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Abstract 40	  

In this study, we investigated the in situ responses of Red Sea picophytoplankton, the 41	  

dominant phytoplankton group in the oligotrophic ocean, to two toxic polycyclic 42	  

aromatic hydrocarbons (PAHs), phenanthrene and pyrene. The experiments were 43	  

conducted in situ, across a latitudinal gradient of the Saudi Arabian Red Sea, an area 44	  

sensitive to oil pollution. We observed significant adverse effects on the growth and 45	  

abundance of the picocyanobacteria Synechococcus and picoeukaryotes, at all stations 46	  

sampled. Prochlorococcus, which was abundant only in one of the stations, also appeared 47	  

to be affected. Pyrene was found to be more toxic to phytoplankton, at all stations. In 48	  

general, picoeukaryotes exhibited a higher sensitivity to PAHs than Synechococcus. 49	  

Populations in the highly oligotrophic Northern region of the Red Sea were more tolerant 50	  

to PAHs, presumably influenced by the natural selection of more resistant strains of 51	  

phytoplankton due to the prolonged exposure to PAHs. Toxicity threshold values 52	  

reported here are higher than those reported for picophytoplankton from other 53	  

oligotrophic marine waters and exceed by far the natural levels of PAHs in many oceans. 54	  

Our findings reveal a possible adaptation of picophytoplankton populations to oil-related 55	  

contaminants, which may clearly influence their spatial distribution patterns in the Red 56	  

Sea. 57	  

 58	  

Capsule: Sensitivity of picophytoplankton to PAHs was lower in the oligotrophic 59	  

Northern regions in the Red Sea than mesotrophic Southern Region. 60	  

 61	  

Keywords: PAHs; phenanthrene; pyrene; LC10; Synechococcus; Red Sea.  62	  

 63	  
Abbreviations: PAHs, polycyclic aromatic hydrocarbons; µ, specific growth rate; POPs, 64	  

persistent organic compounds; SSC, side scatter; LC50, 50% lethal concentration; LC10, 65	  

10% lethal concentration;   66	  
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Introduction 67	  

Polycyclic aromatic hydrocarbons (PAHs), the most acutely toxic components of crude 68	  

oil, have been intensively studied as one of the most noxious pollutants of the marine 69	  

environment (Abdel-Shafy and Mansour, 2016; Alegbeleye et al., 2017). Major sources 70	  

of dissolved and particulate PAHs in the marine environment include crude oil released 71	  

by ships during oil seepage and accidental spills, combustion of fossil fuels and related 72	  

sources of energy, natural fires and domestic or industrial sewage. Other sources worth 73	  

mentioning are road dust/runoff and long-range atmospheric deposition (Castro-Jiménez 74	  

et al., 2012). PAHs usually persist in environment as complex mixtures of two or more 75	  

individual chemicals obtained through various chemical reactions. The low aqueous 76	  

solubility and high lipophilic characteristics of PAHs accelerate their accumulation in 77	  

soil, sediments, and oily materials. They can penetrate the tissues of organisms (Agah et 78	  

al., 2017) and affect vital biological processes through their carcinogenic and mutagenic 79	  

properties (Witt, 1995). 80	  

Phytoplankton, a heterogeneous group of photosynthetic microorganisms thriving in the 81	  

euphotic zone of aquatic systems, is considered to be the basic fuel for aquatic food webs.  82	  

They are vital to the primary ecosystem production and it’s functioning at higher trophic 83	  

levels (Othman et al., 2012). Additionally, phytoplankton serves as the primary route for 84	  

pollutants to enter the food chain, thereby playing a crucial role in the environmental fate 85	  

of pollutants such as PAHs. The sensitivity of phytoplankton to contaminated 86	  

environments is an interesting topic, both from genetic and physiological perspectives. 87	  

The toxicity of persistent organic compounds (POPs) and PAHs in marine phytoplankton 88	  

has been extensively studied over the past decade (Almeida et al., 2012; Karacık et al., 89	  

2009).  90	  

Most studies on the impact of organic pollutants on marine photosynthetic 91	  

microorganisms (e.g. phytoplankton) have been conducted in nutrient-rich coastal waters 92	  

(González et al., 2009; Huang et al., 2011; Pérez et al., 2010). There is limited 93	  

information on the oligotrophic regions of the world’s oceans (Echeveste et al., 2010b). 94	  

Yet, oligotrophic waters dominate the global marine environment, representing almost 95	  

70% of the total surface area. Primary production in oligotrophic region is mainly 96	  
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contributed by picophytoplankton (Agawin et al., 2000), composed mainly of 97	  

Synechococcus sp., Prochlorococcus sp. and picoeukaryotes (protists of ≤ 3 µm size, 98	  

composed of a wide diversity of taxonomic groups) (Partensky et al., 1999).   The Red 99	  

Sea is considered to be a poorly explored oligotrophic marine environment, despite its 100	  

coastal areas of great biological and economic values. However, the over-exploitation of 101	  

resources and environmental pollution cause great concern. Moreover, human activities 102	  

such as industrial and urban expansions, petroleum refineries and heavy tanker traffic 103	  

result in the contamination by oil-related organic compounds. Baseline data on the extent 104	  

of chronic pollution from these sources in the Red Sea are limited, and the additional 105	  

impacts of pollutants through atmospheric transport and deposition remain largely 106	  

underestimated. Significant levels of PAHs have been reported in water and sediment 107	  

along the Egyptian and Arabian coasts of the Red Sea (Al-Farawati et al., 2009), and a 108	  

recent study conducted in the Egyptian Red Sea revealed the presence of both pyrogenic 109	  

and petrogenic PAHs in the water (Abdallah et al., 2015). In addition, high levels of 110	  

PAHs have been reported in tissues of edible shrimps, mussels and fishes in various 111	  

regions of the Red Sea (DouAbul et al., 1997; El Nemr et al., 2004; Hussein et al., 2016). 112	  

Nevertheless, the levels of concentration of PAHs in the Red Sea environment are lower 113	  

than those in other areas of the world (Salem et al., 2014). 114	  

Phenanthrene and pyrene, composed of 3 and 4 aromatic rings, respectively, are the most 115	  

abundant PAHs found in natural seawater (Echeveste et al., 2011; Nizzetto et al., 2008). 116	  

Phenanthrene represents a more persistent class of PAHs and has a higher ability to 117	  

bioaccumulate and lower water solubility. Pyrene has strong phytotoxic effects on algae, 118	  

affecting nutrient (ammonium, nitrate and silicate) uptake and carbon incorporation in 119	  

algal communities (Petersen and Dahllof, 2007). Besides their presence in crude oil, 120	  

phenanthrene and pyrene have widespread industrial use such as the manufacture of 121	  

resins, pesticides and pigments (Abdel-Shafy and Mansour, 2016). Both phenanthrene 122	  

and pyrene adversely affect the growth and abundance of oceanic phytoplankton and 123	  

various threshold levels have been reported from different ocean habitats (Echeveste et 124	  

al., 2010a).  125	  

The response of Red Sea phytoplankton to notorious PAHs and the variations in the 126	  

sensitivities of its components in physico-chemically diverse environments are almost 127	  
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completely unexplored. The objective of the present study is to reveal the spatial 128	  

distribution of PAHs sensitivity of picophytoplankton, conducting on-board experiments 129	  

across a latitudinal gradient along the Saudi Arabian Red Sea, under natural sunlight. 130	  

Natural phytoplankton communities are more sensitive to PAHs than cultured strains 131	  

(Echeveste et al., 2010a), and incubation experiments with natural communities is 132	  

expected to reveal more relevant toxicity responses at primary producer levels in the 133	  

marine ecosystem.  134	  

 135	  

Materials and Methods 136	  

Study area and sampling stations: 137	  

On-board incubation experiments to determine the lethal thresholds of phenanthrene and 138	  

pyrene on the Red Sea picophytoplankton were conducted during two different research 139	  

cruises (in October and November, 2016) on RV Thuwal, along Saudi Arabian waters 140	  

(coordinates 17° 4ʹ′ N – 41° 27ʹ′ E to 27° 36ʹ′ N – 35° 11ʹ′ E; Figure 1 and Table 1).  141	  

Samples were collected at 12 locations (S 1 to S 12) across the Northern oligotrophic and 142	  

Southern mesotrophic regions of the Red Sea. Phenanthrene was tested at all stations 143	  

whereas pyrene was tested at seven selected stations (Stations 3, 5, 8, 9, 10, 11, & 12). 144	  

Physicochemical parameters were measured on-site with a conductivity, temperature and 145	  

density (CTD)-rosette profiler (Table 1).  146	  

In order to determine the concentration of chlorophyll a, 300 mL of seawater samples, at 147	  

each sampling station, were filtered on a Whatman GF/F glass fiber filter (0.7 µm pore 148	  

size), and the chlorophyll a was extracted from the retained phytoplankton cells using a 149	  

90% acetone solution for approximately 24 hours, at 4°C. The extract was subsequently 150	  

centrifuged and analyzed using a Turner Trilogy fluorometer (fitted with the non-151	  

acidification chlorophyll module) (Turner Designs, Sunnyvale, CA). 152	  

Test chemicals and solutions: 153	  

Phenanthrene (C14H10, CAS No. 85-01-8) and pyrene (C16H10, CAS No. 129-00-0) stocks 154	  

were purchased from Sigma Aldrich (Sigma Aldrich, Germany) as standard solutions in 155	  

Methanol, at respective concentrations of 5000 and 1000 mg L–1. Working stocks for 156	  
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each PAH (0.5, 1, 10, 50, 100 and 500 mg L–1) were prepared by dilution in HPLC-grade 157	  

methanol, under controlled conditions to prevent the loss of solvent by evaporation.  158	  

Stocks were tightly capped and stored in darkness under 4 °C.  159	  

Experimental setup 160	  

Water samples were collected at a depth of 3 m  (referred as surface water) with Niskin 161	  

bottles attached to the CTD rosette; they were subsequently pre-filtered using a 100 µM 162	  

filter gauze (CellTrics, Sysmex Partec GmbH, Germany) to eliminate grazing by larger 163	  

organisms during the incubation. Once filtered, water samples were distributed into pre-164	  

cleaned Erlenmeyer’s flasks (100 ML with 50 ml test volume), in triplicate, subsequently 165	  

spiked with phenanthrene/ pyrene in order to obtain final concentrations of 0.5, 1, 10, 50, 166	  

100 and 500 µg L–1. The final concentration of methanol in the test flasks was 0.1 %. 167	  

Controls without any PAH and solvent controls with 0.1 % methanol were also incubated 168	  

in triplicate. After gentle vortexing to ensure a complete dissolution of the PAHs, test 169	  

flasks were tightly closed and incubated in an open tank, on deck under natural solar 170	  

irradiation. A continuous surface seawater running system kept the in situ temperature 171	  

conditions constant and the tanks were covered with neutral mesh to simulate irradiance 172	  

conditions at 3 m-depth. After 48 h of incubation, the flasks were recovered and the 173	  

abundance of picophytoplankton was estimated by flow cytometry.  174	  

Sampling and analysis 175	  

After incubation, 1 mL water sample from each test flask was transferred to a 24-well cell 176	  

culture plate (Becton Dickinson, France). The abundance of the picocyanobacteria 177	  

Prochlorococcus and Synechococcus, and picoeukaryotes was directly estimated using a 178	  

high performance, absolute counting, bench-top flow cytometer (CyFlow Space, Sysmex 179	  

Partec GmbH, Germany) equipped with a 488-nm blue solid-state laser, and provided 180	  

with a CyFlow Space Autoloading Station, controlled by the CyPAD software (Sysmex 181	  

Partec GmbH, Germany). Data were acquired by triggering on chlorophyll fluorescence 182	  

(FL3, 675 nm) in log mode and picophytoplankton populations were enumerated 183	  

following the standard protocols (Marie et al., 1999) based on the characteristic signals in 184	  

the cytogram of FL2 (590±50 nm, corresponding to the phycoerythrin fluorescence) 185	  

versus FL3. The populations were further distinguished in a side scatter (SSC) versus 186	  
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FL3 dot plot. Synechococcus was detected by the orange fluorescence signature of 187	  

phycoerythrin in FL2 versus FL3 dot plots. Prochlorococcus showed lower FL3 signal 188	  

and no FL2 signal and picoeukaryotes showed higher FL3 and SSC signals and lower or 189	  

no FL2 signals. The abundance of Prochlorococcus, Synechococcus and picoeukaryotes 190	  

were obtained as cells mL−1. 191	  

Statistical analysis 192	  

All values presented here are the means ± 95% confidence intervals. All parameters were 193	  

compared across the treatments with one-way ANOVA (n = 3; at p = 0.05). 194	  

Picophytoplankton growth rates were estimated using the variation in cell abundance 195	  

over time. The specific growth rate (µ, d–1) was calculated using the following formula: 196	  

µμ   =   
!"(!2

!1
)

(!2!!1)
      eq. 1 197	  

where N1 and N2 are the numbers of cells at time t1 (initial) and t2 (final), respectively 198	  

(Levasseur et al., 1993). 199	  

The effect of the PAH treatment on picophytoplankton growth rate was calculated as: 200	  

%  inhibition   = !!!!!
!!

×100    eq. 2 201	  

where µμC is the growth rate in controls, and µμT the growth rate in PAH treatments. 202	  

The lethal concentrations at which 50 % and 10 % declines in population abundance 203	  

occur (LC50 and LC10, respectively) were estimated using the JMP software (JMP® Pro 204	  

version 13.1, SAS Institute, Cary, NC, USA) and the following equation, as described by 205	  

Echeveste et al. (Echeveste et al., 2010b); 206	  

LC50 = ln 0.5/Ω 207	  

LC10 = ln 0.9/Ω 208	  

where Ω is the slope of the relationship between the ln of the cell abundance decline at 209	  

the end of the experimental incubation and the PAHs concentration tested. Representative 210	  

dose-response curves and fitting statistics are given in the Supplementary Figure S1. 211	  

 212	  
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Results  213	  

Picophytoplankton distribution and growth 214	  

We observed a variation of the picophytoplankton community composition on a North to 215	  

South latitudinal gradient in the Red Sea, with a gradual increase in Synechococcus and 216	  

picoeukaryotes from Northern to Southern stations. This disparity was directly related to 217	  

the variability in total Chl a concentration (a proxy of phytoplankton biomass) at 218	  

respective stations (Table 1). Synechococcus sp. was found more abundant than 219	  

picoeukaryotes in all the surface water samples examined (Table 1). However, the 220	  

cyanobacteria Prochlorococcus sp. showed very low abundance (mean < 1000 cells mL-221	  
1) across the stations sampled, except at S8, located in the Central Red Sea. 222	  

In the on-board incubation experiment, the growth of overall net picophytoplankton 223	  

community varied across sampling stations (Table 2). Net growth rates of Synechococcus 224	  

estimated over 48 h in the controls were low, showing positive values for the range 0.007 225	  

− 0.224 d−1 at 4 stations (stations 1,2,3 and 5), located in the Northern Region of the Red 226	  

Sea (Table 2). However, picoeukaryotes, showed a positive control net growth in the 227	  

majority of stations except at stations 4, 6, and 8, where the values were −0.96, −0.66 and 228	  

−0.12, respectively. At most stations, the growth rates of picoeukaryotes were higher than 229	  

those of Synechococcus. Despite the higher abundance of picophytoplankton at Southern 230	  

stations (Table 1), growth rates in the experimental control flasks were significantly 231	  

lower (ANOVA, F = 717, df = 11, p < 0.05), compared to those at Northern stations. 232	  

Presumably, the nutrient-rich water in the Southern Region supported higher abundance 233	  

of phytoplankton, which was shown by the initial cell abundance and total chlorophyll 234	  

contents (Table 1). 235	  

Effect of PAHs on picophytoplankton growth rates 236	  

Cellular growth rate of picoplankton was examined as criterion for ecologically relevant 237	  

toxicity responses in the natural Red Sea communities. At the higher concentrations, 238	  

phenanthrene and pyrene led to a decrease of the growth rate of picoplankton population 239	  

at all stations (Table 2). Higher doses of exposure resulted in negative growth rates, 240	  

indicating the decline and decay of most populations (Table 2). At the highest 241	  

concentrations tested, phenanthrene and pyrene resulted in > 90% inhibition of the 242	  
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growth rate of picoplankton, more prominently in the Southern Region of the Red Sea 243	  

basin. Additionally, a stimulatory effect on net Synechococcus growth, at lower PAHs 244	  

concentrations, was observed in the Southern Region. A similar growth increase of the   245	  

picoeukaryote population was also observed after treatment with phenanthrene at stations 246	  

2, 4, 8, 9, 10 and 11 (Table 2). Figure 2 summarizes the percentages of growth rate 247	  

inhibition of picoplankton after exposure to PAHs. Pyrene resulted in higher rates of 248	  

inhibition, compared to phenanthrene, for all test stations. Moreover, significant 249	  

(Student’s t-test, p < 0.01) reductions in growth were observed at lower doses of PAH; 250	  

for instance, at 10 µg L–1, phenanthrene and pyrene respectively led to a growth 251	  

inhibition of picoplankton, by up to 30 and 60 % respectively. The extent of this 252	  

inhibition varied randomly across various stations. 253	  

Sensitivity of picophytoplankton to PAHs  254	  

The two tested PAHs showed direct adverse effects on the picophytoplankton at the end 255	  

of the incubation, causing a significant reduction of the Synechococcus and 256	  

picoeukaryotes abundances at all stations, as the concentration in PAHs increased 257	  

(Student’s t-test, p < 0.01). Final values for the two groups of picoplankton after exposure 258	  

to PAHs are reported in Tables S1 and S2 in the Supplementary Data. The highest dose 259	  

of tested phenanthrene caused a reduction of 47 to 93 % and 53 to 95 % in the 260	  

Synechococcus and picoeukaryote populations, respectively. Pyrene, on the other hand, 261	  

led to more catastrophic impacts with 87 – 98 % and > 99 % reductions in the same 262	  

populations.  The toxicity thresholds of the tested PAHs, expressed as lethal 263	  

concentrations (LC10 and LC50), are given in Table 3 and Table S3 in the 264	  

Supplementary Data, respectively. 48 h LC50 values for phenanthrene ranged from 265	  

158.03 µg L–1 to 1066.38 µg L–1 and 124.82 µg L–1 to 456.02 µg L–1 for Synechococcus 266	  

and picoeukaryotes, respectively. Pyrene caused a more drastic reduction, with LC50 267	  

values ranging from 84.14 µg L–1 to 219.84 µg L–1 and 56.53 µg L–1 to 105.90 µg L–1 for 268	  

Synechococcus and picoeukaryotes, respectively. Clearly, picoeukaryotes were 269	  

significantly more sensitive to the tested PAHs than Synechococcus, except to 270	  

phenanthrene at stations 6 and 12, with maximum EC50 values of 456.02 µg L–1 and 271	  

105.90 µg L–1 for phenanthrene and pyrene, respectively (Table S3 in the Supplementary 272	  

Data).  273	  
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The Prochlorococcus population was found to be extremely low, except at station 8, 274	  

which is situated at the central region of the Red Sea where sensitivity measurements 275	  

could be performed. At station 8, phenanthrene and pyrene caused significant declines of 276	  

the Prochlorococcus abundance (ANOVA, F = 5.82, df = 7, p < 0.05 and F = 35.89, df = 277	  

7, p < 0.05, respectively), with 48 h LC50 values of 570.49 ± 28 µg L–1 and 367.91 ± 22 278	  

µg L–1, respectively. The LC values obtained for Prochlorococcus were clearly higher 279	  

than those for Synechococcus and picoeukaryotes at the same station (Table S3 in the 280	  

Supplementary Data). LC10 values for Prochlorococcus (86.72 ± 12 µg L–1 and 55.92 ± 281	  

10 µg L–1 for phenanthrene and pyrene, respectively) showed a resistance three times 282	  

higher to PAHs than picoeukaryotes. 283	  

We observed a spatial distribution of LC10 threshold values of picoplankton along the 284	  

latitudinal gradient in the Red Sea (Figure 3). However, a consistent trend in the 285	  

distribution of PAH sensitivities of picoeukaryotes across the latitudinal gradient did not 286	  

appear very clearly. In the Northern Region of the Red Sea, higher LC10 values were 287	  

obtained, more evidently in the case of phenanthrene. When comparing LC10 values, we 288	  

found that pyrene was more toxic than phenanthrene, and that picoeukaryotes were more 289	  

sensitive to PAHs than Synechococcus (Figure 4). For example, with phenanthrene, 290	  

average LC10 values for Synechococcus, in the Northern, Central and Southern Regions 291	  

were 87.88 µg L–1, 53.43 µg L–1 and 40.14 µg L–1, respectively (Figure 5a). In the case of 292	  

pyrene, and for similar regions, average LC10 values for Synechococcus, were 21.76 µg 293	  

L–1, 23.69 µg L–1 and 16.14 µg L–1, respectively (Figure 5a). With phenanthrene, LC10 294	  

values for picoeukaryotes showed lower in the Central region (36.24 µg L–1) than in the 295	  

Northern and Southern Regions (43.06 µg L–1and 39.32 µg L–1, respectively). The lowest 296	  

pyrene LC10 values for picoeukaryotes were recorded in the Northern Region (9.54 µg 297	  

L–1); similar values were obtained in the Central and Southern Regions  (12.34 and 12.39, 298	  

respectively).  299	  

 300	  

Discussion 301	  

Picophytoplankton represents an essential contributor to microorganism biomass and 302	  

primary productivity in oligotrophic oceanic ecosystems (Buitenhuis et al., 2012; Li, 303	  

1994). However, their minute size and high surface-to-volume ratio make these 304	  
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organisms very vulnerable to toxic pollutants such as heavy metals and organic 305	  

compounds (Debelius et al., 2010; Echeveste et al., 2010a). These characteristics are 306	  

ecologically very significant. Indeed, picophytoplankton are the first step in the oceanic 307	  

food web and plays major role in marine carbon cycle (Agawin et al., 2000). Here, we 308	  

report significant variations in sensitivity of picoplankton populations along the Red Sea 309	  

to two widespread PAHs. In general, toxicity of PAHs depends on the size of plankton 310	  

cells, with the smallest picoplankton being the most sensitive (Echeveste et al., 2010a; 311	  

Othman et al., 2012). Besides their toxicity, at sub-lethal concentrations, PAHs can be 312	  

retained in the algal cells and get transferred to organisms at higher trophic levels. This 313	  

trophic transfer in aquatic ecosystems is an important criterion to assess the ecological 314	  

risk of PAHs. In addition, the intracellular partitioning of PAHs in algal cells, which 315	  

determine their trophic transfer to predators, is directly related to the size of their cells 316	  

(Fan and Reinfelder, 2003). Therefore, the presence of PAHs is a serious issue for the 317	  

size distribution of primary producers in marine pelagic food web, and causes great 318	  

concern as PAHs can adversely affect the overall ecosystem functions and energy 319	  

cycling.   320	  

PAHs critically reduce the planktonic photosynthesis on acute exposure, resulting in 321	  

lower growth of the biomass when chronically exposed (Othman et al., 2012). The 322	  

reduction in abundance of picoplankton that we observed may be due to a reduced growth 323	  

rate as well as increased death rates (Echeveste et al., 2010b). Cerezo and Agusti (Cerezo 324	  

and Agustí, 2015) reported that PAHs delay cell division in picophytoplankton by 325	  

preventing the synthesis of DNA and lowering the fraction of cells entering mitosis. 326	  

PAH-induced complex effects on the microbial community food web have been recently 327	  

evidenced in open oligotrophic oceans (Cerezo and Agusti, 2015). However, at lower 328	  

concentrations, PAHs can enhance the net growth of phytoplankton populations by 329	  

cascade effects on food webs, with an acceleration of this effect under low nutrient 330	  

conditions (Zhu et al., 2012). This influence possibly involves a decrease in the number 331	  

of sensitive species and an increase in more resistant species, as previously observed with 332	  

crude oil exposure (Ozhan and Bargu, 2014). A similar stimulation of the growth of 333	  

picoplankton at sub-lethal PAHs exposures, as we observed in the Red Sea, may also be 334	  

influenced by the oligotrophic nature of the seawater. We further assume that at certain 335	  
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PAHs levels, the mesozooplankton may also get affected, resulting in a reduction in 336	  

grazing pressure on picoplankton, subsequently helping the communities to maintain 337	  

higher growth rates, as previously observed in experiments with natural communities 338	  

(Cerezo and Agusti, 2015; Echeveste et al., 2011). These sub-lethal impacts results in 339	  

variation in total biomass and may alter the community composition of phytoplankton. 340	  

Impact of PAHs on community structure in natural environment is hard to predict due the 341	  

large number of physico-chemical (temperature, salinity, nutrients concentration and 342	  

ratios, mixing, light) and biological (grazing, viral infections, sensitivity to other 343	  

environmental stressors) parameters to account. Nevertheless, it is noteworthy that lower 344	  

abundance of Prochlorococcus was observed in the North Red Sea, which is an 345	  

oligotrophic system where a higher number of this genus was expected. Synechococcus 346	  

was dominating the populations in the North and we have identified them as most 347	  

resistant to PAHs, indicating that prolonged exposure to pollutants may have some 348	  

influence, along with other environmental factors, on the distribution of the 349	  

picophytoplankton groups. However, further studies are required to test and confirm this 350	  

hypothesis.  351	  

In the Red Sea, we observed significant differences in sensitivity of picoplankton 352	  

communities between the two PAHs tested. Even though PAHs with higher molecular 353	  

weights tend to be less toxic than those with lower molecular weights due to their lower 354	  

solubility, we found that the four-ringed pyrene was more toxic than the three-ringed 355	  

phenanthrene, when comparing the LC10 values for decay of abundance (Figure 4). In 356	  

fact, the additional aromatic ring in pyrene can add to its toxicity (Millemann et al., 1984) 357	  

and as shown previously, the toxicity of PAHs are strongly influenced by multiple factors 358	  

such as membrane permeability, water solubility, volatility and reactivity potential of 359	  

hydroxylated radicals with PAHs (Djomo et al., 2004). It was shown that exposure to 360	  

pollution could force a diversification in the selection of different ecotypes, for a same 361	  

species, and could result in differences of sensitivity of picocyanobacteria to pollutants, 362	  

across various oceanic habitats. Echeveste et al. (Echeveste et al., 2010a) found variations 363	  

in LC values for phenanthrene and pyrene in Synechococcus, picoeukaryotes and 364	  

nanoplankton communities across Mediterranean and Atlantic oceans. We found the 365	  

lowest LC50 values to be 158.03 µg L–1 and 124.82 µg L–1 for Synechococcus and 366	  
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picoeukaryotes, respectively (Table S3 in the Supplementary Data). These values are 367	  

comparable with those reported for picoeukaryotes (158.4 and 137.6 for phenanthrene 368	  

and pyrene, respectively) in the Mediterranean waters (Echeveste et al., 2010a). 369	  

However, the higher relative sensitivity of picoeukaryotes observed in the Red Sea is in 370	  

contradiction with studies performed in the Mediterranean Sea (Echeveste et al., 2010a), 371	  

in which the sensitivity of picoeukaryotes was found to be almost twenty times lower 372	  

than that of picocyanobacteria. It is expected that the sensitivity to PAHs varies between 373	  

strains and geographical locations of the target species, and that the any kind of 374	  

adaptation of picophytoplankton communities to the constant presence of PAHs in the 375	  

‘natural background’ cannot be ruled out.  376	  

Previous studies have shown that the toxic effect of individual PAHs to oceanic 377	  

phytoplankton was not significant at natural levels (Echeveste et al., 2010a; Echeveste et 378	  

al., 2010b). In a recent study by Abdallah et al. (Abdallah et al., 2015), the measured 379	  

levels of phenanthrene and pyrene present in surface water of the Northern Red Sea were 380	  

38.41 ng L–1 – 279 ng L–1 and 75.95 ng L–1 – 572.82 ng L–1, respectively. Our study 381	  

reports LC10 threshold levels varying from 18.97 µg L–1 to 162.09 µg L–1 for 382	  

phenanthrene, and from 8.81 µg L–1 to 33.42 µg L–1 for pyrene. These values are much 383	  

higher than the natural background levels in the Red Sea water (Abdallah et al., 2015). 384	  

However, they fall within the range of PAHs detected during major spill events, in the 385	  

past. For example, during the 1996 North Cape oil spill, values of total PAHs released in 386	  

the Atlantic ocean reached a maximum of 115 µg L–1 (Reddy and Quinn, 2001), and 387	  

during the Deep-water Horizon spill,  PAHs levels reached up to 189 µg L–1 in the 388	  

Northern Gulf of Mexico (Diercks et al., 2010). Therefore, the LC10 threshold values 389	  

reported here indicate a tolerance to acute pollution levels corresponding to spill 390	  

situations, in which the overall function and productivity of picophytoplankton 391	  

communities may be greatly affected by toxic PAHs. Considering the broad number of 392	  

organic pollutants in the marine environment and the potential increase in the amount of 393	  

pollutants in the surface water layers (Wurl and Obbard, 2004), it is alarming that the 394	  

pollution reaching marine systems becomes close to threshold levels that adversely affect 395	  

the phytoplankton communities, due to the formation of complex toxic cocktails of 396	  

organic compounds (Echeveste et al., 2010b). 397	  



	   14	  

Several studies found Synechococcus to be the dominant cyanophycean genus in the Red 398	  

Sea (Pearman et al., 2017; Veldhuis and Kraay, 1993). However, pronounced 399	  

environmental gradients in the Red Sea play a crucial role in the distribution and patterns 400	  

of picoplankton communities across the basin (Ngugi et al., 2012; Pearman et al., 2017). 401	  

Water column conditions also play a crucial role on the composition and abundance of 402	  

phytoplankton communities, and the low turbulence prevailing in the Northern Region 403	  

(Pearman et al., 2017) favors oligotrophic conditions and communities dominated by 404	  

picocyanobacteria. The Southern Region of the Red Sea basin, influenced by the inflow 405	  

of water from the Gulf of Aden and the Arabian Sea (Sofianos and Johns, 2002), is more 406	  

replete with nutrients and  therefore more productive than the Northern Region (Pearman 407	  

et al., 2016). A similar latitudinal gradient was observed in our study, with the lowest 408	  

concentrations in Chl a at Northern stations and the highest at Southern stations, ranging 409	  

from 0.11 to 0.89 mg m–3.  410	  

We found variable growth rates among the different groups of picoplankton studied, 411	  

depending on the species and the station where samples were collected. The observed 412	  

values correspond to net growth rates, and in the controls, they are the result of 413	  

environmental conditions (nutrients, temperature, presence of grazers) and sensitivities of 414	  

the different populations to those conditions. The availability of nutrients could benefit 415	  

from a reduction of the pollution-related stress on picophytoplankton communities 416	  

(Interlandi, 2002; Nayar et al., 2005). Despite its lower biomass and lower nutrient levels, 417	  

the Northern Region appears more dynamic in terms of Synechococcus populations, 418	  

maintaining higher growth rates. However, this pattern is not seen for picoeukaryotes.   419	  

Considering the variability of the physicochemical environment and phytoplankton 420	  

communities along the latitudinal gradient of the Red Sea, a crucial question is whether 421	  

or not the sensitivity to PAHs follows any spatial pattern. In most cases, we recorded 422	  

higher LC10 values in the Northern Region in comparison with those at Southern 423	  

stations. Our observations lead us conclude that the communities in the more oligotrophic 424	  

regions of the Red Sea are more resistant to those of the more eutrophic waters, this being 425	  

the result of complex responses to pollutants (Hjorth et al., 2008). Petroleum-based 426	  

industrial activities and effluent discharges drastically increased the extent of oil-derived 427	  
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hydrocarbon pollution in the coastal regions of the Red Sea (Al-Lihaibi and Al-Ghamdy, 428	  

1997). The Northern Region of the Saudi Arabian Coast has many petroleum-based 429	  

industries and the expected background PAHs level in seawater is higher in this region, 430	  

due to the discharge of effluents. This contaminants might have been a severe challenge 431	  

to phytoplankton as communities in the North have probably been exposed to higher 432	  

PAH levels, long enough for natural selection of the appearance of more tolerant species, 433	  

and subsequently increase the overall resistance of the population to PAH exposure. This 434	  

may be further explained by the concept of adaptive mutation, in which the mutations 435	  

produced during the non-lethal selection process release the pressure applied by the 436	  

pollutant (Cairns, 1998). García-Villada et al. (García‐Villada et al., 2002) reported a 437	  

rare spontaneous pre-selective mutation that ensured the survival of phytoplankton after a 438	  

drift in the environment due to aquatic pollution. Adaptation to organic pollutants via 439	  

mutation has been previously reported in cyanobacteria and green algae (Bisen and 440	  

Shanthy, 1993; Lopez-Rodas et al., 2001). We postulate that the picoplankton 441	  

communities in the Northern Red Sea have naturally evolved and acquired a higher 442	  

resistance to PAHs that ensures the survival of their populations in suddenly polluted 443	  

environments during experimental exposure. The higher genetic variability in natural 444	  

populations of Synechococcus in the Red Sea (Penno et al., 2006) may also guarantee 445	  

their survival under changing environments. Additionally, higher water temperature 446	  

towards the South may contribute an increase in toxicity by increasing the water 447	  

solubility of PAHs (Neff, 1979). However, additional specific investigations are required 448	  

to further address this assumption. 449	  

We demonstrate that the sensitivity of Synechococcus to PAHs in the Red Sea is 450	  

significantly lower than those reported in oligotrophic regions of other oceans (Echeveste 451	  

et al., 2010a). The LC10 values found for phenanthrene were 9 and 17 folds higher than 452	  

those reported in Atlantic and Mediterranean waters (Figure 6). Similarly, LC10 values 453	  

for pyrene were three times less in the Red Sea, which was found to be more 454	  

oligotrophic, as indicated by the low Chl a concentrations of the sampled water. This 455	  

confirms the higher resistance of Red Sea picoplankton to PAHs contamination. Abdallah 456	  

et al. (Abdallah et al., 2015) estimated the total amount of PAHs in the Red Sea surface 457	  
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water to be within the range Σ15 1295 – 4961 ng L–1, a range of values significantly higher 458	  

than the value of Σ29 8.9 – 197.8 ng L–1 reported in moderate to highly impacted 459	  

Mediterranean waters (Fourati et al., 2017). Moreover, higher ranges of PAHs (with 460	  

maximum value (Σ38 5372 – 7927 ng g–1) have been recently reported in highly 461	  

contaminated lagoons along the Saudi Arabian Coast of the Red Sea (Rasiq et al., 2018). 462	  

These studies reveal the substantial growing stress of PAHs on Red Sea biota and the 463	  

lower threshold values (expressed as LC10) reported here are ecologically relevant as a 464	  

10 % reduction in the phytoplankton abundance can have significant impacts on the net 465	  

productivity of the community.  466	  

 467	  

Conclusions   468	  

We report the first study of in situ responses of primary producers in the Red Sea to two 469	  

PAHs: phenanthrene and pyrene. Investigation of the sensitivity of picoplankton to PAHs 470	  

is essential to understand the future consequences of oil pollution on the functioning of 471	  

Red Sea ecosystem. The present study reinforces the theory of pre-selective adaptation of 472	  

the picophytoplankton, as a mechanism behind the evolution of its resistance to PAHs, in 473	  

marine environments. Considering that the majority of PAHs entering the Red Sea 474	  

organisms originates from heavy ship traffic and spillages (DouAbul et al., 1997) and 475	  

from possible sources of industrial anthropogenic inputs into the Northern Arabian Coast, 476	  

PAHs and their toxic impacts have been exerting selective pressures on the 477	  

phytoplankton community, constraining them to evolve and adopt a certain degree of 478	  

resistance to pollutants in their natural habitats. Based on our results, we also postulate 479	  

that PAHs induced reduction in growth and abundance can have serious impacts on the 480	  

overall primary productivity, and the understanding the extent of such effect is essential 481	  

to address the actual ecological impacts of oil pollution in marine environments. Future 482	  

studies with a higher number of samples, including those from extreme environments, 483	  

will give a more comprehensive understanding of the sensitivity distribution across 484	  

unexplored regions of the Red Sea basin. The current methodology has limitations in 485	  

terms of spatial and temporal replication, however, the results reported herein provide a 486	  

baseline for the picoplankton responses to toxic PAHs in the Red Sea and further 487	  
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extensive research is recommended to elucidate the spatial pattern of these responses and 488	  

the factors contributing to it, in the oligotrophic/mesotrophic waters of the Red Sea. 489	  
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Figure legends 677	  
 678	  

Fig. 1. Map of the Red Sea showing locations of the sampling stations. 679	  

Fig. 2.  Percentage of growth rate inhibition for natural Red Sea Synechococcus and 680	  

picoeukaryotes populations exposed to phenanthrene and pyrene. Each box represents 681	  

collective data from all stations. 682	  

Fig. 3. Spatial distribution of the sensitivity of Red Sea natural picophytoplankton 683	  

populations (expressed as LC10 threshold values) for (A) Synechococcus−Phenanthrene, 684	  

(B) Picoeukaryotes−Phenanthrene, (C) Synechococcus−Pyrene, (D) 685	  

Picoeukaryotes−Pyrene. The size of the bullets represents the magnitude of LC10 values 686	  

and the corresponding range is given in the legend. 687	  

Fig. 4. Comparison of sensitivities of Synechococcus and picoeukaryotes (as LC10 688	  

values) to phenanthrene and pyrene, in the Red Sea. 689	  

Fig. 5. Distribution of phenanthrene and pyrene sensitivities of (A) Synechococcus 690	  

populations, and (B) picoeukaryotes populations, in various zones in the Red Sea parallel 691	  

to the chlorophyll a distribution (MODIS Chl a (mg m−3) annual composite for 2003-692	  

2015). The mean LC10 threshold values are represented as bars (not to scale). 693	  

Fig. 6. Comparison of estimated PAHs sensitivities (mean LC10 values) of natural 694	  

Synechococcus populations in various oligotrophic oceanic regions. Data for Atlantic and 695	  

Mediterranean Seas are adapted from Echeveste et al. (Echeveste et al., 2010a). 696	  

 697	  

 698	  

 699	  

 700	  

 701	  

 702	  

 703	  

 704	  



	   24	  

Table legends 705	  

Table 1. Sampling date and location of the experiment, PAHs tested (at each station), sea 706	  

surface temperature (SST), salinity, total chlorophyll a concentration and picoplankton 707	  

abundance recorded along the Red Sea. 708	  

Table 2.  Mean growth rates (µ, d–1) of Synechococcus and picoeukaryote populations 709	  

from surface water in controls and after exposure to phenanthrene and pyrene doses (at 710	  

the various stations).  711	  

Table 3.  48 h LC10 values for phenanthrene and pyrene to decay in abundance of 712	  

Synechococcus and picoeukaryotes at various stations. Values shown as mean ± SD. 713	  
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Figure 1: 723	  
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Figure 2: 729	  
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 751	  
Figure 3: 752	  
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Figure 4: 764	  
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Figure 5A: 775	  
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Figure 5B: 779	  
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Figure 6: 783	  
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