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Abstract: As long as microalgal growth is not overprolific in the water, marine microalgae are of great benefit to marine ecosystem because they not only form the basis of marine food web, but also consume the greenhouse gas carbon dioxide in the atmosphere during photosynthesis. Sometimes, however, red tides would occur due to the overproliferation or overassemblage of some marine microalgae within a certain short time under some given conditions. The role of iron in the formation of red tides has been a longstanding puzzle before the earlier studies demonstrating that phytoplankton growth in some major nutrient-rich waters was limited by iron deficiency. In order to further investigate the growth characteristics and some important biochemical compositions of marine microalgae induced by iron concentrations, optical density of algal culture, specific growth rate, cell density, cell biomass, chlorophyll a and protein of Phaeodactylum tricornutum were characterized in a laboratory simulative experiment by employing a range of varying iron concentrations including 3.15 mg·L-1, 6.30 mg·L-1, 9.45 mg·L-1, 18.90 mg·L-1 and 34.65 mg·L-1. Our results indicated that algal growth differed greatly under different iron concentrations set in the present trial. Optical density at 450 nm(OD450) peaked at 0.877 under the iron concentration of 6.30 mg·L-1 in the termination of the experiment, and decreased with continually higher iron concentrations. Specific growth rate and cell density increased obviously with the increasing iron concentrations within the range of iron concentration from 3.15 mg·L-1 to 9.45 mg·L-1, whereas much higher iron concentrations were associated with a decrease in specific growth rate and cell density. While, the cell biomass appeared to be concentration-dependent, which was increased gradually over the entire range of iron concentrations. In addition, iron concentration also induced significant changes in the chlorophyll a content and protein content of marine microalga Phaeodactylum tricornutum. Chlorophyll a content rose under iron concentration ranging from 3.15 mg·L-1 to 18.90 mg·L-1, but declined under continually higher iron concentrations. Protein content was increased up to 0.153 mg·mL-1 by 9.45 mg·L-1 iron concentration and it was decreased by much higher iron concentrations, with the manifestly lowest protein content of 0.104 mg·mL-1 occurring under the iron concentration of 34.65 mg·L-1. The results have provided experimental evidence for the role of iron concentration playing in the marine microalgal proliferation and metabolism, and these findings are particularly important in understanding mechanisms underlying the massive occurrence of red tides around the world, as well as in developing effective strategies for prediction, prevention, and mitigation of red tides. 
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Marine microalgae, the first primary producers in marine system, are playing a particularly fundamental role in the natural ecosystem because they not only form the basis of marine food web, but also consume the greenhouse gas carbon dioxide in the atmosphere during photosynthesis[1]. Sometimes, however, some species of marine microalgae proliferate or assemble so quickly within a certain short time that they may lead to discoloration of the entire body of water and death of aquatic animals, which is best known as red tides. Red tides, environmental consequences resulted from the overmuch pigmented cells of microalgae in the sea water, are natural phenomena that have been reported to occur in many coastal waters throughout the world in the history. As it’s known to all, the escalating occurrences of red tides in recent years have brought many negatively environmental and economic consequences [2-4]. Hence, there is a pressing need to understand the mechanism of red tide outbreaks in coastal areas, thus to develop some appropriate monitoring methods and preventive technologies toward red tides. 

Extensive studies have been carried out to disclose the causation of formation of red tides from physical, chemical and biological aspects[5-7]. It has been well documented that changes of meteorological or environmental factors, biological interactions among organisms in aquatic ecosystem, as well as excessive N and P nutrient enrichment via industrial and agricultural inputs are the major bases in the increased prevalence of red tides[8-11]. Besides, it is becoming more and more evident that iron, an essential trace metals required biologically by phytoplankton, is also involved in the unpredicted massive occurrences of red tides[12]. Earlier studies demonstrated that iron deficiency is the most principle factor limiting phytoplankton growth in some major nutrient-rich waters[13-15]. In recent years, a dozen iron enrichment experiments in high-nutrient low-chlorophyll regions of the world oceans also verified that iron restrained the primary production of ocean, and that iron enrichment would have a major role in photosynthesis, diatom sinking, nutrient uptake rate and other physiochemical processes[16-19]. 
It is worthy to note that relative to large current research work mainly focusing on the effects of different iron forms on phytoplankton growth, as well as the influence of limited iron on the phytoplanktonic proliferation and community construction, little detailed information is available on the changes in growth and physiological characteristics of microalgae under varying iron-replete conditions in laboratory, which should require considerable research since iron concentration may mediate the physiochemical processes of marine microalgae[20]. Therefore, the present study has been designed to characterize the changes in growth and some important biochemical compositions of the marine diatom Phaeodactylum tricornutum induced by different iron concentrations, in the hope of providing comprehensive and useful information concerning the role of iron in the marine ecology. Our research will shed light on the understanding of the mechanisms underlying the escalating occurrences of red tides, and this is of great value in developing effective strategies for prediction, prevention, and mitigation of red tides.
1  Materials and methods

1.1  Plant materials and culture conditions

The marine diatom Phaeodactylum tricornutum, obtained from the Institute of Hydrobiology, Jinan University, Guangzhou, China, has been routinely cultivated under standardized condition at the constant irradiance (5000 lx) and temperature (20 ℃) in a 12 h/12 h (light/dark) photoperiod cycle prior to the experiments. The artificial seawater was filter-sterilized with a 0.2 µm pore membrane and added with sterile f/2 nutrients containing NaNO3, NaH2PO4, NaSiO3, vitamin solution (cynocobalamin, biotin, thiamine) and several micronutrients[21]. The algal cultures were inoculated in liquid sterilized medium for a period of time to obtain exponentially growing cultures, and cells in exponential growth phase were used for the trial. All glassware and media in the experiments were previously sterilized. Salinity of the artificial seawater was 30‰ and the initial pH of the culture was 6.5-7. There were five iron concentrations formed by adding different amount of FeCl3 into the medium, which were 3.15 mg·L-1, 6.30 mg·L-1, 9.45 mg·L-1, 18.90 mg·L-1 and 34.65 mg·L-1, respectively. The experiment lasted for 96 h and experimental cultures were grown in 250 ml Erlenmeyer flasks containing 150 ml solution and maintained in a plant growth chamber under the condition as stated above. During the maintenance and experimental stages, the glass flasks containing algal cells were shaken gently by hand three times every day. All experiments were carried out on triplicate.
1.2  Determination of cell growth

Daily optical density of algal cultures at wavelength 450 nm (OD450) was measured spectrophotometrically across the whole experimental period to reflect the growth status of the marine diatom Phaeodactylum tricornutum. The specific growth rate was calculated by the following formula: µ= (ln OD2-ln OD1) / (t2-t1), where OD2 and OD1 are the value of OD450 of algal cultures at t2 and t1 days, respectively[17]. Cell density was also monitored and recorded with the help of a microscope using a hemocytometer after cultivation for 96 h. Besides, certain volume algal samples were taken and filtered through the membrane filters before termination of the experiment; then cell biomass was determined using an electronic balance in the lab after drying the filters and collected algal pellet for 72 h at constant 80 ℃.

1.3  Measurement of biochemical compositions

All the procedures for analyzing the biochemical compositions in this study were referred to the method as described by Li[22]. A 5 mL algal sample was collected in centrifuge tubes and centrifuged at 5000 g for 15 min at 4 ℃ to obtain the cell pellet, and then 95% ethanol was used for the extraction. After the extract was kept in darkness at 4 ℃till the algal cells became colorless, the chlorophyll a was assayed spectrophotometrically. Similarly, after algal cells were sampled in tubes and disrupted by ultrasonication in an ice bath, protein was measured by reading the optical densities of the extracts with a spectrophotometer at 260 nm and 280 nm wavelength. 
2  Results

2.1  Growth of Phaeodactylum tricornutum under different iron concentrations
Changes in optical density (OD450) of algal culture when the marine microalga Phaeodactylum tricornutum was subjected to various iron concentrations during the whole experimental period are represented in Tab.1. There were no distinct differences in OD450 at 24 h, but significant differences could be observed at 48 h, 72 h and 96 h under different iron concentrations. In general, comparatively higher OD450 occurred under the iron concentration of 6.30 mg·L-1, amounting to 0.817 and 0.877 on the last two sampling days, followed by those under the iron concentration of 9.45 mg·L-1. Whereas, it was evident that the obviously lowest OD450 existed under the iron concentration of 34.65 mg·L-1, which was 16%, 20% and 17% lower that under concentrations of 6.30 mg·L-1 at the 48 h, 72 h and 96 h, respectively.
Table 1  Changes in optical density (OD450) of algal culture when Phaeodactylum tricornutum was exposed to varying iron concentrations throughout the experiment. The data in the table are the mean with standard deviation of triplicate incubations at different sampling times
	Time
/h
	Iron concentration/(mg·L-1)

	
	3.15
	6.30
	9.45
	18.90
	34.65

	0 
	0.077±0.001
	0.077±0.001
	0.077±0.001
	0.077±0.001
	0.077±0.001

	24
	0.234±0.020
	0.239±0.013
	0.222±0.015
	0.233±0.011
	0.254±0.020

	48
	0.550±0.019
	0.566±0.005
	0.515±0.025
	0.531±0.009
	0.478±0.028

	72
	0.756±0.035
	0.817±0.002
	0.758±0.049
	0.746±0.014
	0.655±0.005

	96
	0.815±0.021
	0.877±0.002
	0.876±0.018
	0.830±0.009
	0.724±0.017
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Fig.1  Specific growth rate, cell density and cell biomass of 
Phaeodactylum tricornutum grown under various iron
concentrations after 96 h. Each value is the mean
with standard deviation of three replications

As shown in Fig.1, there were significant differences in the specific growth rate, cell density and cell biomass of Phaeodactylum tricornutum under various iron concentrations after grown for 96 h. There was an increased trend in the specific growth rate of Phaeodactylum tricornutum under lower iron concentrations from 3.15 mg·L-1 to 9.45 mg·L-1, while a deceased trend was found under higher iron concentrations ranging from 9.45 mg·L-1 to 34.65 mg·L-1. The highest specific growth rate, reaching to 0.609 d-1, was found under the iron concentration of 9.45 mg·L-1. In contrast, the lowest specific growth rate (0.560 d-1) could be observed under the iron concentration of 34.65 mg·L-1. Additionally, cell density showed a very similar tendency as specific growth rate, with the highest cell density (more than 1200×104cell·mL-1) existing under the iron concentration of 9.45 mg·L-1, as well as the lowest cell density(only 760×104 cell·mL-1) occurring under the iron concentration of 34.65 mg·L-1. In terms of cell biomass of Phaeodactylum tricornutum, it tended to increase with the increasing iron concentrations, with the clearly lowest cell biomass of 0.312 mg·mL-1 under 3.15 mg·L-1 iron concentration and highest cell biomass of 0.460 mg·mL-1 under 34.65 mg·L-1 iron concentration.
2.2  Biochemical compositions of Phaeodactylum tricornutum under different iron concentrations

Some important biochemical compositions including chlorophyll a content and protein content of Phaeodactylum tricornutum exposed to diverse iron concentration levels for 96 h were also determined. The results obtained from our experiments demonstrated that chlorophyll a content and protein content varied remarkably under different iron concentrations established in the present trial (Fig.2). Significantly highest chlorophyll a content could be detected under the iron concentration of 18.90 mg·L-1, which accounted to 2.41 mg·L-1 after incubation for 96 h, followed by 2.27 mg·L-1 under the iron concentration of 9.45 mg·L-1 and 2.15 mg·L-1 under the iron concentration of 34.65 mg·L-1. It was found that the relatively lower contents of chlorophyll a existed under the iron concentration of 3.15 mg·L-1 and 6.30 mg·L-1, which were approximately 1.90 mg·L-1. On the contrary, protein content appeared to be increased up to 0.153 mg·mL-1 by 9.45 mg·L-1 iron concentration, and it was decreased by much higher iron concentration, with the manifestly lowest protein content of 0.104 mg·mL-1 occurring under the iron concentration of 34.65 mg·L-1.
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Fig. 2  Contents of chlorophyll a and protein of Phaeodactylum 
tricornutum subjected to different iron concentrations 

after 96 h . Each bar denotes the mean of three 
replicates with standard deviation
3  Discussion
Iron is one of the most versatile metals in plant biology because it is involved in the processes of chlorophyll and phycobilin pigment biosynthesis, photosynthesis, electron transport and nitrate assimilation, and so on[23-24]. In fact, the biological importance of iron in plants has been displayed by some theoretical prediction or field and laboratory experiments[25-26]. For instance, by investigating the response of marine red tide alga Heterosigma akashiwo grown in iron-deficient and iron-replete batch cultures, Li et al(2002) found that chlorophyll a-specific and cell-specific light saturated net photosynthetic capacity, dark respiration rate and apparent photosynthetic efficiency decreased proportionately, but the cells became light saturated at higher irradiance under iron-limited conditions[27]. Zuo et al(2002) also observed that with the increase of iron concentration from 10-9 mol·L-1 to 10-6 mol·L-1, photosynthetic oxygen evolution and chlorophyll synthesis of red tide diatom Pseudonizschia pungens Grunow were increased. Besides, DCMU-enhanced fluorescence ratio FD/FN increased and F/Chl ration decreased with the increasing of iron concentrations, concluding that iron deficiency would lead to decrease of absorbed light energy by reducing the cross-section of light-harvesting complex and low photosynthetic electron transport activity[28]. Xing et al(2007) determined the effects of iron on growth, pigment content, photosystem II efficiency and siderophores production of Microcystis aeruginosa and Microcystis wesenbergii and reported that M aeruginosa requires higher iron concentration for physiological and biochemical processes compared with M wesenbergii, whereas its tolerance against too high a concentration of iron is weaker than M wesenbergii[23]. Additionally, Hiscock et al(2008) suggested that the Southern Ocean iron enrichment experiment, an iron fertilization experiment in the waters closest to Antarctica resulted in a 9-fold increase in chlorophyll concentration. Upon iron addition, the maximum quantum yield of photosynthesis rapidly doubled from 0.011 to 0.025 mol C·mol quanta-1[19]. In the present study, growth parameters of marine mircoalga Phaeodactylum tricornutum such as specific growth rate, cell number and cell biomass, as well as some important biochemical compositions chlorophyll a and protein were measured under the laboratory condition representing various iron concentration levels. The results from our study reflected that within a range of iron concentration from 3.15 mg·L-1 to 9.45 mg·L-1, the cell density and specific growth rate seemed to remarkably increase with an increase of iron concentration, whereas higher iron concentrations than 9.45 mg·L-1 would result in decrease of those parameters, which implied the toxic effect of iron concentration on the microalgal cell growth. Interestingly, the cell biomass of Phaeodactylum tricornutum exhibited a very different manner towards iron concentrations compared with such cell proliferation, with the maximum biomass peaking under higher iron concentrations. It would be observed during the experiment that the cell biomass showed a gradual increase over the range of iron concentration from 3.15 mg·L-1 to 34.65 mg·L-1, probably due to the specific variation of algal cell size(cell volume) or biosynthesis and metabolism of internal cell substances accounting for dry weight under different conditions of iron concentrations. With respect to chlorophyll a content and protein content, they also differed significantly when subjected to a range of iron concentration. However, their maximal value and minimal value appeared in different iron concentration treatments. For chlorophyll a content, the maximum was found in iron concentration of 18.90 mg·L-1 and the minimum in the lowest iron concentration of 3.15 mg·L-1; while for protein content, the maximum was peaked in the iron concentration of 9.45 mg·L-1 and the minimum in the highest iron concentration of 34.65 mg·L-1, suggesting that higher iron concentrations might inhibit the biosynthesis of protein more obviously as compared with chlorophyll a. The changes in growth characteristics and biochemical compositions of Phaeodactylum tricornutum induced at all iron exposure levels observed in our experiment are generally consistent with those reported by Li et al (2003) [29] and Zhang et al (2005) [30]. 
As long as microalgal growth is not overprolific in the water, marine microalgae are of great benefit to marine ecosystem because they are the primary producers in oceans. Nevertheless, sometimes red tides would occur due to the overproliferation or overassemblage of some marine microalgae under a given condition, which may potentially destroy the natural marine ecosystems and inflict significantly negative impacts on the human society. For example, consequent low light penetration, high respiration or massive decay of red tide organisms will lead to oxygen depletion in the water, thus causing deleterious decrease of fish catch and death of benthic organisms. Furthermore, unpleasant appearance and odors in the waterbody will result from the devastating red tides, leading to the losses of recreational resources. What is worse, some red tide-causative microalgae have the potential to produce toxins, and the toxic and lethal substances produced by such algae can bring about mass mortality of aquatic animals, and in some cases, poisoning of human. Accordingly, increasing worldwide attention and awareness have been correspondingly paid to the research on causation, prediction and prevention of red tides in these decades. Although many factors have been well documented involving in the formation of red tides, the role of iron has been a longstanding puzzle before the work of John Martin(1988), who proposed that iron concentrations in these regions were vanishingly low, and iron supply could promote reproduction, thus iron was suspected as a limiting factor controlling phytoplankton abundance and productivity in certain areas of the open ocean [13]. In fact, a third of oceanic waters, termed high-nitrate low-chlorophyll(HNLC) regions, plant nutrients are abundant, yet puzzlingly phytoplankton stocks remain constantly low, and it has been hypothesized that this HNLC condition result from iron limitation of phytoplankton growth[31]. Later, much more experiments were run and showed that enhanced iron supply increased biomass, photosynthetic efficiency and primary production within the entire phytoplankton assemblage[32-33]. In this regard, the results obtained from current study indicated that within a certain range of relatively higher iron concentrations, algal cell proliferation and growth could be promoted manifestly, but continually higher iron concentrations appeared to be harmful for the proliferation of microalgae, except for the cell biomass displaying a positive iron concentration-dependent relationship. Likewise, that was also the case for the contents of chlorophyll a and protein, which showed a gradual increase and then decrease over the range of iron concentrations as described in the present paper, which implied that too low or too high iron availability might simply reduce the cellular abundance or activity of some enzymes involved in the metabolism and biosynthesis of biochemical compositions in marine microalgae.
4  Conclusions

The findings presented here have provided experimental evidence that iron is one of the most principal elements affecting the growth and proliferation of cells as well as metabolism and biosynthesis of some important biochemical compositions in marine microalga Phaeodactylum tricornutum. In general, algal optical density, cell density, specific growth rate and biomass tended to increase remarkably with an increase of iron concentrations ranging from 3.15 mg·L-1 to 9.45 mg·L-1, whereas much higher iron concentrations might cause a gradual decrease of those parameters. In terms of protein content and chlorophyll a content of Phaeodactylum tricornutum, the maximum values were also found under relatively higher iron-concentration conditions of 9.45 mg·L-1 or 18.9 mg·L-1, which suggesting that relatively higher iron concentrations could facilitate the growth and development of microalgae. Our results are especially necessary for understanding potential mechanisms underlying the massive occurrence of red tides around the world, as well as for developing effective strategies for prediction, prevention, and mitigation of red tides. However, further simulative studies are still needed to reveal the relationship of iron and other co-factors which are presumably related to the marine microalgal proliferation, such as climate changes, macronutrients, sediments and microbes in order to better understand the mechanisms of red tides formation and of iron uptake by marine microalgae.
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铁浓度诱导的三角褐指藻生长和生化组分变化

蔡卓平，黄伟伟，段舜山*
暨南大学水生生物研究所，广东 广州 510632

摘要：采用试验生态学方法，以海洋硅藻三角褐指藻（Phaeodactylum tricornutum）为研究材料，设置一系列铁浓度处理（3.15 mg·L-1、6.30 mg·L-1、9.45 mg·L-1、18.90 mg·L-1 和34.65 mg·L-1），着重测定藻液光密度（OD450）、比生长率、藻细胞密度、藻生物量、叶绿素含量和蛋白质含量等生理生化指标，探讨铁浓度对海洋微藻生长特性和生化组分的影响。结果表明，铁浓度对三角褐指藻的生长状况产生了显著的影响。三角褐指藻经培养48 h后，不同铁浓度下的藻液光密度（OD450）存在显著的差异，6.30 mg·L-1 铁浓度下的藻液光密度值（OD450）最高，而随着铁浓度的进一步升高，藻液光密度值（OD450）却明显降低；比生长率和藻细胞密度在3.15 mg·L-1到9.45 mg·L-1铁浓度范围内随着铁浓度升高而增大（最大值分别约为0.609 d-1和1200×104 cell·mL-1），但高于9.45 mg·L-1的铁浓度显著降低了比生长率和藻细胞密度；在试验所设置的铁浓度范围内，藻生物量表现出随铁浓度的升高而增大的趋势，34.65 mg·L-1铁浓度下的藻生物量高达0.460 mg·mL-1。同样地，微藻叶绿素a含量和蛋白质含量也明显地受到铁浓度的影响。在3.15 mg·L-1到18.90 mg·L-1铁浓度范围内，叶绿素a含量逐渐增高（最大值为2.41 mg·L-1）；同样地，蛋白质含量在9.45 mg·L-1铁浓度下达到最大值（0.153 mg·mL-1），而随着铁浓度的逐渐升高，叶绿素和蛋白质含量却明显降低。研究结果表明，铁浓度诱导海洋微藻的生长及代谢发生变化，一定较高浓度的铁显著地促进了藻细胞的生长繁殖和藻细胞化学组分的转化和积累。这些发现将有利于加深认识铁浓度在海洋生态系统中扮演的角色，进一步明确赤潮爆发的生理生态机制，从而有助于人们采取有效的预测、预防和管理措施以降低赤潮的危害。

关键词：三角褐指藻；铁浓度；生长；生化组分
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						mg/L		3.16		6.32		9.48		18.96		34.76

		叶绿素a				平均		1.9143133333		1.91806		2.27306		2.4084866667		2.1504133333

						标误		0.0324311817		0.1890863024		0.1210590639		0.1236583556		0.0912105631

		蛋白质				mg/mL		3.16		6.32		9.48		18.96		34.76

						平均		0.1155333333		0.1297		0.1513433333		0.1266366667		0.1038866667

						标误		0.0052000949		0.01512305		0.0104385836		0.0053111681		0.0149704919





最后结果

		0		0.0324311817		0.0324311817

		0		0.1890863024		0.1890863024

		0		0.1210590639		0.1210590639

		0		0.1236583556		0.1236583556

		0		0.0912105631		0.0912105631





		0		0.0052000949		0.0052000949

		0		0.01512305		0.01512305

		0		0.0104385836		0.0104385836

		0		0.0053111681		0.0053111681

		0		0.0149704919		0.0149704919





		0		0.0070041486		0.0070041486

		0		0.0006740891		0.0006740891

		0		0.005034087		0.005034087

		0		0.002761902		0.002761902

		0		0.0060482441		0.0060482441





		0		37.23797345		37.23797345

		0		73.801535666		73.801535666

		0		95.3262409341		95.3262409341

		0		53.530039213		53.530039213

		0		13.416407865		13.416407865





		0		0.0396151858		0.0396151858

		0		0.0169312335		0.0169312335

		0		0.0154919334		0.0154919334

		0		0.0257875939		0.0257875939

		0		0.0067082039		0.0067082039






