique features in

our study, such as photosynthetic efficiency (a)

displaced towards lower temperatures than any line-

age of A. taxiformis (Fig. 2c), lowest NPRmax at lower

temperatures (Table 2) and in general, low Ic values

similar to the ones recorded for IL2, which corre-

sponds to the native environment of these species

(Table 2). For the latter parameter, it is worth

mentioning that despite the similarities in Ic values

between A. armata and IL2 Falkenbergia isolates,

gametophytes of the latter occur in deeper habitats

than A. armata when these two OTUs are found in

sympatry (Altamirano et al. 2008). Differences in Ic

values between gametophytes of these OTUs can

account for their distinct depth preferences. For A.

Armata they were set as 20 lmol photons s-1 m-2

(Flores-Moya et al. 1996) whereas for A. taxiformis

they were 62 % lower (personal observation).

Although from a methodological perspective the

bathymetric range of the tetrasporophytes for each

OUT is difficult to establish, the assessment of Ic

values alone may suggests whether A. armata and A.

taxiformis IL2 tetrasporophytes are able to survive at

similar depths, whereas their respective gametophytes

do not.

Finally, the ecophysiological profile inferred in this

study for L4 agrees with the high survival rates in high

temperatures reported for the Hawaiian isolates by Nı́

Chualáin et al. (2004) and with the short temperature

range of photosynthetic performance scored in isolates

sampled from the same location (Padilla-Gamiño and

Carpenter 2007). However, without molecular work

for lineage assessment and taking into account that

lineages 1, 2 and 4 are sympatric on the windward

coast of Oahu (personal observation), where the algal

material from the aforementioned study was collected,

the identity of the isolates cannot be accurately

assessed. In addition, the study by Padilla-Gamiño

and Carpenter (2007) used the gametophyte stage of

Asparagopsis and not the tetrasporophytes (as in this

study). It is now well understood that species charac-

terized by triphasic life strategies present different

temperature tolerance depending on the life stage

considered. It has been proposed that studies of

temperature tolerance and physiological performance

should be performed with the most resistant stage of

the life cycle, which is often the microscopic phase in

many seaweeds (Breeman 1988; Dieck 1993). Addi-

tionally, these statements are supported by the fact that

L4 had to be cultured at 28 �C because at 18 �C the

pompom-like structures broke apart and turned into

yellow–orange colour, not being able to recover from

this state. These previous results were then confirmed

by the photosynthetic performance of L4 and also

account for its present distributional range.

Dark respiration rates were uninformative in dis-

criminating Asparagopsis OTUs, although temperate

strains showed lower values than the tropical ones

(Table 2). All OTUs on the other hand showed low

DRs at 12 �C confirming that a rise in temperature can

be translated into an increase in DR for most seaweed

(Lüning 1990; Necchi 2004). In addition, despite

photoinhibition being known to be temperature

dependent (Hanelt 1996), photoinhibition rates

observed in our study did not show any significant

variation among the temperatures tested for any of the

OTUs. L4 only showed photoinhibition at 26 �C,

reflecting its inability to activate this defence mech-

anism at sub-optimal temperatures compared to tem-

peratures that resemble its natural thermal range

(Osmond 1994). Similarly, no significant differences

in photoinhibition were reported between tropical and

temperate isolates of Valonia utricularis (Roth) C.

Agardh (Eggert et al. 2006). However, whereas the

temperate isolates recovered from sub- and supra-

optimal temperatures for photosynthesis, the warm

temperate isolates did not, showing chronic photo-

damage (Eggert et al. 2006).

Genetic differentiation in A. taxiformis meets

lineage-specific ecophysiological profiles

Our study shows for first time solid physiological

differences among the Asparagopsis OTUs examined,
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as well as contrasting profiles found between the

invasive and native range of A. taxiformis lineage 2.

Distinct physiological features were expected to

correlate well with the four mitochondrial lineages

of A. taxiformis described previously (Andreakis et al.

2007b). However, striking differences between inva-

sive L2 and native L2 can be observed not only in the

physiological response to the temperature but also by

their distinct morphologies (Zanolla et al. 2014)

despite the absence of genetic differentiation between

Australian (native) and Mediterranean (invasive)

isolates of L2. Invasive Mediterranean strains are

characterized by high population genetic diversity

compared to native strains of the same lineage

(Andreakis et al. 2009). In addition, differences in

ploidy levels for the invasive L2 have been suggested

by microsatellite analyses of Mediterranean isolates

(Andreakis et al. 2007a), a condition associated with

invasiveness in higher plants (Pandit et al. 2011).

Similar patterns have been observed in another

invasive species, Undaria pinnatifida (Harvey) Surin-

gar, whose introduced populations are more variable

compared to the native ones (Uwai et al. 2006).

Several physiological innovations leading to adaptive

advantages have been related to highly variable

genetic pools, such as quantitative and qualitative

changes in enzymatic activity via the use of isoen-

zymes or enzymatic modulation in order to minimize

the temperature effects and/or the activation of several

recovery mechanisms (Hochachka and Somero 2002;

Eggert 2012). Invasive Mediterranean L2 is therefore

better equipped to cope with thermal stress associated

with greater levels of phenotypic plasticity in response

to temperature changes and physiological advantages

(i.e. very low Ic) that allow the invasive lineage to

colonize deeper habitats (Altamirano et al. 2008).

Isolates of NL2 showed the higher photosynthetic

rates within A. taxiformis sensu lato expressed by fresh

weight rather than pigment content (Fig. 1), which

was also the highest in this lineage. If the photosyn-

thesis rate is expressed as Chlorophyll a (data not

shown), the obtained values match the ones found in

the other A. taxiformis lineages and A. armata. Taking

into account that all isolates were grown under the

same environmental conditions, the differences

observed in the pigment content are likely due to the

aggregation level of the filaments composing the

tetrasporophyte structure, which is more compact in

NL2 and to lineage intrinsic characteristics. The lack

of differences in the pigment content of the replicates

within an OTU exposed to the experimental temper-

atures (\2 h, considering the DR acclimation plus the

P–E curve) reflects that the synthesis of Chla and

carotenoids require more time in longer exposure

periods (Davison 1991). We suggest that a longer term

experiment should be appropriate to asses this type of

physiological responses.

Our results confirm an Indo–Pacific origin for

IL2 given the similarities in higher and lower photo-

synthetic rates at temperatures ranging from 22–26 to

12–15 �C respectively (Nı́ Chualáin et al. 2004).

However, the differences found between NL2 and IL2

(i.e. higher values of Ik, Ic, NPRmax, at higher

temperatures for NL2) likely suggest a distinct A.

taxiformis thermal ecotype adapted to the Mediterra-

nean marine environment (Nı́ Chualáin et al. 2004).

Temperature, combined with photoperiod, are

important determinants of seaweed distribution (Bre-

eman 1988). It is expected that seaweeds native to

habitats with broad annual temperature variations

display a wider photosynthetic response compared to

species from habitats with more stable seasonal

regimes (Eggert 2012). This has been previously

demonstrated for lineages of the green algal genus

Cladophora Kützing collected from different biogeo-

graphical regions (Breeman et al. 2002). We were able

to test this effect in Asparagopsis using long-term

cultured isolates (see ‘‘Materials and methods’’ sec-

tion), to assure the same physiological background and

that the observed photosynthetic differences were due

to the genetic differentiation among the OTUs studied.

Isolates of IL2, L3 and A. armata in the Mediterranean

Sea are distributed in areas with wide thermal ranges.

The same thermal tolerance is therefore expected for

the aforementioned OTUs although phylogenetic

constraints may eventually bypass adaptive responses

(Breeman 1988). The photosynthetic optimum for A.

armata was observed at a lower temperature (18 �C)

than any lineage of A. taxiformis tested, reflecting the

temperate distribution of the latter (Bonin and Hawkes

1987). On the other hand, L3 is exposed to the same

thermal range, yet no ecophysiological differences

were found between this lineage and IL2. Despite their

phylogenetic divergence, L2 and L3 do not present

major differences, mainly due to the same thermal

range they are exposed to and their adaptive potential.
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Conclusions

Invasive species and lineages of Asparagopsis rep-

resent a major threat to the integrity of marine

ecosystems in the Mediterranean Sea and worldwide

due to explosive range expansions and competition

with local biota (Cebrián and Ballesteros 2004;

Altamirano et al. 2008). When invasive species

characterized by broader physiological tolerance

compete against local residents for the same thermal

habitat, it is likely that increased temperatures due to

climate change will favour invaders (Zerebecki and

Sorte 2011). Our results confirm the existence of

thermal ecotypes within the A. taxiformis species

complex, which is notoriously invasive. Under this

caveat, A. taxiformis sensu lato represents an ideal

model system for understanding the evolutionary and

ecological pressure of the environmental changes in

promoting invasiveness in marine seaweeds. As

previously suggested (Nı́ Chualáin et al. 2004;

Boudouresque and Verlaque 2010), in light of solid

genetic and ecophysiological differences among

Asparagopsis OTUs, formal taxonomic recognition

of A. taxiformis mitochondrial lineages is urged to

facilitate local management of the Asparagopsis

invasive lineages (Andreakis et al. 2007b; Zanolla

et al. 2014).
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Altamirano M, Muñoz AR, De la Rosa J, Barrajón-Mı́nguez A,

Barrajón-Domenech A, Moreno-Robledo C, Arroyo MC

(2008) The exotic invasive species Asparagopsis taxifor-

mis (Delile) Trevisan (Bonnemiasonial Rhodophyta) on

Andalusian coasts (Southern Spain): new records, invaded

communities and reproductive stages. Acta Bot Malacit

33:1–11

Andreakis N, Schaffelke B (2012) Invasive marine seaweeds:

pest or prize? In: Wiencke C, Bischof K (eds) Seaweed

biology, vol 219. Ecological studies. Springer, Berlin,

pp 235–262. doi:10.1007/978-3-642-28451-9_12

Andreakis N, Procaccini G, Kooistra WHCF (2004) Asparag-

opsis taxiformis and Asparagopsis armata (Bonnemai-

soniales, Rhodophyta): genetic and morphological

identification of Mediterranean populations. Eur J Phycol

39(3):273–283. doi:10.1080/0967026042000236436

Andreakis N, Koolstra WHCF, Procaccini G (2007a) Micro-

satellite markers in an invasive strain of Asparagopsis

taxiformis (Bonnemaisoniales, Rhodophyta): insights in

ploidy level and sexual reproduction. Gene 406(1–2):144–

151. doi:10.1016/j.gene.2007.08.013

Andreakis N, Procaccini G, Maggs C, Kooistra WHCF (2007b)

Phylogeography of the invasive seaweed Asparagopsis

(Bonnemaisoniales, Rhodophyta) reveals cryptic diversity.

Mol Ecol 16(11):2285–2299. doi:10.1111/j.1365-294X.

2007.03306.x

Andreakis N, Kooistra WH, Procaccini G (2009) High genetic

diversity and connectivity in the polyploid invasive sea-

weed Asparagopsis taxiformis (Bonnemaisoniales) in the

Mediterranean, explored with microsatellite alleles and

multilocus genotypes. Mol Ecol 18(2):212–226

Bolton JJ, Andreakis N, Anderson RJ (2011) Molecular evi-

dence for three separate cryptic introductions of the red

seaweed Asparagopsis (Bonnemaisoniales, Rhodophyta)

in South Africa. Afr J Mar Sci 33(2):263–271. doi:10.2989/

1814232x.2011.600339

Bonin DR, Hawkes MW (1987) Systematics and life histories of

New Zealand Bonnemaisoniaceae (Bonnemaisoniales,

Rhodophyta): I. The genus Asparagopsis. NZ J Bot 25(4):

577–590

Boudouresque CF, Verlaque M (2002) Biological pollution in

the Mediterranean Sea: invasive versus introduced mac-

rophytes. Mar Pollut Bull 44(1):32–38

Boudouresque CF, Verlaque M (2010) Is global warming

involved in the success of seaweed introductions in the

mediterranean sea? Seaweeds and their role in globally

changing environments. Springer, Berlin, pp 31–50

Bradshaw AD (1965) Evolutionary significance of phenotypic

plasticity in plants. Adv Genet 13(1):115–155

Bradshaw WE, Holzapfel CM (2006) Evolutionary response to

rapid climate change. Science (Washington) 312(5779):

1477–1478

Breeman AM (1988) Relative importance of temperature

and other factors in determining geographic boundaries

of seaweeds—experimental and phenological evidence.

Photosynthetic plasticity of the genus Asparagopsis 1351

123

http://dx.doi.org/10.1007/978-3-642-28451-9_12
http://dx.doi.org/10.1080/0967026042000236436
http://dx.doi.org/10.1016/j.gene.2007.08.013
http://dx.doi.org/10.1111/j.1365-294X.2007.03306.x
http://dx.doi.org/10.1111/j.1365-294X.2007.03306.x
http://dx.doi.org/10.2989/1814232x.2011.600339
http://dx.doi.org/10.2989/1814232x.2011.600339


Helgolander Meeresun 42(2):199–241. doi:10.1007/

Bf02366043

Breeman A, Oh YS, Hwang MS, Van Den Hoek C (2002)

Evolution of temperature responses in the Cladophora

vagabunda complex and the C. albida/sericea complex

(Chlorophyta). Eur J Phycol 37(1):45–58

Cebrián E, Ballesteros E (2004) Zonation patterns of benthic

communities in an upwelling area from the western Med-

iterranean (La Herradura, Alboran Sea). Scientia Marina

68(1):69–84

Davidson AM, Jennions M, Nicotra AB (2011) Do invasive

species show higher phenotypic plasticity than native

species and, if so, is it adaptive? A meta-analysis. Ecol Lett

14(4):419–431. doi:10.1111/j.1461-0248.2011.01596.x

Davison IR (1991) Environmental effects on algal photosyn-

thesis: temperature. J Phycol 27(1):2–8

De Clerck O, Gavio B, Fredericq S, Barbara I, Coppejans E

(2005) Systematics of Grateloupia filicina (Halymenia-

ceae, Rhodophyta), based on rbcL sequence analyses and

morphological evidence, including the reinstatement of G-

minima and the description of G-capensis sp nov. J Phycol

41(2):391–410. doi:10.1111/j.1529-8817.2005.04189.x

Dieck I (1993) Temperature tolerance and survival in darkness

of kelp gametophytes (Laminariales, Phaeophyta): eco-

logical and biogeographical implications. Mar Ecol Prog

Ser 100:253-253

Eggert A (2012) Seaweed responses to temperature. Seaweed

biology. Springer, Berlin, pp 47–66

Eggert A, Visser RJ, Van Hasselt PR, Breeman AM (2006) Dif-

ferences in acclimation potential of photosynthesis in seven

isolates of the tropical to warm temperate macrophyte Valonia

utricularis (Chlorophyta). Phycologia 45(5):546–556

Flagella MM, Andreakis N, Hiraoka M, Verlaque M, Buia MC

(2010) Identification of cryptic Ulva species (Chlorophyta,

Ulvales) transported by ballast water. J Biol Res-Thessa-

loniki 13:47–57

Flores-Moya A, Fernández JA, Niell FX (1996) Growth pattern,

reproduction, and self-thinning in seaweeds. J Phycol

32:767–769

Galil BS (2000) A sea under siege–alien species in the Medi-

terranean. Biol Invasions 2(2):177–186

Genovese G, Tedone L, Hamann MT, Morabito M (2009) The

Mediterranean red alga Asparagopsis: a source of com-

pounds against Leishmania. Mar Drugs 7(3):361–366

Guiry M, Dawes CJ (1992) Daylength, temperature and nutrient

control of tetrasporogenesis in Asparagopsis armata

(Rhodophyta). J Exp Mar Biol Ecol 158:197–217. doi:10.

1016/0022-0981(92)90227-2

Guiry M, Guiry G (2011) AlgaeBase. World-wide electronic

publication, National University of Ireland, Galway

Hall TA (1999) BioEdit: a user-friendly biological sequence

alignment editor and analysis program for Windows 95/98/

NT. Nucleic Acids Symp 41:95–98

Hanelt D (1996) Photoinhibition of photosynthesis in marine

macroalgae. Sci Mar 60:243-248

Henley WJ (1993) Measurement and interpretation of photo-

synthetic light-response curves in algae in the context of

photoinhibition and diel changes. J Phycol 29:729–739

Hochachka PW, Somero GN (2002) Biochemical adaptation:

mechanism and process in physiological evolution. Oxford

Unviversity Press, New York, p 466

Knowlton N (1993) Sibling species in the sea. Annu Rev Ecol

Syst 24:189–216. doi:10.1146/annurev.ecolsys.24.1.189

Kooistra WHCF, Coppejans EGG, Payri C (2002) Molecular

systematics, historical ecology, and phylogeography of

Halimeda (Bryopsidales). Mol Phylogenet Evol 24(1):

121–138. doi:10.1016/S1055-7903(02)00221-X
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