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Allocation Costs Associated with 
Induced Defense in Phaeocystis 
globosa (Prymnesiophyceae): the 
Effects of Nutrient Availability
Xiaodong Wang1,2, Yan Wang1, Linjian Ou1, Xuejia He1 & Da Chen3

Colony enlargement in Phaeocystis globosa has been considered as an induced defense strategy 
that reduces its susceptibility to grazers, but allocation costs inflicted by this plastic morphological 
defense are poorly understood. We conducted experiments in which P. globosa cultures were exposed 
to chemical cues from copepods, ciliates and heterotrophic dinoflagellates, respectively, under 
nutrient sufficient and deficient conditions to evaluate allocation costs associated with induced 
defense. Phaeocystis globosa responded to chemical cues from grazers by increasing colony diameter 
irrespective of nutrient conditions. We did not find trade-offs between induced defense and growth 
rate under nutrient sufficient conditions. Instead, induced defensive P. globosa had higher growth 
rates than non-induced P. globosa. When nutrient became limited, P. globosa exposed to grazing 
cues from copepods and dinoflagellates had significantly decreased growth rates when compared 
with non-induced P. globosa. We suggested that the decreased growth revealed allocation costs 
associated with induced defense that may influence on the trophic interactions between Phaeocystis 
and consumers.

Phaeocystis, a potential harmful algal species with worldwide distribution, plays important roles in 
trophic structure, biogeochemical cycles and climate change1,2. It has a unique polymorphic life cycle 
that involves transformation between solitary cells and gelatinous colonies. The solitary cells are generally 
3-10 μ m in diameter. The colonies, with cells distributed in a mucilaginous matrix, can reach up to 3 cm 
in diameter3,4. Colony formation is one of the remarkable plastic phenotype characters in Phaeocystis. 
Colony diameter increases significantly in the presence of grazers or chemical signals originating from 
grazing activities 5–7. Because large colonies create a size-mismatch problem for small grazers 8,9, such 
plastic morphological responses significantly reduce grazing mortality5. Colony formation and enlarge-
ment have been considered as induced defense strategies that reduce predation risk, and play key roles 
responsible for the success of Phaeocystis in marine systems6,9.

It is widely assumed that any physiological advantage must have a trade-off in metabolic costs10,11. 
Because defense and growth are energy demanding, limiting resources could be allocated to growth or 
reproduction under predation-free conditions to optimize the energy expenditures. In contrast, a prey 
organism in the presence of predator has to invest resources for defense, and consequently decrease 
growth12,13. The reduction in growth rate can be viewed as allocation cost associated with induced 
defense14,15. Studies on terrestrial plants have provided support for the existence of allocation cost. For 
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example, the suppressed growth and photosynthesis, reduced seed production and leaf growth, and 
delayed flowering and fruiting have been associated to induced resistances to herbivores16–18.

Not all studies attempting to explore the costs of induced defense have been successful, particu-
larly in the case of Phaeocystis. Although its induced defense against grazing has been well described 
5–7,19,20, understanding of the allocation cost is currently lacking. Tang6 showed that P. globosa responded 
to chemical cues from dinoflagellate Gyrodinium dominans by increasing both abundances of solitary 
and colonial cells, indicating that induced defense had positive influence on the growth. The presence 
of grazing chemical cues from natural zooplankton not only stimulated the colony enlargement, but 
increased the abundance of total cells of P. antarctica7. Similar studies by Long et al. 19 also reported that 
chemical cues released by Acartia strongly enhanced the growth rate of P. globosa. One reason for failure 
to estimate allocation costs of inducible defense is that costs are strongly dependent on resource avail-
ability14,15. The allocation costs may be undetectable under conditions of high resource availability that 
allow for both active growth and effective defense. Costs become more apparent under resource-limiting 
conditions14,21,22. For example, Chlorella vulgaris under rotifer grazing pressure became smaller in diam-
eter as a defense response, resulting in 32% lower rotifer growth rate relative to the ones feeding on 
non-defensive algae23. The induced defensive C. vulgaris exhibited lower growth rate than non-induced 
algae only when cultured in nitrate-deficient medium, but not in nitrate replete medium23. Accordingly, 
we predict that allocation costs of induced defense in Phaeocystis under low nutrient condition would 
increase and become detectable.

The goal of this study was to measure the expression and allocation costs of induced defense in P. 
globosa. We exposed P. globosa culture to grazing cues associated with copepods, ciliates and hetero-
trophic dinoflagellates under nutrient sufficient vs. nutrient deficient conditions. The growth rates were 
used as proxies of fitness, and colony diameters and percentages of cells in colonial form were measured 
as proxies for defensive response. Given the ecological roles of Phaeocystis in marine carbon and sulfur 
cycles, measurement of allocation costs associated with induced defense is important for understanding 
the structure and function of the marine systems dominated by Phaeocystis.

Results
Nutrient concentrations.  Nitrate and phosphate concentrations in all grazing treatments and con-
trols decreased consistently at the end of experiments (Table 1). Nitrate concentrations under HN and 
LN conditions were higher than 50 μ M and 1.0 μ M, respectively. Phosphate concentrations remained 
> 0.5 μ M under HN condition, but fell below the analytical detection limit under LN condition. The 
concentrations of NH4

+ were < 0.55 μ M under both HN and LN conditions for all experiments.

Grazing inside cages.  Abundances of solitary cells in P. globosa inside all grazing cages were sig-
nificantly lower than those inside control cages under both nutrient conditions as a result of predation 
by three grazers (Copepod, HN: P = 0.0014, LN: P = 0.0174; Ciliate, HN: P = 0.0017, LN: P = 0.0097; 
Dinoflagellate, HN: P = 0.0005, LN: P = 0.0001; Table 2). The final concentration of Euplotes sp. increased 
to 54.0 ±  8.2 cells mL−1 under HN condition and to 20.3 ±  6.5 cells mL−1 under LN condition. Similarly, 
O. marina concentration under HN and LN conditions increased to 1083.3 ±  60.5 cells mL−1 and 
511.0 ±  101.7 cells mL−1, respectively. In contrast, abundances of copepod remained unchanged at the 
end of experiments.

Induced defensive responses.  The presence of grazing cues strongly influenced colony size and 
partitioning of cells between colonial and solitary forms of P. globosa (Fig.  1). Colony diameters of P. 
globosa outside all grazing cages were more than 10% larger than those outside control cages, irrespective 
of nutrient conditions (Copepod, HN: P = 0.0306, LN: P = 0.0001; Ciliate, HN: P = 0.0012, LN: P = 0.045; 

Nutrient 
concentration P. poplesia Euplotes O. marina

(μM) grazing control grazing control grazing control

HN NO3
− 56.0 ±  3.7 54.3 ±  1.8 50.3 ±  7.6 56.3 ±  7.3 61.0 ±  4.3 56.8 ±  2.6

PO4
− 1.0 ±  0.1 1.0 ±  0.1 0.6 ±  0.0 0.6 ±  0.1 1.0 ±  0.3 1.0 ±  0.2

NH4
+ 0.55 ±  0.7 0.5 ±  0.3 0.35 ±  0.38 0.19 ±  0.1 0.3 ±  0.2 —

NO3
− 1.57 ±  1.9 1.17 ±  0.7 1.87 ±  0.1 1.97 ±  0.2 2.5 ±  0.3 3.2 ±  0.4

LN PO4
− — — — — — —

NH4
+ 0.18 ±  0.06 — 0.16 ±  0.11 0.3 ±  0.2 0.13 ±  0.12 —

Table 1.  Concentrations (μ M) of dissolved nitrate, phosphate, and ammonium in P. globosa cultures inside 
grazing and control beakers at the end of grazer-induced experiments. The detection limits for nitrate, 
ammonium and phosphate were 0.02, 0.1 and 0.02 μ M, respectively. -Below detection limit. Values are 
mean ±  1SD. HN and LN are high and low nutrient levels, respectively.
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Dinoflagellate, HN: P = 0.001, LN: P = 0.0399, Fig. 1 a-c). Exposure to grazing cues from copepods sig-
nificantly raised the percentages of cells in colony form under both nutrient conditions (HN: P = 0.0425, 
LN: P = 0.0397, Fig. 1 d). Grazing cues from ciliates and dinoflagellates did not significantly change the 
partitioning of cells between colonial and solitary forms under HN condition (P >  0.05), but resulted 
in higher percentages of cells in colony form under LN condition (Ciliate: P = 0.0195; Dinoflagellate: 
P = 0.0454, Fig. 1 e-f).

Proxies of fitness.  Induced defensive P. globosa had higher abundances of solitary cells than 
non-induced P. globosa in response to chemical cues from all grazers under HN conditions (Copepod: 
P = 0.0162; Ciliate: P = 0.0010; Dinoflagellate: P = 0.0147, Fig. 2 a-c). When grown under LN condition, 
however, the abundance of solitary cells of induced P. globosa was decreased in the presence of graz-
ing cues from copepods and dinoflagellates relative to non-induced P. globosa (Copepod: P = 0.0166; 
Dinoflagellate: P = 0.0243). Exposure to ciliate grazing cues did not influence the abundance of solitary 
cell of induced P. globosa (P >  0.05).

Abundances of colonial cells of induced defensive P. globosa were up to 2-fold higher than those of 
non-induced P. globosa under HN condition (Copepod: P = 0.0181; Ciliate: P = 0.0006; Dinoflagellate: 
P = 0.0038, Fig.  2  d-f). However, there was no statistically significant differences between induced and 
non-induced P. globosa under LN condition (P >  0.05).

The growth rates of P. globosa were influenced strongly by nutrient conditions and grazing cues 
(Fig. 2 g-i). Grazing cues from all grazers resulted in increased growth rates of induced P. globosa when 
compared to the controls under HN condition (Copepod: P = 0.0077; Ciliate: P = 0.0004; Dinoflagellate: 
P = 0.0029). However, growth rates of P. globosa exposed to grazing cues from copepods and dinoflag-
ellates were significantly lower than those of non-induced P. globosa under LN condition (Copepod: 
P = 0.0079; Dinoflagellate: P = 0.0083). There were no differences in growth rate between induced- and 
non-induced P. globosa in ciliate experiments under LN condition (P >  0.05).

Discussion
The major goal of this study was to measure the allocation costs of induced defense in Phaeocystis glo-
bosa, an important HAB species with a cosmopolitan distribution. With various defensive mechanisms, 
P. globosa has been considered as a model candidate for studies on the defense of primary producer in 
marine ecosystems9. Transparent exopolymer particles (TEP) and cohesion of the threads into pentago-
nal stars significantly reduced the vulnerability of P. globosa solitary cells to grazing copepods24,25. These 
defensive effects have important implications for increasing survival of solitary cells on termination of 
the colonial bloom24,25. There was no evidence indicating that the defense mechanism of solitary cells 
is inducible24. In contrast, the theory that Phaeocystis colony formation and size increase are induced 
defense mechanisms against grazers has been widely acknowledged6,7,19,20; see also9. Therefore, we have 
focused on the induced defensive responses of P. globosa colonies in the present work.

The assumed most important defense trait in Phaeocystis is colony enlargement that provides pro-
tection for colonial cells against small grazers due to size-mismatch and the tough colonial envelope8,26. 
Tang6 found that dissolved chemicals released during heterotrophic dinoflagellate or copepod grazing 
activities resulted in significant colony enlargement in P. globosa. The presence of grazing chemicals 
associated with zooplankton has also been shown to induce P. antarctica to form significantly larger 
colonies7. In this study, P. globosa exposed to grazing cues from copepods, ciliates and heterotrophic 
dinoflagellates developed consistently larger colonies than non-induced P. globosa irrespective of nutrient 
levels. The magnitudes of colony enlargement in LN treatment, which had a negative influence on growth 
rates of P. globosa, were similar to those in HN treatments. Previous study by Lundgren and Granéli20 
indicated that reduced defense of P. globosa occurred under nutrient sufficient and P-deficient conditions. 
The expression of defensive trait under low nutrient condition suggested that grazing risk was a stronger 
selection pressure than resource availability.

Increased partitioning of cells to colonial form has been considered as another induced defense 
response in P. globosa against protozoan grazers6,19. When P. globosa was exposed to grazing cues from 

P. globosa and grazers Nutrient P. poplesia Euplotes sp. O. marina

grazing control grazing control grazing control

Abundance of solitary 
cells HN 42.7 ±  21.9 160.3 ±  13.6 47.8 ±  7.9 141.0 ±  13.3 68.0 ±  17.0 185.3 ±  16.8

(× 103 cells mL−1) LN 3.67 ±  0.9 42.0 ±  13.0 30.3 ±  5.8 100.3 ±  19.1 1.44 ±  0.9 134.3 ±  6.6

Grazers abundance HN 0.06 ±  0.0 0 54.0 ±  8.2 0 1083.3 ±  60.5 0

(grazers mL−1) LN 0.06 ±  0.0 0 20.3 ±  6.5 0 511.0 ±  101.7 0

Table 2.   Abundances of solitary P. globosa cells and grazers inside grazing and control cages at the end 
of grazer-induced experiments. Values are mean ±  1SD. HN and LN are high and low nutrient levels, 
respectively.
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Gyrodinium dominans and Euplotes, higher percentages of cells were present in colonial form6,19. This 
effect occurred mostly when defensive P. globosa grew under limiting nutrient condition in our experi-
ments. In contrast, grazing cues associated with Euplotes and O. marina did not change the partitioning 
of cells between colonial and solitary forms under nutrient-sufficient condition. Our results suggested 
that P. globosa grown under nutrient-deficient conditions had greater defensive responses, supporting the 
growth–differentiation balance model, which proposes that nutrient limitation can increase allocation 
of resources to defense27. When nutrient supply is sufficient, high growth may compensate for grazing 
losses. But when growth is limited by nutrient availability, induced defense could help conserve biomass 
by relieving predation losses28,29.

Previous studies reported decreased allocation of cells to colonial form when P. globosa received 
grazing cues associated with copepods19,20. These findings are not in agreement with our results which 
indicated that the exposure to grazing cues from copepod increased the percentages of cells in colonial 
form. Tang et al.7 also showed that P. antarctica responded to signals released during grazing activities 
of natural zooplankton assemblages which were dominated by copepods by partitioning cells toward 
the colonial phase. Variations in grazer death and differences in experimental design could result in the 
discrepancies between these studies. For example, we did not find any grazer mortality during the entire 
experiment, whereas Tang6 and Lundgren and Granéli20 found substantial copepod death at the end of 
experiments. The signals associated with dead copepods probably interfere with the response of P. globosa 
to the grazing cues19,20. In the case of experimental set-up, Long et al.19 and Lundgren and Granéli20 used 
filtrate containing grazing cues to induce the defense response of P. globosa. However, we used diffusion 
incubators allowing P. globosa to receive continuous grazing signals30, which is similar to what has been 
employed by Tang6. Given that our results were similar to Tang’s observations, particularly on colony 
enlargement and increased percentage of cells in colony form, experimental design rather than grazer 
death was suggested to account for the variations in defensive response of P. globosa.

It is assumed that a metabolic competition for resources between growth and defense occurs because 
both processes are energy demanding. Allocation of limited resources to induced defense prevents the 
use of these resources in other fitness-relevant functions27. As a result, the expression of induced defense 
in P. globosa is expected to impair growth, particularly considering that the mucilaginous matrix can 
account for > 50% of the total colonial carbon of P. globosa31–33. Contrary to the expectation, induced 
defense did not negatively influence the growth rate in P. globosa under nutrient-replete conditions. In 
fact, similar to previous findings by Tang6, induced defensive P. globosa even showed higher growth 
rates compared with non-induced P. globosa. Allocation costs of induced defense can be masked in 

Figure 1.  Colony diameters (top panel) and percentages of cells in colonial form (bottom panel) in P. 
globosa outside grazing (filled bars) and control (open bars) cages. HN and LN are high and low nutrient 
levels, respectively. Values are mean ±  1SD. * P <  0.05, ** P <  0.01, *** P <  0.001.
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resource rich environments15. The maintenance of growth and reproduction may be easily achieved and 
more investment in defense is possible and beneficial when conditions are favorable. Thus, high nutri-
ents may allow P. globosa to activate its defense while maintaining high growth rate at the same time14. 
The increased colony formation may subsequently relieve the species from grazing pressure, which may 
explain why Phaeocystis blooms occur frequently in nutrient-enriched waters such as the South China 
Sea, North Sea and Ross Sea34–36(, see also review by )2. The failure of detecting the allocation cost sug-
gested that induced defense may incur other costs that were not included in our studies. A potential 
cost is decreased nutrient uptake due to the presence of diffusive boundary layer around the colonies37. 
Furthermore, these costs are likely to be ecological relevant, including enhanced sinking rate of colo-
nies. P. globosa colonies in exponential phase always exhibit negative buoyancy38, while giant P. globosa 
colonies collected from Vietnamese coastal waters had sinking rates as high as 516 m d−1 33. The high 
sinking rate poses a significant challenge for the colonies to maintain their population at the sea surface33

We found that under low nutrient conditions, induced defense in response to copepod and heter-
otrophic dinoflagellate grazing cues led to decreased growth rates. The differential-allocation models 
predict that primary producers should experience greater costs growing under limiting resource con-
ditions where tradeoffs with growth would have severe fitness consequences14,27. This has been shown 
for induced defense in terrestrial plants39,40 and freshwater algae23. Our study provides the first direct 
experimental evidence of allocation cost of induced defense in marine phytoplankton, suggesting that 
trade-off between induced defense and growth exists widely across ecosystems.

The response of solitary cells to the combined effects of low nutrient and grazing cues was more sen-
sitive than colonial cells. Under low nutrient conditions, induced defensive P. globosa had comparable 

Figure 2.  Abundances of solitary cells (top panel), abundances of cells in colonial form (middle panel) 
and population growth rates (bottom panel) in P. globosa outside grazing (filled bars) and control (open 
bars) cages. HN and LN are high and low nutrient levels, respectively. Values are mean ±  1SD. * P <  0.05, ** 
P <  0.01, *** P <  0.001.
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abundances of colonial cells, but lower abundances of solitary cell when compared to non-induced P. 
globosa. These results could be explained by different ecological roles played by solitary and colonial cells. 
Due to nutrient limitation caused by the presence of a diffusive boundary layer surrounding a colony37, 
solitary cells are considered as a better competitor than colonial cells under low nutrient conditions41, 
whereas colonial cells are better defended against grazers9,42. Grazing cues and low nutrient level had a 
stronger inhibitory effect on the growth of solitary cells versus of colonial cells, exhibiting the importance 
of defense function over growth under low nutrient condition.

We did not detect any allocation cost of induced defense in the Euplotes experiments, where induced 
defensive P. globosa had comparable growth rates to non-induced P. globosa under low nutrient condi-
tions. This result could be attributed to the species-specific character of grazing cues, which probably 
resulted in different growth response of P. globosa. Tang6 found all grazing cues released from three spe-
cies of grazers feeding on four species of phytoplankton resulted in significant colony enlargement in P. 
globosa, and concluded that grazing signals are non-species-specific. This non-species-specific character 
allows P. globosa to defend itself against diverse predators and adapt to various environments. We argue 
that grazing cues from various grazers were slightly different. Grazing cues from copepods, ciliates and 
dinoflagellates in our experiments led to comparable defense responses of P. globosa in terms of colony 
size, which is similar to the results of Tang’s6 study, but our results showed a more specific response in 
growth. Based on the present data we were not able to determine whether properties of grazing cues are 
responsible for the lack of detection of allocation costs. Our results suggested, however, that the relation-
ship among nutrient levels and costs of induced defense may appear to be non-linear43. The factor may 
have prevented the allocation costs of induced defense from becoming apparent even under low nutrition 
condition14. Consistent with our findings, Selander et al.30 reported that growth rates of Alexandrium 
minutum cells exposed to grazing cues from copepods were not significantly reduced compared to those 
of non-induced A. minutum cells irrespective of N and P limitation.

Our studies showed that allocation costs associated with induced defense in P. globosa were modu-
lated by nutrient availability. Trade-offs between growth and induced defense emerged only under low 
nutrient conditions. Because Phaeocystis blooms in nature usually follow the diatom bloom35,44, P. globosa 
is likely to encounter environments where nutrient availability is limited. Induced defense may become 
more costly in terms of reduced growth rates, and consequently change the relative dominance between 
the solitary and colonial form, as well as colony size distributions6. Thus, nutrient availability probably 
had subtle influences on trophic interactions among Phaeocystis and their consumers by modulating the 
allocation cost associated with induced defense.

Methods
P. globosa and grazers.  A clone of Phaeocystis globosa, originally isolated from the South China Sea 
in 2009, was maintained in artificial seawater with salinity of 30 at 20° C under 100 μ mol photons m−2 s−1 on 
a light: dark cycle of 12:12 h. The seawater was enriched with f/2 medium without silicon45. The stock 
culture was maintained in exponential growth by regular dilution with fresh f/2 medium.

The copepods Pseudodiaptomus poplesia, ciliate Euplotes sp., and heterotrophic dinoflagellate Oxyrrhis 
marina were used as grazers in the present experiments. P. poplesia and Euplotes were isolated from 
the South China Sea, and O. marina was obtained from the Shannon Point Marine Center. All grazers 
were grown on Isochrysis galbana (Prymnesiophyceae) which was also grown in f/2 medium. To empty 
gut contents of copepod, adult female P. poplesia were transferred to filtered seawater for 24 h prior to 
experiments. Euplotes and O. marina were not fed and placed in the dark for 72 h before the experiment. 
These methods assured minimal transfer of residual food into the experiments.

Experimental procedures.  The allocation costs of induced defense in P. globosa were assessed at two 
nutrient levels (Table  1): high nutrient (HN: 88 μ M nitrate, 3.6 μ M phosphate) and low nutrient (LN: 
8.8 μ M nitrate, 0.36 μ M phosphate). The nitrate and phosphate concentration in HN and LN regimes 
fell within the range observed during Phaeocystis blooms in the South China Sea46. Prior to the experi-
ments, solitary P. globosa cells were isolated by passing culture through a 10 μ m nylon sieve twice under 
gravity6,47. The stock of P. globosa was acclimated to experimental nutrient conditions for 30 days prior 
to experiments.

Copepod-induced defense experiments were conducted in six 500-mL beakers, each containing a 
cage made of 50-mL centrifuge tubes (BD Biosciences, USA) covered with a 2-μ m polycarbonate filter 
(Millipore, USA) at one end. The filter kept grazers and prey organisms inside the cages, but allowed 
the exchange of grazing-related chemical cues between compartments. Triplicate 300 mL of stock cul-
ture from each nutrient level with starting cell concentration of 103 cells mL−1 were distributed into 
beakers, and each of the cages also received 50 mL culture. Three mature female P. poplesia were sorted 
and washed with filtered artificial seawater twice before being transferred into each of three cages. The 
remaining three cages containing P. globosa alone served as controls. All beakers were covered with 
plastic film, and maintained for 7 or 9 days under HN and LN conditions, respectively, at 20 °C with 
100 μ mol photons m−2 s−1 under a light: dark cycle of 12:12 h. To facilitate dissolved chemical cues 
exchange between cages and beakers, all cages were gently inverted five times daily; then all beakers were 
shaken gently five times by hand to keep cells suspended30.
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To test if allocation costs were a function of grazer species, we conducted parallel experiments with 
protozoan grazers. Euplotes and O. marina were added to grazing cages to produce a concentration of 1 
and 50 cells mL−1, respectively, both of which were comparable to observed field values48,49. The starting 
concentration of solitary P. globosa cells in all beakers and cages was 103 cells mL−1 and incubations 
lasted for 7 or 9 days under HN and LN conditions, respectively.

Microscopy determinations and nutrient analysis.  Samples for microscopic enumeration of O. 
marina and Euplotes, solitary cell abundances, colony numbers, colony diameters, and cells per colony 
of P. globosa inside and outside all cages were collected after incubation with a wide-mouth pipette and 
preserved in 4% acid Lugol’s solution5. All samples were enumerated within one day of collection to 
prevent cellular and colony disruption. Solitary cell abundances of P. globosa were determined with 1 mL 
Sedgwick-Rafter chambers. We counted solitary cells in randomly selected field of view using Nikon 
inverted microscope (200×  magnification) until 600 cells were counted per replicate. Protozoan grazer 
numbers, colony concentration, colony size, and cells per colony in P. globosa were measured in 24-well 
plates using Nikon inverted microscope with a calibrated micro-ruler6,50,51. Twenty to 30 colonies were 
randomly chosen from each sample to determine colony diameter and colony cell abundance5. Growth 
rates (μ, d−1) were calculated by the equation:

Ln N N
t
t 0μ =

( − )

Where t (d) is the duration of the experiment, Nt and N0 are final and initial total cell abundance (soli-
tary +  colonial, cells mL−1). The reduction in growth rate in P. globosa exposed to grazing cues compared 
to controls was taken as the allocation cost of induced defense52,53. Analyses of inorganic nitrogen (nitrate 
and ammonium) and phosphorus inside grazing and control beakers were carried out using standard 
colorimetric methods54. The detection limits for nitrate, ammonium and phosphate were 0.02, 0.1 and 
0.02 μ M, respectively.

Statistical analysis.  Statistical analyses and graphical presentations were performed using Prism 
(v.5.0, GraphPad). All data were checked for normal distribution by means of the D’Agostino-Pearson nor-
mality test. Statistical differences in colony diameter of induced vs. non-induced P. globosa were assessed 
using a two-tailed t-test because the data were normally distributed. Non-parametric Mann-Whitney 
U-test was used to compare partitioning of cells, abundances of solitary and colonial cells, and growth 
rates of induced vs. non-induced P. globosa because the assumption of normality was not met even after 
logarithmic transformation. The significance level for all statistical tests was set a priori at a critical P 
value of 0.05.

References
1.	 Lancelot, C., Keller, M., Rousseau, V., Smith Jr, W. O. & Mathot, S. [Autoecology of the Marine Haptophyte Phaeocystis sp.] 

Physiological Ecology of Harmful Algal Blooms [Anderson, D. M., Cembella, A. D. & Hallegraeff, G. M. (eds)] [209–224] (Springer, 
Heidelberg, 1998).

2.	 Schoemann, V., Becquevort, S., Stefels, J., Rousseau, V. & Lancelot, C. Phaeocystis blooms in the global ocean and their controlling 
mechanisms: a review. J. Sea Res. 53, 43–66; DOI: 10.1016/j.seares.2004.01.008 (2005).

3.	 Rousseau, V. et al. The life cycle of Phaeocystis (Prymnesiophycaea): evidence and hypotheses. J. Mar. Syst. 5, 23–39; DOI: 
10.1016/0924-7963(94)90014-0 (1994).

4.	 Rousseau, V., Chrétiennot-Dinet, M. J., Jacobsen, A., Verity, P. & Whipple, S. The life cycle of Phaeocystis: state of knowledge and 
presumptive role in ecology. Biogeochemistry 83, 29–47; DOI: 10.1007/s10533-007-9085-3 (2007).

5.	 Jakobsen, H. H. & Tang, K. W. Effects of protozoan grazing on colony formation in Phaeocystis globosa (Prymnesiophyceae) and 
the potential costs and benefits. Aquat. Microb. Ecol. 27, 261–273; DOI: 10.3354/ame027261 (2002).

6.	 Tang, K. W. Grazing and colony size development in Phaeocystis globosa (Prymnesiophyceae): the role of a chemical signal. J. 
Plankton Res. 25, 831–842; DOI: 10.1093/plankt/25.7.831 (2003).

7.	 Tang, K. W., Smith Jr, W. O., Elliott, D. T. & Shields, A. R. Colony size of Phaeocystis Antarctica (Prymnesiophyceae) as influenced 
by zooplankton grazers. J. Phycol. 44, 1372–1378; DOI: 10.1111/j.1529-8817.2008.00595.x (2008).

8.	 Hamm, C. E., Simson, D. A., Merkel, R. & Smetacek, V. Colonies of Phaeocystis globosa are protected by a thin but tough skin. 
Mar. Ecol. Prog. Ser. 187, 101–111; DOI: 10.3354/meps187101 (1999).

9.	 Nejstgaard, J. C. et al. Zooplankton grazing on Phaeocystis: a quantitative review and future challenges. Biogeochemistry 83, 
147–172; DOI: 10.1007/s10533-007-9098-y (2007).

10.	 Key, T. et al. Cell size trade-offs govern light exploitation strategies in marine phytoplankton. Environ. Microbiol. 12, 95–104; 
DOI: 10.1111/j.1462-2920.2009.02046.x (2010).

11.	 Ward, B. A., Dutkiewicz, S., Barton, A. D. & Follows, M. J. Biophysical aspects of resource acquisition and competition in algal 
mixotrophs. Am. Nat. 178, 98–112; DOI: 10.1086/660284 (2011).

12.	 Cipollini, D., Purrington, C. B. & Bergelson, J. Costs of induced responses in plants. Basic Appl. Ecol. 4, 79–89; DOI: 10.1078/1439-
1791-00134 (2003).

13.	 Karban, R. The ecology and evolution of induced resistance against herbivores. Funct. Ecol., 25, 339–347; DOI: 
10.1111/j.1365-2435.2010.01789.x (2011).

14.	 Walters, D. & Heil, M. Costs and trade-offs associated with induced resistance. Physiol. Mol. Plank P. 71, 3–17 DOI: 10.1016/j.
pmpp.2007.09.008 (2007).

15.	 Cipollini, D. & Heil, M. Costs and benefits of induced resistance to herbivores and pathogens in plants. Plant Sci. Rev. 5, 1–25; 
DOI: 10.1079/PAVSNNR20105005 (2010).

16.	 Redman, A. M., Cipollini Jr, D. F. & Schultz, J. C. Fitness costs of jasmonic acid-induced defense in tomato, Lycopersicon 
esculentum. Oecologia, 126, 380–385; DOI 10.1007/s004420000522 (2001).



www.nature.com/scientificreports/

8Scientific Reports | 5:10850 | DOI: 10.1038/srep10850

17.	 Boughton, A. J., Hoover, K. & Felton, G. W. Impact of chemical elicitor applications on greenhouse tomato plants and population 
growth of the green peach aphid, Myzus persicae. Entomol. Exp. Appl. 120, 175–188; DOI: 10.1111/j.1570-7458.2006.00443.x 
175–188 (2006).

18.	 Alves, M. N., Sartoratto, A. & Trigo, J. R. Scopolamine in Brugmansia suaveolens (Solanaceae): defense, allocation, costs, and 
induced response. J. Chem. Ecol. 33, 297–309; DOI 10.1007/s10886-006-9214-9 (2007).

19.	 Long, J. D., Smalley, G. W., Barsby, T., Anderson, J. T. & Hay, M. E. Chemical cues induce consumer-specific defenses in a bloom-
forming marine phytoplankton. P. Natl. Acad. Sci. USA 104, 10512–10517; DOI: 10.1073/pnas.0611600104 (2007).

20.	 Lundgren, V. & Granéli, E. Grazer induced defence in Phaeocystis globosa (Prymnesiophyceae): influence of different nutrient 
conditions. Limnol. Oceanogr. 55, 1965–1976; DOI: 10.4319/lo.2010.55.5.1965 (2010).

21.	 Heil, M. & Walters, D. R. Ecological consequences of plant defence signalling. Adv. Bot. Res. 51, 667–716; DOI: 10.1016/S0065-
2296(09)51015-4 (2009).

22.	 Heil, M. Plastic defence expression in plants. Evol. Ecol. 24, 555–569; DOI 10.1007/s10682-009-9348-7 (2010).
23.	 Yoshida, T., Hairston, N. G. & Ellner, S. P. Evolutionary trade–off between defence against grazing and competitive ability in a 

simple unicellular alga, Chlorella vulgaris. P. Roy. Soc. Lond. B. Bio. 271, 1947–1953; DOI: 10.1098/rspb.2004.2818 (2004).
24.	 Dutz, J., Klein Breteler, W. C. M. & Kramer, G. Inhibition of copepod feeding by exudates and transparent exopolymer particles 

(TEP) derived from a Phaeocystis globosa dominated phytoplankton community. Harmful Algae 4, 929; DOI: 10.1016/j.
hal.2004.12.003 (2005).

25.	 Dutz, J. & Koski, M. Trophic significance of solitary cells of the prymnesiophyte Phaeocystis globosa depends on cell type. Limnol. 
Oceanogr. 51, 1230–1238; DOI: 10.4319/lo.2006.51.3.1230 (2006).

26.	 Weisse, T., Tande, K., Verity, P., Hansen, F. & Gieskes, W. The trophic significance of Phaeocystis blooms. J Mar. Syst. 5, 67–79; 
DOI: 10.1016/0924-7963(94)90017-5 (1994).

27.	 Herms, D. A. & Mattson, W. J. The dilemma of plants: to grow or defend. Q. Rev. Biol. 67, 283–335; DOI: 10.1086/417659 (1992).
28.	 Van Donk, E. & Hessen, D. O. Grazing resistance in nutrient-stressed phytoplankton. Oecologia 93, 508–511; DOI: 10.1007/

BF00328958 (1993).
29.	 Van Donk, E. Defenses in phytoplankton against grazing induced by nutrient limitation, UV-B stress and infochemicals. Aquat. 

Ecol. 31, 53–58; DOI: 10.1023/A:1009951622185 (1997).
30.	 Selander, E., Cervin, G. & Pavia, H. Effects of nitrate and phosphate on grazer-induced toxin production in Alexandrium 

minutum. Limnol. Oceanogr. 53, 523–530; DOI: 10.4319/lo.2008.53.2.0523 (2008).
31.	 Rousseau, V., Mathot, S. & Lancelot, C. Calculating carbon biomass of Phaeocystis sp. from microscopic observations. Mar. Biol. 

107, 305–314; DOI: 10.1007/BF01319830 (1990).
32.	 Van Rijssel, M., Hamm, C. & Gieskes, W. Phaeocystis globosa (Prymnesiophyceae) colonies: hollow structures built with small 

amounts of polysaccharides. Eur. J. Phycol. 32, 185–192; DOI: 10.1080/09670269710001737119 (1997).
33.	 Smith Jr, W. O. et al. Giantism and its role in the harmful algal bloom species Phaeocystis globosa. Deep-Sea Res. Pt. II. 101, 

95–106; DOI: 10.1016/j.dsr2.2012.12.005 (2014).
34.	 Qi, Y. et al. Some observations on harmful algal bloom (HAB) events along the coast of Guangdong, southern China in 1998. 

Hydrobiologia 512, 209–214; DOI: 10.1023/B:HYDR.0000020329.06666.8c (2004).
35.	 Riegman, R., Noordeloos, A. A. & Cadée, G. C. Phaeocystis blooms and eutrophication of the continental coastal zones of the 

North Sea. Mari. Biol. 112, 479–484; DOI: 10.1007/BF00356293 (1992).
36.	 Smith Jr, W. O., Dinniman, M. S., Klinck, J. M. & Hofmann, E. Biogeochemical climatologies in the Ross Sea, Antarctica: seasonal 

patterns of nutrients and biomass. Deep-Sea Res. Pt. II. 50, 3083–3101; DOI: 10.1016/j.dsr2.2003.07.010 (2003).
37.	 Ploug, H., Stolte, W. & Jørgensen, B. B. Diffusive boundary layers of the colony-forming plankton alga, Phaeocystis sp.-implications 

for nutrient uptake and cellular growth. Limnol. Oceanogr. 44, 1959–1967; DOI: 10.4319/lo.1999.44.8.1959 (1999).
38.	 Wang, X. & Tang, K. W. Buoyancy regulation in Phaeocystis globosa Scherffel colonies. Open Mar. Biol. J. 4, 115–121; DOI: 

10.2174/1874450801004010115 (2010).
39.	 Donaldson, J. R., Kruger, E. L. & Lindroth, R. L. Competition- and resource- mediated tradeoffs between growth and defensive 

chemistry in trembling aspen (Populus tremuloides). New Phytol. 169, 561–570; DOI: 10.1111/j.1469-8137.2005.01613.x (2006).
40.	 Orians, C. M., Hochwender, C. G., Fritz, R. S. & Snäll, T. Growth and chemical defense in willow seedlings: trade-offs are 

transient. Oecologia 163, 283–290; DOI: 10.1007/s00442-009-1521-8 (2010).
41.	 Veldhuis, M. J. W. & Admiraal, W. Influence of phosphate depletion on the growth and colony formation of Phaeocystis pouchetii. 

Mar. Biol. 95, 47–54; DOI: 10.1007/BF00447484 (1987).
42.	 Hamm, C. E. Architecture, ecology and biogeochemistry of Phaeocystis colonies. J. Sea Res. 43, 307–315; DOI: 

10.1111/j.1439-0485.1991.tb00083.x (2000).
43.	 Heil, M. & Baldwin, I. T. Fitness costs of induced resistance: emerging experimental support for a slippery concept. Trends Plant 

Sci. 7, 61–67; DOI: 10.1016/S1360-1385(01)02186-0 (2002).
44.	 Peperzak, L., Colijn, F., Gieskes, W. W. C. & Peeters, J. C. H. Development of the diatom-Phaeocystis spring bloom in the Dutch 

coastal zone of the North Sea: the silicon depletion versus the daily irradiance threshold hypothesis. J. Plankton Res. 20, 517–537; 
DOI: 10.1093/plankt/20.3.517 (1998).

45.	 Guillard, R. R. & Ryther, J. H. Studies of marine planktonic diaoms: I. Cyclotella nana Hustedt, and Detonula confervacea (Cleve) 
Gran. Can. J. Microbiol. 8, 229–239; DOI: 10.1139/m62-029 (1962).

46.	 Shen, P. P. et al. Morphology and bloom dynamics of Cochlodinium geminatum (Schütt) Schütt in the Pearl River Estuary, South 
China Sea. Harmful algae 13, 10–19; DOI: 10.1016/j.hal.2011.09.009 (2012).

47.	 Wang, X., Wang, Y., Smith Jr, W. O. The role of nitrogen on the growth and colony development of Phaeocystis globosa 
(Prymnesiophyceae). Eur. J. Phycol. 46: 305–314; DOI: 10.1080/09670262.2011.602430 (2011)

48.	 Admiraal, W. & Venekamp, L. A. H. Significance of tintinnid grazing during blooms of Phaeocystis pouchetii (Haptophyceae) in 
Dutch coastal waters. Neth. J. Sea Res. 20, 61–66; DOI: 10.1016/0077-7579(86)90061-X (1986).

49.	 Montagnes, D. J. et al. Oxyrrhis marina growth, sex and reproduction J. Plankton Res. 33, 615–627; DOI: 10.1093/plankt/fbq111 
(2010).

50.	 Wang, X., Tang, K. W., Wang, Y. & Smith, W. O. Temperature effects on growth, colony development and carbon partitioning in 
three Phaeocystis species. Aqua. Biol. 9, 239–249; DOI: 10.3354/ab00256 (2010).

51.	 Wang, X., Wang, Y. & Ou, L. The roles of light–dark cycles in the growth of Phaeocystis globosa from the South China Sea: The 
cost of colony enlargement. J. Sea Res. 85, 518–523; DOI: 10.1016/j.seares.2013.08.009 (2014).

52.	 Agrawal, A. A., Conner, J. K., Johnson, M. T. & Wallsgrove, R. Ecological genetics of an induced plant defense against herbivores: 
additive genetic variance and costs of phenotypic plasticity. Evolution 56, 2206–2213; DOI: 10.1111/j.0014-3820.2002.tb00145.x 
(2002).

53.	 Steiner, U. K. Investment in defense and cost of predator-induced defense along a resource gradient. Oecologia 152, 201–210; 
DOI: 10.1007/s00442-006-0645-3 (2007).

54.	 Strickland, J. D. H. & Parsons, T. R. A practical handbook of seawater analysis. (Fisheries Research Board of Canada, Ottawa, 
1972).



www.nature.com/scientificreports/

9Scientific Reports | 5:10850 | DOI: 10.1038/srep10850

Acknowledgments
This study was funded by National Basic Research Program of China 2011CB403603 (X.W.), Chinese 
National Science Foundation 41106117 (X.W.), 41276155 and U1301235 (Y.W.). We thank Drs. Kam 
Tang and Walker Smith for their constructive comments.

Author Contributions
X.W., Y.W. and D.C. conceived the original idea and designed the experiments. X.W., Y.W., L.O. and X.H 
performed the experiments. X.W., Y.W. and D.C. analyzed the data and wrote the manuscript. All authors 
review the manuscript before submission.

Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Wang, X. et al. Allocation Costs Associated with Induced Defense in 
Phaeocystis globosa (Prymnesiophyceae): the Effects of Nutrient Availability. Sci. Rep. 5, 10850; doi: 
10.1038/srep10850 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The 
images or other third party material in this article are included in the article’s Creative Com-

mons license, unless indicated otherwise in the credit line; if the material is not included under the 
Creative Commons license, users will need to obtain permission from the license holder to reproduce 
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

http://creativecommons.org/licenses/by/4.0/

	Allocation Costs Associated with Induced Defense in Phaeocystis globosa (Prymnesiophyceae): the Effects of Nutrient Availab ...
	Results

	Nutrient concentrations. 
	Grazing inside cages. 
	Induced defensive responses. 
	Proxies of fitness. 

	Discussion

	Methods

	P. globosa and grazers. 
	Experimental procedures. 
	Microscopy determinations and nutrient analysis. 
	Statistical analysis. 

	Acknowledgments

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Colony diameters (top panel) and percentages of cells in colonial form (bottom panel) in P.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Abundances of solitary cells (top panel), abundances of cells in colonial form (middle panel) and population growth rates (bottom panel) in P.
	﻿Table 1﻿﻿. ﻿ Concentrations (μ M) of dissolved nitrate, phosphate, and ammonium in P.
	﻿Table 2﻿﻿. ﻿  Abundances of solitary P.



 
    
       
          application/pdf
          
             
                Allocation Costs Associated with Induced Defense in Phaeocystis globosa (Prymnesiophyceae): the Effects of Nutrient Availability
            
         
          
             
                srep ,  (2015). doi:10.1038/srep10850
            
         
          
             
                Xiaodong Wang
                Yan Wang
                Linjian Ou
                Xuejia He
                Da Chen
            
         
          doi:10.1038/srep10850
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep10850
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep10850
            
         
      
       
          
          
          
             
                doi:10.1038/srep10850
            
         
          
             
                srep ,  (2015). doi:10.1038/srep10850
            
         
          
          
      
       
       
          True
      
   




