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ABSTRACT 

 

Lysogeny and Phage dynamics in the Red Sea Ecosystem 

Ruba Abdulrahman Ashy 

Phages are the most abundant components of the marine environments and can control host 

abundances. The severity of viral infections may depend on whether phages are lytic, lysogenic, 

or chronic, which can be influenced by host activity and by environmental conditions. Lysogeny 

remains the least understood process. Knowledge of virioplankton dynamics and their life 

strategies in the Red Sea remain unexplored. In this Ph.D. research we aimed to quantify 

virioplankton abundance, the variability on viral and bacterial dynamics, and to investigate the 

occurrence of lytic and lysogenic phages in the Red Sea. Accordingly, we used the flow cytometric 

technique to enumerate viral and bacterial abundances in the coastal pelagic area during two years 

of sampling and in the coastal lagoon waters for one year, together with water column distribution 

in open Red Sea waters. We conducted incubations of natural microbial communities in the 

laboratory to induce lysogenic bacteria by using the chemical mutagenic mitomycin C. We also 

explored the influence of host abundance, temperature, and ultraviolet radiation on viral dynamics 

and lysogeny. Our results showed that abundances of viruses in the Red Sea ranged from 106 to 

107 virus-like particles per mL, and bacteria ranged from 104 to 105 cells per mL. We observed a 

large variability in the values of virus-to-bacterium ratios, and lower values of viral production to 

those for temperate coastal waters and relatively close to values reported in other oligotrophic 

areas. Although the lytic phase was prevalent, lysogeny was detected when bacterial abundances 

decreased. We determined inducible lysogenic bacteria from undetectable to ~56% in the coastal 
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Red Sea, although we found a lower maximum of 29.1% at a eutrophic coastal lagoon. The decay 

rates of viruses were influenced by UVB exposure, suggesting their susceptibility to solar 

radiation. Exposure to UVB radiation-induced prophage varied between 4 and 34%. Our findings 

identified the significant role of viral infections in controlling bacterial abundance and the 

importance of both lytic and lysogenic phases in the Red Sea waters. This study contributes to the 

understanding of lysogeny in marine phages.  
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1 General Introduction  

1.1 Viruses in marine ecosystems 

Oceans are significant for global processes as they cover more than 70% of the Earth’s 

surface, providing the Earth with the protein that is consumes globally as well as producing half 

of the Earth’s photosynthesis. Studies on marine viruses started in the 1970s as the estimation of 

virus-like particle abundance reached millions in each milliliter of ocean water (Fuhrman, 1999). 

Abundance in viruses was found as 104 viruses mL-1 as the first evidence using the transmission 

electron microscope (TEM) (Torrella and Morita, 1979) to visualize phages and distinguish their 

morphology (Weinbauer, 2004). By the end of the 1980s to 1990s, studies on viral abundance 

increased and viruses ranged from 104 to 107 cells mL-1 using transmission electron microscopy 

(TEM) (Bergh et al., 1989, Børsheim et al., 1990, Proctor and Fuhrman, 1990), to epifluorescence 

microscopy (Suttle et al., 1990, Hara et al., 1991, Noble and Fuhrman, 1998), and flow cytometry 

(Marie et al., 1999, Brussaard, 2004) (Figure 1.1), which facilitate viruses to be enumerated from 

thousands of samples throughout the world’s oceans (Suttle and Fuhrman, 2010). Currently, flow 

cytometry is a well-established, more straightforward, and relatively forthright technique in 

estimating the abundances of aquatic microbes, including viruses and bacteria (Gasol and Morán, 

2015). 

Marine viruses are small biological entities, the same as any other viruses typically 20–200 

nm in size, composed of genetic materials of single or double-stranded DNA or RNA (Fuhrman, 

1999, Sime-Ngando, 2014). Due to their small size and their resistant protein, viruses can be 

transported easily and survive longer in the environment (Lipp et al., 2001). Marine viruses are 

ecologically essential components in oceans, with the total estimated number of ~1030 double-

stranded DNA virus particles in the entire oceans, which comprises viruses which are the most 
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abundant components in marine environments (Suttle, 2005). Their numbers vary between 105 

particles per mL in oligotrophic and deep-sea ecosystems (Wommack and Colwell, 2000, Lara et 

al., 2017) to 108 particles per mL in productive systems, with an average of 107 virus-like particles 

per mL in surface seawater (Breitbart, 2012). Higher viral abundances are mostly found in the 

coastal and eutrophic surface waters while the lowest are mostly found in the deeper layers of 

oceans (Brussaard et al., 2016). 

In the early 1990s, viral infections were identified as having a significant influence on 

marine ecosystem processes by causing pathogens for plants, animals, and unicellular organisms 

such as heterotrophic bacteria and phytoplankton (Middelboe and Brussaard, 2017). Based on the 

observations and the persuasive evidence, viruses showed a massive impact on the global 

biogeochemical processes by affecting the growth of the plankton community and causing severe 

levels of marine microorganisms mortality (Tsiola et al., 2017), and thus affecting the productivity 

cycle of the oceans, the structure of microbial communities (Suttle, 2007), the abundance and 

diversity of microbial population, and potentially genetic transfer (Ortmann et al., 2002). 
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Figure 1.1 Different methods for virus enumeration. (A) Epifluorescence microscopy showing 

stained viral nucleic acid, (B) Transmission electron microscopy (TEM) showing a thin section of 

host cell, with virions PgV infecting the phytoplankton Phaeocystis globosa in the upper panel and 

free bacteriophage in the lower panel, and (C) Flow cytometry showing different populations of 

natural viruses in seawater. This figure is acquired from Brussaard et al., (2016).  

 

1.2 Viral replication cycles 

Viruses do not have intrinsic metabolism and strictly depend on the deep-cellular 

mechanisms, and are eventually replicated by the host cell life, including bacteria, eukarya, and 

archaea for living. Viruses are present in different life strategies, which lead viruses to either kill 

their host cells or remain as cell partners and manipulators in the world of aquatic ecosystems 

(Rohwer and Thurber, 2009, Roossinck, 2011).  

Viruses infecting bacteria are known as temperate, lytic, or chronic phages. In the lytic or 

the chronic cycles, phage particles are produced resulting in the destruction of the host cell and the 

release of virions by daughter cells (Paul, 2008, Sime-Ngando, 2014, Howard-Varona et al., 2017, 

Weitz et al., 2017) through secretion or budding (Weinbauer, 2004) (Figure 1.2). Phages mainly 

establish the lytic phase in a shortened latent period in environments that comprise high bacterial 

A B C
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abundance with high metabolic activities (Weinbauer et al., 2003a).  In contrast, phages tend to be 

lysogenic when bacterial abundance is low in order to extend their latent periods, increasing the 

amount of released progeny phages (i.e., burst size), and living through the adverse conditions 

(Abedon, 1989). The burst size is defined as the number of phages produced per bacterium 

(Fuhrman, 1999), which is a sufficient parameter to estimate the released phages (Zhang et al., 

2011).  

 In the lysogenic cycles, the phage DNA integrates into the genome of its host as a prophage 

(the genetic material of the bacteriophage) that is propagated and continues to live normally and 

can be transferred to daughter cells in each cell division process until an environmental event, such 

as UV radiation or an induction by a specific chemical (Mackey et al., 2016), activates the phage 

to enter the lytic pathway causing new phages (Paul, 2008, Breitbart, 2012, Mackey et al., 2016) 

and the death of the cell. However, in some lysogenic cycles viruses do not integrate into the host 

genome but may exist freely in an inactive state within the host cell in a pseudo-lysogenic cycle 

state (Guttman et al., 2005, Sime-Ngando, 2014).  

In early 1921, Bordet and Ciuca discovered that bacteriophages can be produced by strains 

of bacteria derived from bacterial suspensions following the classical studies of Twort and of 

d'Herelle, (Lwoff, 1953). However, the real nature of their lysogenic phase was unknown until it 

was discovered by two Australian researchers, Burnet and McKie, as they prepared an anti-phage 

serum to grow bacterial strains and observed the ability of phage production in the serum, which 

was maintained by a lysogenic bacterial strain. The researchers also suggested that lysogenic 

bacteria were not comprised of infectious particles when the bacteria were chemically lysed 

(Lwoff, 1953, Mackey et al., 2016). The relative importance of lytic and lysogenic pathways for 

viral replication varies widely among environments (Suttle, 2005), and although numerous 
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explanations have been proposed for the cause of this variation, it remains a subject of continuing 

debate (Williamson et al., 2002, Weinbauer, 2004, Payet and Suttle, 2013, Brum et al., 2016, 

Howard-Varona et al., 2017, Weitz et al., 2017, Knowles et al., 2016). 

 

Figure 1.2 The biotic interactions between viruses and their hosts via virus life strategies, which 

include chronic, lytic, lysogenic, and pseudo-lysogenic phases. The interactions occur from the 

true non-lethal parasitism in the chronic cycle as a stable and coexisting, to fatal infections in the 

lytic phase, and to intermediate mutualistic cycles, involving the lysogenic and pseudo-lysogenic 

lifestyles. This figure is obtained from Sime-Ngando et al., (2018), who acquired it from Palesse, 

(2014). 
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 Induction 

Lysogeny as a temperate phage can benefit the host by the process of resistance or by the 

expression of advantageous genes carried by the virus (Ortmann et al., 2002, Williamson et al., 

2002) as it is capable of surviving longer times under low host abundances, which protects the host 

from stressors, such as temperature or ultraviolet radiation (UV) (Sime-Ngando, 2014, Howard-

Varona et al., 2017), and high nutrient depletion (Weinbauer, 2004). Additionally, when hosts are 

abundant, temperate phages can protect them from viral infections (Knowles et al., 2016). The 

induction of lysogeny can be triggered by either physical or chemical or other inducing agents 

(Jiang and Paul, 1996, Tsiola et al., 2017), which results in the trigger of the lytic phase where 

viral infections occur with a continuation of virus production and cell lysis (Ortmann et al., 2002). 

Moreover, the lytic cycle can be defined as a rapid replication and immediate host-cell death, 

which occurs mostly under the condition of nutrient depletion (Tsiola et al., 2017).   

Although the shift to the lytic phase can be triggered by several stresses, the mechanisms 

controlling the switch from the lysogenic to the lytic phase are not well understood (McDaniel and 

Paul, 2006); moreover, lysogeny abundance, diversity and activity in several ecosystems are still 

underexplored (Howard-Varona et al., 2017). Environments which are comprised of mutagenic 

pollutants may have a frequent occurrence of prophage induction, including a sudden temperature 

change that could be an important inducing agent for natural lysogenic viral production in marine 

environments (Jiang and Paul, 1996). Methods on estimating the prevalence of lysogenic bacteria 

are more widely available than lytic infections (Weinbauer et al., 2003b, Jiang and Paul, 1996, 

Weinbauer and Suttle, 1996). However, the methodology of using a chemical mutagenic agent, 

involving mitomycin C together with virus reduction methods, is the most common method to 

examine lysogeny in marine microbial communities followed by the incubation of both treated and 
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untreated seawater samples to evaluate virus production rates (Jiang and Paul, 1994, Tapper and 

Hicks, 1994, Weinbauer and Suttle, 1996, Weinbauer et al., 2002, Boras et al., 2009). This 

treatment is capable of inducing the collapse of lysogenic cells and of releasing temperate phage 

within 12 h (Brussaard et al., 2016). Thus, the identification of the proportion of lysogenic bacterial 

in marine environments involves the use of different methodologies described in the literature, 

although mitomycin C induction is the broadest method used.  

 

1.3 Marine bacteria and viral infections 

Marine bacteria are comprised of major drivers of global microbial biomass in marine 

ecosystems due to their large abundance with an estimation of a total number of 1.0 × 1029 cells 

mL-1 in the pelagic zones (open water), 1.7 × 1028 cells mL-1 in the surface sediments, and 1.0 × 

1026 cells mL-1 in coastal waters (Whitman et al., 1998, Overmann and Lepleux, 2016). Surface 

seawater harbors constitute 104 to 107 bacterial cells per mL, averaging at 5.0 × 105 cells per mL 

in epipelagic and coastal shelf waters. Most marine bacterial populations are highly diverse and 

predominant in various marine habitats, including coastal surface waters, subsurface open ocean 

waters, and sediments (Overmann and Lepleux, 2016). It has been estimated that bacteria can grow 

at both low and high water temperatures, where in low temperature degrees (<0°C), bacteria 

require higher concentrations of dissolved organic matter (DOM), existing only in regions of high 

phytoplankton biomass, or at subsurface chlorophyll maxima, whereas at higher temperatures 

(>10°C), bacterial growth depends on a lower substrate concentration (Rivkin et al., 1996).  

Viruses are responsible for a high percentage of bacterial mortality in several marine 

environments, as described for the northern Adriatic Sea (Weinbauer and Peduzzi, 1995), Franklin 

Bay of Canadian Arctic (Wells and Deming, 2006), or for coastal waters of Hokkaido, Japan (Taira 
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et al., 2009), reaching up to 50% of the total mortality in oceans (Suttle, 1994, Fuhrman, 1999). 

As phages do not have a complete metabolic system, they cannot survive independently and 

depend on their host bacteria in obtaining materials and energy for proliferation using a bacterial 

enzymatic system (Weinbauer, 2004). The relationship between viruses and bacteria is often 

indicated by the virus-to-bacterium ratio (VBR) and can vary between the surface and deep layers 

of oceans, elucidating the number of phages in marine environments (He et al., 2019). Over the 

years, the virus-to-bacterium ratio was established as approximately 10, but this ratio differs 

greatly (2–100) in various environments (Fuhrman and Suttle, 1993, Parikka et al., 2017, Lara et 

al., 2017), partly due to the presence of microorganisms other than bacteria in aquatic systems 

(Finke et al., 2017). 

Bacteriophages (phage infects bacteria) exist in surface seawaters as 107 per mL, about 2 to 

25 times higher than bacterial abundance (Fuhrman, 1999). The significance of lysogeny induction 

to bacterial mortality or phage production was also demonstrated, with lysogens comprising 0 to 

41% of the bacteria in Tampa Bay (Cochran and Paul, 1998), with a higher percentage detected in 

the deep layers of the Mediterranean and Baltic Seas (Weinbauer et al., 2003a).  

 

1.4 Water temperature and viral infections  

It has been reported that temperature has an essential effect on the distribution, metabolism, 

and abundance of phytoplankton (Hays et al., 2005), and viruses and their hosts (Mojica and 

Brussaard, 2014, Sime-Ngando, 2014, Demory et al., 2017, Pinon and Vialette, 2018). The effect 

of temperature on viral infection can modify the kinetics of viral lysis, which in turn develop viral 

resistance (Nagasaki and Yamaguchi, 1998, Kendrick et al., 2014, Tomaru et al., 2014), or 
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influence the switch from lysogenic to lytic cycles (Wilson et al., 2001, Lara et al., 2013). Increases 

of temperature and cell growth are identified as inducing the lytic cycle (Jiang and Paul, 1996, 

Weinbauer and Suttle, 1999), whereas low temperatures in some marine environments were found 

to induce the lysogenic phase (Williamson et al., 2002, McDaniel et al., 2002, McDaniel and Paul, 

2006). Wells and Deming, (2006) demonstrated that bacteriophage 9A, isolated from particle-rich 

Arctic seawater, had a rapid inactivation at in situ temperatures of 25°C and up to 55°C, and had 

half-lives at 25°C in less than ten minutes and at 32.0°C in almost one minute, with a measurement 

of thermolabile phages detected at 35°C.  

The potential effects of temperature on viral life strategy are still unclear.  Marine viruses 

may differ in their responses to various temperatures. Most viruses are capable of surviving at low 

temperatures, whereas high temperatures may influence the loss of viral infectivity, leading to an 

inactivation of virus particles (Nagasaki and Yamaguchi, 1998, Baudoux and Brussaard, 2005, 

Tomaru et al., 2005, Martínez et al., 2015). Viruses can be affected directly or indirectly by 

temperature through: (1) the possible effect of the host community on viruses and their interactions 

with their host, (2) changes in the metabolic balance, as well as (3) shifting from the lysogenic 

cycle to lytic infections. In the coastal waters of Izmir Bay, viral abundance reached 108 cells mL-

1 in the summer, and the highest bacterial abundance was found in the spring as 107 cell mL-1 

(Yucel-Gier et al., 2018). Tsai et al., (2018) found a significant effect of temperature on the total 

abundance of viruses in the coastal waters of northeastern Taiwan, which ranged from 9.2 × 105 

to 4.4 × 106 viruses per mL. 
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1.5 The Effects of Ultraviolet Radiation  

 Solar ultraviolet radiation (UVR) reaching the ocean includes UV-A (320–400 nm) and 

UV-B (280–320 nm). The UV-A radiation is relatively harmless and less damaging compared to 

the UV-B radiation (Speekmann et al., 2000). The UV-B radiation is classified as an essential 

component of sunlight that inhibits biological activities (Weinbauer et al., 1997). Additionally, 

low levels of UV-B radiation can be absorbed by the ozone layer (Speekmann et al., 2000), while 

high levels reach the Earth’s surface and penetrate significant depths in seawater levels causing 

damage to several marine microorganisms (Weinbauer et al., 1997). The third category of the UV 

radiation is the UV-C light, which also causes damage biologically; however, it is 100 % absorbed 

by the ozone layer and other components of the atmosphere (Speekmann et al., 2000). 

 In addition to the effectiveness of high-water temperature degrees in the induction of the 

lysogenic cycle, solar radiation is also a significant inducing factor that damages the host DNA as 

higher induction rates of lysogens may refer to the increase of UVB on the surface of the oceans 

(Weinbauer and Suttle, 1999). Exposure to solar UV radiation may decrease microbial 

productivity, affect reproduction and development, as well as increase the rate of mutation in 

phytoplankton, macroalgae, eggs, and larval stages of fish and other aquatic animals (Hader et al., 

2007).  

The UVB radiation can affect cellular DNA as a major target in addition to the other 

molecules, such as protein. Damaged DNA of the bacterial and algal cells can be repaired by two 

mechanisms, involving the light-dependent (photoreactivation) and light-independent (dark repair) 

and although heterotrophic bacterioplankton may benefit from the photosynthetically available 

radiation (PAR) as the natural sunlight plays a significant  role, it is still challenging to expect its 
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role in modulating the biogeochemical functions of bacterial population in aquatic ecosystems 

(Ruiz-Gonzalez et al., 2013).  

Most viruses depend on the DNA repair mechanisms of their host cells. Moreover, viruses 

are susceptible to UV radiation, which causes damage to viral infectivity and loss of viruses; 

however, they can remain active and abundant on the surface of marine waters (Weinbauer et al., 

1997). Because viruses do not have efficient sunscreens against the ultraviolet radiation and are 

sensitive to solar UV damage, it is unexpected that they may still provide their phytoplankton 

hosts, such as Phaeocystis, with some protection from solar UV. This surprising phenomenon has 

unknown reasons (Jacquet and Bratbak, 2003). Thus, the role of UV radiation on virus dynamics 

remains unclear and requires more research.  It is expected that UVB causes significant loss of 

viral particles in the ocean as indicated by high induced decay rates (Suttle and Chen, 1992, Noble 

and Fuhrman, 1997). In the Gulf of Mexico, the rates of viral destruction were high at the surface 

and decreased with depth, following solar radiation penetration (Wilhelm et al., 1998).  

 

1.6 Trophic degree and viruses 

Marine microorganisms are an essential force in the nutrient and energy cycling in the 

oceans worldwide, which compose more than 90% of the living biomass in the sea (Mojica and 

Brussaard, 2014, Suttle, 2007). It was reported that phosphate limitations inhibited viral replication 

in the marine coccolithophorid Emiliania huxleyi and this refers to the causation of viruses’ high 

nucleic acid-to-protein ratio (Bratbak et al., 1993). Viruses that infect marine bacterioplankton, 

cyanobacteria, and eukaryotic plankton can destroy up to 50% of their host communities daily. 
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This could be a reason for the release into the surrounding environment of large amounts of carbon 

and nutrient elements, such as organic nitrogen, phosphorus, and iron (Fuhrma and Suttle, 1993).  

About 70% of the oceans are oligotrophic, and the growth of phytoplankton is limited by 

the availability of inorganic nutrients (P, N, Si, Fe), increasing the possible significance of host 

growth as a control of virus-host interactions (Mojica and Brussaard, 2014). Viral lysis of bacteria 

leads to the release of progeny virions and the components of host cells (i.e., bacteria) into water 

environments, which in turn increases dissolved organic matter (DOM) cycling. Hence the DOM 

from bacterial lysates is expected to promote the growth of bacteria (Noble and Fuhrman, 2000, 

Weinbauer et al., 2003b, Weitz and Wilhelm, 2012), and affect both diversity and structure of the 

bacterial population (Van Hannen et al., 1999, Middelboe and Lyck, 2002). When viral particles 

decay, elements from viral components are released into the marine DOM pool to be utilized by 

bacterioplankton and cycled within the microbial loop (Zhang et al., 2014, He et al., 2019). This 

release in turn leads virus particles to encounter complex environmental conditions before they 

successfully start a new life phase within their hosts (Weinbauer, 2004, Mojica and Brussaard, 

2014). In a eutrophic system where the production of organic matter by phytoplankton is high, 

viruses may play the same role as grazers and hence, control bacterial abundance, production and 

respiration (Liu et al., 2015). The influence on viral abundance is likely related to the diverse 

nutrient availability and trophic state in estuarine systems supporting a higher host abundance and 

metabolism rather than to a direct impact on the viral assemblages (Danovaro et al., 2011). 

Lysogeny often dominates in oligotrophic waters that have a lower trophic status, 

independent of geographical location (Williamson et al., 2002, Weinbauer et al., 2003a, Payet and 

Suttle, 2013)  and appears to survive under conditions of low host productivity and abundance, 

which demonstrates that host physiology plays an essential role in determining viral life strategy 
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(Williamson et al., 2002, Motegi and Nagata, 2007, Payet and Suttle, 2013, Sime-Ngando, 2014). 

Nevertheless, in oligotrophic open waters of subtropical gyres, where bacterial growth is limited 

by carbon and nutrient availability, the knowledge of viral population response to nutrient 

additions is limited (Motegi and Nagata, 2007). In contrast, Boras et al., (2010) and Lara et al., 

(2017) suggest that lysogeny in some cases is more important in the epipelagic and photic zone 

than in the deep ocean. 

 

1.7 The Red Sea Ecosystem 

The Red Sea is a narrow oceanic basin with a length of 2250 km (Raitsos et al., 2013) and a 

width of 355 km (Rasul et al., 2015) elongated between the African and the Asian continental 

shelves. The depth along the axis of the entire sea from north to south reaches 2300 m (Raitsos et 

al., 2013). The Red Sea waters are the highest salinity between the other open oceans at the same 

latitude, ranging from 38.5 to 40 ‰, with a higher concentration in summer and lower in winter at 

every latitude (Douabul and Haddad, 1970). Continuous exposure to solar irradiation causes high 

temperatures ranging from 23 to 32°C on the surface waters (Raitsos et al., 2013, Shibl et al., 2016) 

while the water column below the surface layer remains isothermal almost year-round (Edwards, 

1987, Shibl et al., 2016). The transparency and oligotrophic waters of the Red Sea allow 

photosynthetically active radiation (PAR) and ultraviolet radiation (UVR) for high levels of 

penetration (Figueroa et al., 2009, Overmans and Agustí, 2019).  

The Red Sea is an oligotrophic sea, characterized by nutrient limitations, involving nitrate, 

ammonium, phosphate, and silicate (Acker et al., 2008). Nutrient concentrations in the northern 

areas of the Red Sea are lower than in the south. This refers to the high stratification levels and the 
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resulting homogeneity of the northern Red Sea deep waters that prevent the renewal of the deep 

water, and this is reflected in primary production and biological productivity in the euphotic zone 

(Weikert, 1987). Additionally, the availability of nutrients in the north of the Red Sea is seasonal, 

which can make the surface waters very oligotrophic, whereas the southern Red Sea is 

characterized  by nutrient-rich water imported from the Indian Ocean through the Gulf of Aden 

(Ngugi et al., 2012, Sofianos et al., 2002). The south side of the Red Sea is the most productive 

region of the basin due to the peak levels of the Chlorophyll a (Chl-a) concentration during fall 

and this is potentially due to the influx of colder waters with higher nutrient concentrations from 

the Gulf of Aden through the strait of Bab Al Mandab (Raitsos et al., 2013, Shibl et al., 2016). 

Therefore, these conditions may affect the dynamics as well as the structure of microbial 

communities due to the microbiological point of view (Ngugi et al., 2012).  

The warm tropical waters of the Red Sea are characterized by rich biodiversity. Water 

surface temperature varies due to the seasonal changes between 22 and 32°C and thus it reaches 

26°C in the north and 30°C in the south during the summer and almost 23°C in wintertime (Rasul 

et al., 2015). The Red Sea was expected to experience rapid warming (Raitsos et al., 2013, Chaidez 

et al., 2017) of 0.0178C yr-1 determined  over the period from 1982 to 2015 by Chaidez et al., 

(2017). Recently, Krokos et al., (2019) suggested that the cooling Atlantic Multidecadal 

Oscillation would counteract the Red Sea. The spatially annual mean of the Red Sea surface 

temperature (SST) of the Gulf of Aden, southern, northern, and central Red Sea was indicated by 

Shaltout (2019) from 1982 to 2016 as 27.88 ± 2.14°C, with a significant warming trend of 0.029°C 

yr−1. The author found that the variability of the annual SST was two times higher during the spring 

and fall than during the winter and summer seasons (Figure 1.3). 

 



 33 

 

Figure 1.3 Spatial distribution of the annual and seasonal mean of the Red Sea surface temperature 

(SST) from 1982 to 2016 (Shaltout, 2019). 

Additionally, the seasonal variation of monthly mean Chl-a for the northern Red Sea was 

determined during the period 1998–2004 by Acker et al., (2008). They recorded low values of Chl-

a concentration below 0.2 mg/m3 (0.2 µg/L) over the years specified, with the highest values 

reported in the spring due to water circulation. Kürten et al., (2019) found variable distribution in 

nutrient concentration in the central Red Sea due to the hydrophobic conditions and dynamic 

activities. They found a variation in the concentration of NOx, Si (OH)4, and NH4+ between fall 

and spring, with the lowest mean of NH4+ in the fall, whereas PO43- did not differ between the fall 

and the spring. Some areas of the Red Sea have higher nutrient concentrations, as reported for 

some shallow coastal lagoons (Banguera-Hinestroza et al., 2016). A recent seasonal study by 
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Prabowo and Agustí, (2019) performed from April 2016 to March 2017 in the coastal areas of the 

central Red Sea, Thuwal, Saudi Arabia, included a lagoon station (22.39°N, 39.14°E) a reef 

(22.25°N, 38.96°E), and a pelagic station with a depth of over 50 m (22.31°N, 38.99°E). The 

results of this study suggest an increase in SST in all stations from April to September 2016 and a 

gradual decrease from October 2016 to February 2017, with an extreme variation of temperature 

detected at the lagoon site from 23.06 to 32.60 °C. However, a lower temperature was measured 

for the pelagic (24.83–32.10 °C) and the reef (24.85–31.85 °C). The study also determined the 

highest numbers of Chl-a concentration and salinity exhibited in the lagoon station, the relative 

eutrophic area of the Red Sea.  A study of Silva et al., (2018) performed from December 2015 to 

March 2017 in the harbor of King Abdullah University of Science and Technology (KAUST) 

reported constant surface temperatures from May to October 2016 (average 33.4 ± 0.4 °C), with a 

decrease from September 2016 until the last month of the sampling study. They recorded variable 

surface salinity (PSU) ranging from 37 in April and February 2016 to 40 in mid-July and October 

2016, with 0.10 to 0.84 µg L-1 of Chl-a concentration. 

In the Red Sea, phytoplankton plays an important role by transferring energy to higher levels 

of the marine food web, as well as providing food for coral reef ecosystems (Rasul et al., 2015, 

Raitsos et al., 2013). High UVB radiation and elevated temperature (31–34°C) were found to have 

an essential impact on zooplanktonic dynamics in the coastal Red Sea, causing mortality for most 

species tested by Al-Aidaroos et al., (2015). The high transparency of the Red Sea waters caused 

a deep euphotic zone, which led to the low primary production and relatively low concentration of 

Chl-a, particularly in the central and northern areas (Raitsos et al., 2013). The mixed layers of the 

Red Sea (30–45 m) are shallower than those in other oligotrophic open oceans (Raitsos et al., 
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2013), leading the inhabiting organisms to be exposed to intense UVB doses (Al-Aidaroos et al., 

2014).  

The warm tropical water of the Red Sea holds some of the most spectacular marine 

ecosystems in the world, with rich diversity due particularly to coral reefs. Ngugi et al., (2012) 

found that the picocyanobacteria, particularly Prochlorococcus are the most abundant 

photosynthetic microorganism in the Red Sea. Nonetheless, both Prochlorococcus and 

Synechococcus picocyanobacteria are closely tied to environmental parameters and gradients 

(Scanlan et al., 2009, Biller et al., 2015). Moreover, a study conducted in the Gulf of Aqaba, Red 

Sea by Fuller et al.(2005), indicates the abundance of picocyanobacteria concerning seasonal 

changes. However, the knowledge of the phytoplankton (Raitsos et al., 2013), zooplankton (Al-

Aidaroos et al., 2014, Al-Aidaroos et al., 2015), and bacterial dynamics in the Red Sea 

environment are still limited (Silva et al., 2018). Studies on viral dynamics and their lifestyle cycles 

in the Red Sea remain unexplored until this present research study. Hence, this Ph.D. research 

study is the first to address the significance of viral abundances and dynamics, and to investigate 

lytic and lysogenic phases in the Red Sea ecosystems. Further studies are required to better 

understand the significant roles of the Red Sea phages in controlling the growth rates of microbial 

community or in causing host mortality. Examining in situ phage communities in the Red Sea 

environment will also help in identifying the regulation of the structure and the genetic diversity 

of microbial community. 
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1.8 Hypothesis 

The main hypotheses of this Ph.D. thesis are that the environmental conditions which characterize 

the Red Sea (high temperature, high transparency, and gradients in nutrients) must favor lytic and 

lysogenic phases of phages infecting bacterial communities, showing patterns which differ from 

those described in other studies. Additionally, the incidence of the lysogenic phase in the Red Sea 

ecosystem would be prevalent with the decreasing abundance of bacterial populations as suggested for other 

oligotrophic systems.  

 

1.9 Objectives and Contributions 

This Ph.D. thesis aims to identify the significance of viral dynamics and to investigate the 

occurrence and the variability of lytic and lysogenic phases of infectious phages in the Red Sea 

waters.  

The main aim and hypotheses were tested by approaching the following objectives, which are 

subsequently divided into three chapters: 

 

 Objective 1 

To quantify planktonic viral abundances and dynamics seasonally in the coastal Red Sea and to 

investigate changes in the proportion of lysogenic bacteria.  This objective is addressed in Chapters 

2.1 and 3.2.  
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 Objective 2 

To discern whether temperature changes and host abundance determine changes in the proportion 

of lysogenic bacteria, and to identify the influence of temperature and host abundance on viral 

infections. This objective is addressed in Chapter 3.2. 

 

 Objective 3 

To examine viral sensitivity to UVB radiation in the warm, oligotrophic, and highly-transparent 

Red Sea. This objective is addressed in Chapter 4.3. 
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2.1 Abstract  

Viruses are the most abundant microorganisms in marine environments. Viral infections can 

be either lytic (virulent) or lysogenic (temperate phage) within the host cell. The Red Sea is a 

narrow oligotrophic basin with surface water temperatures ranging from about 22 to 32 degrees, 

and an average surface salinity of about 40 ppt, and continuous high insolation, making it a stable 

and relatively unexplored environment for microbial processes. The aim of this study was to 

quantify viral dynamics in the Red Sea and to investigate the occurrence of lysogenic bacteria over 

a period of two years. Fortnightly, we quantified environmental parameters as well as virus and 

bacterial abundances at a coastal station. Water temperatures ranged from 24.4 to 32.30 °C, and 

total viral and bacterial abundances ranged from 1.09 × 106 to 2.32 × 107 viruses mL-1 and 6.96 × 

104 to 5.45 × 105 bacteria mL-1. During the second year, monthly seawater samples were examined 

for prophage induction by mitomycin C. The burst size was calculated as ~14 viruses per cell and, 

on average, 12.24 % ± 4.82 (SE) of the bacteria could be induced by mitomycin C, with the highest 

percentage of 55.8% observed in January 2018 when bacterial abundances were low; whereas no 

induction was measurable in spring when bacterial abundances were highest. Our data show that 

in the Red Sea a higher proportion of cells could be induced by mitomycin C when bacterial 

abundances were low although there was no clear relationship between lysogeny and seasonal 

environmental changes. Thus, despite the fact that the Red Sea might be perceived as stable, warm 

and saline, relatively modest changes in seasonal conditions were associated with large swings in 

the prevalence of lysogeny. This emphasizes the need to develop a much more in-depth 

understanding of the factors regulating lysogeny in natural bacterial communities, and the 

processes driving microbial population dynamics. 
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2.2 Introduction  

Viruses are the most abundant microorganisms in oceans (Breitbart, 2012), varying 

between 105 particles per mL in oligotrophic and deep-sea ecosystems (Wommack and Colwell, 

2000, Boras et al., 2010, Lara et al., 2017) to 108 particles per mL in productive systems, and 

comprising an estimated ~1030 double-stranded DNA virus particles in the entire ocean . Most of 

these viruses infect bacteria and are estimated to cause 10 to 50% of the total bacterial mortality 

in surface waters; thereby killing about 10 to 20% of living biomass in the oceans each day (Suttle, 

1994, Fuhrman, 1999), and driving the mobilization of nutrients through the viral shunt (Wilhelm 

and Suttle, 1999).  

Viruses infecting bacteria are known as temperate or lytic phages depending on whether 

they replicate via a lysogenic or lytic cycle. In lysogeny, the phage DNA integrates into the genome 

of its host as a prophage and propagates each time the host genome is replicated until an 

environmental signal triggers the phage to enter the lytic pathway (Paul, 2008, Breitbart, 2012). 

However, some phages, such as the temperate myovirus P1, which infects strains of gram-negative 

hosts (i.e. E. coli) may exist as plasmids and do not integrate into the host chromosome. P1 together 

with its sister P7 can transduce genes between E. coli and Shigella strains and other plasmid DNAs 

(Guttman et al., 2005). In the lytic cycle, phage particles are produced resulting in the destruction 

of the host cell and the release of virions (Paul, 2008, Howard-Varona et al., 2017, Weitz et al., 

2017). The relative importance of lytic and lysogenic pathways for viral replication varies widely 

among environments (Suttle, 2005), and although numerous explanations have been proposed for 
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the cause of this variation, it remains a subject of continuing debate (Williamson et al., 2002, 

Weinbauer, 2004, Payet and Suttle, 2013, Brum et al., 2016, Howard-Varona et al., 2017, Weitz 

et al., 2017). 

Pragmatically, the percentage of lysogenic cells in a sample is typically determined from 

the proportion of the prokaryotic community that produces phage when exposed to an inducing 

agent such as mitomycin C, UV radiation or high nutrient concentrations (Weinbauer, 2004). 

Temporal changes, such as low nutrients, or low cell biomass are often associated with more 

lysogeny (Danovaro et al., 2011). The prevalence of lysogeny in oligotrophic systems is related to 

low host densities as a survival strategy of viruses (Stewart and Levin, 1984) although data based 

on virus to microbe ratios abundance suggest that lysogeny is considered to be less dominant in 

oligotrophic waters (Paul, 2008), and temperate dynamics become increasingly significant at high 

hosts densities (Knowles et al., 2016).  

The Red Sea is a tropical narrow oceanic basin characterized by warm, salty, oligotrophic, 

and transparent waters (Rasul et al., 2015). The concentration of nutrients in the Red Sea is low, 

although shows a latitudinal gradient, with lower concentration in the north areas than in the south 

(Weikert, 1987, Raitsos et al., 2013). The Red Sea is classified as one of the warmest sea basins 

experiencing rapid warming (Raitsos et al., 2013, Chaidez et al., 2017). As well as its tropical 

location, temperatures vary seasonally between 22 and 32oC as they are influenced by the monsoon 

seasons (Rasul et al., 2015). Al-Aidaroos et al., (2015), reported that the high temperature between 

31 and 34°C of the Red Sea was responsible for raising the rates of zooplankton mortality. 

However, the role of water temperature on viral dynamics and/or in the shift from lysogeny to lytic 

infections in the Red Sea remains unexplored.  
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Although several studies have been performed on microbial communities and bacteria 

(Weisse, 1989, Bonilla-Findji, Pearman et al., 2017, Silva et al., 2018), and on airborne microbial 

abundance estimations including viruses and bacteria (Yahya et al., 2019), studies on viral 

abundances and dynamics are rare and limited to communities in coral reefs (Hadas et al., 2006, 

Danovaro et al., 2008), and in the deep-sea brines (Antunes et al., 2015).  

 Hence, the aim of this study was to quantify planktonic viral abundances and dynamics 

seasonally in the coastal Red Sea, and to investigate changes in the proportion of lysogenic 

bacteria. We hypothesized that lysogeny would be prevalent when bacterial abundance decreased 

as suggested for other oligotrophic systems and will vary with seasonal changes. The approach 

used to obtain the hypothesis was to test the effect of the chemical treatment by mitomycin C 

induction, the most broadly used method in the literature. 

 

2.3 Materials and Methods  

 Sampling  

      Time series sampling was done biweekly from October 2016 to October 2018. Seawater 

samples were collected from the surface (1 m) of the coastal central Red Sea at a pelagic station 

away from the reef system (22°30932' N, 38°99739' E) (Figure 2.1). Sea surface water temperature 

(°C) and salinity (PSU) were measured using an Ocean Seven 305 Plus CTD device (Idronaut, 

Brugherio, Italy) for 5 to 15 minutes. About 300 mL of seawater was filtered through a Whatman 

glass microfiber GF/F filter (Sigma-Aldrich, Taufkirchen, Germany) for the quantification of 

chlorophyll-a (Chl-a) concentration. The filters were kept frozen until analysis (-20 ºC). Pigments 

were extracted using 90% acetone for 24 h and left overnight in the dark at 4 ºC. Chl-a 

concentration was estimated with the non-acidification technique using a Turner Design Trilogy 
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Fluorometer, previously calibrated with pure Chl-a. Samples for dissolved inorganic nutrient 

concentrations were kept frozen until analyzed using standard methods (Hansen and Koroleff, 

1999) in a Segmented Flow Analyzer AA3-HR autoanalyzer. Surface seawater was transferred to 

a 5 L polypropylene container, pre-sterilized with 4% HCl, and pre-rinsed with seawater collected 

at the same time and place as the samples for the analysis of microbial communities, viral 

production, and lysogeny. The seawater samples were transported to the lab and duplicated 

subsamples (1.5 mL each) were taken for the enumeration of viruses and bacteria by flow 

cytometry (FCM). From December 2017 to October 2018, the remaining water was sequentially 

filtered through 20-µm and 2-µm pore-size membranes, and used for the different incubations and 

preparation of virus-free water (VFW). 

 

Figure 2.1 Location of the sampling station in the central coastal Red Sea (Saudi Arabia) where 

samples were collected from 2016 to 2018.  
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 Virus-free water 

The virus reduction technique (Wilhelm et al., 2002, Weinbauer et al., 2010, Rowe et al., 

2012) was performed to measure viral production rates and lysogenized bacterial cells. Briefly, the 

aim of this approach is to maintain the host community while reducing viral abundances 

(Weinbauer et al., 2010). The pre-filtered seawater samples were filtered through a 0.2-µm pore-

size membrane (described below) and then ultra-filtrated through a cartridge with a 30,000 Daltons 

molecular-weight cutoff to obtain 500-600 mL of virus-free water (Weinbauer and Suttle, 1996, 

Weinbauer et al., 2010).  

 

 Incubations for Measurements of Viral Production (Lytic) and Induction from 

Lysogenic Phase 

Bacteria were concentrated by passing three liters of the 20-µm and 2-µm pre-filtered 

seawater through a 0.2-µm-pore-size polycarbonate filter (Weinbauer and Suttle, 1996) using an 

Amicon® Stirred Ultrafiltration Cell (8050 Millipore 50 mL–Merck Millipore) until a volume of 

50-70 mL remained. The concentrated bacterial cells were then rinsed with 100 mL of VFW five 

to six times before re-suspending in 250–300 mL of VFW to reduce the concentration of free virus 

particles (Weinbauer and Suttle, 1996, Weinbauer and Suttle, 1999, Weinbauer, 2004).  

Six acid-rinsed borosilicate glass flasks were used for the incubation experiments and were 

filled with 40–50 mL of the washed bacteria in VFW. Three replicates were amended with 1.0 µg 

of mitomycin C mL-1 (Brum et al., 2016, Weinbauer and Suttle, 1996) for lysogen induction and 

the other three replicates were kept as untreated controls, and the change in viral and bacterial 

abundances were followed. Mitomycin C is a chemical compound, which inhibits DNA replication 

and activates DNA repair mechanisms, which causes the RecA protein to cleave a repressor and 
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induces prophages to enter the lytic phase (Weinbauer and Suttle, 1996). Mitomycin C is an 

effective inducing agent for many marine lysogens.  

The flasks were incubated for 24 h in the dark (Cochran and Paul, 1998, Wilhelm et al., 

2002, Brum et al., 2016) at the in situ water temperature at the time of sampling, which varied 

seasonally from 24.0 to 32.5°C. Every three hours from time 0 to 24 h (T0 to T9), 2 mL was taken 

from each flask and fixed with 80 µL (1% final concentration) of 25% glutaraldehyde 

(Magiopoulos and Pitta, 2012) and stored at -80˚C until the analysis of viral and bacterial counts. 

For the overnight sampling, a fraction collector Gilson, Inc-FC204 with a multiple head and 

peristaltic pumps was programmed to automatically transfer the samples from the flasks to the 

cryovials every three hours. Eight cryovials (2 mL) with 80 µL of 25% glutaraldehyde were placed 

(without lids) in specially fabricated racks that were surrounded by expanded polystyrene and dry 

ice to keep the samples cold.  

We tested the efficiency of fixing and storing the samples in the fraction collector by 

comparing the abundances of viruses and bacteria in seawater samples collected during routine 

sampling (as indicated above) and automatically. At the lab, three replicates of seawater samples 

were fixed with 25% glutaraldehyde and stored at - 80°C after 10-15 min of fixation. A second set 

of three replicates was added to the cryovials in the fraction collector rack simulating the 

conditions of the samples that remained for longer time in the automatic sampling device, i.e., 

fixed and kept in the dry ice for six hours, and then stored at - 80°C. The comparison was replicated 

by performing the test in two different sampling events. After two days of storage at - 80°C, 

bacterial and viral concentrations from all the tested samples were examined by flow cytometry 

(FCM). Automated and manual methods yielded similar and non-significant estimates of 

abundances among samples for viruses (t-test sample 1, t = 1.017, df = 9, p = 0.822 > 0.05; t-test 
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sample 2, t = 0.897, df = 9, p = 0.784 > 0.05) (Table 1) and bacteria (t-test sample 1, t = 0.469, df 

= 9, p = 0.673 > 0.05);  (t-test sample 2, t = 0.977, df = 9, p = 0.819 > 0.05) (Table 2.1).  

 

Table 2.1 Comparison of the viral and bacterial abundances (mean ±SE) obtained using manual 

or automated sampling. There were no significant differences between methods (t-test, p > 0.05). 

 

 

 Viral production rates  

Viral production rates were estimated following Wilhelm et al., (2002) in calculating the 

rates of viral production during incubation experiments from the untreated samples. Lytic viral 

production was evaluated from the slope of the linear relationship of the viral abundance increase 

versus time in the incubation in the first six hours to avoid inclusion of new infections occurring 

during the incubation.  As we expected, all viral production assumed during the incubation was as 

a result of infections prior to the incubation (Boras et al., 2009). 

 Viral abundance 
(106 mL-1) 
(Manual) 

Viral abundance 
(106 mL-1) 

(Automatic) 

Bacterial abundance 
(105 mL-1) 
(Manual) 

Bacterial abundance 
(105 mL-1) 

(Automatic) 
 
 

Sample 
(1) 

6.34 ± 0.09 
 

5.51 ± 0.80 
 

3.45 ± 0.09 
 

3.34 ± 0.21 
 

Sample 
(2) 

6.89 ± 0.40 6.48 ± 0.22 
 

5.06 ± 0.08 
 

 
 
 

4.90 ± 0.14 
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The formula of the linear regression for calculating viral production used is as follows: 

𝑌 = 	 (𝑎	 + 	𝑏) 	× 	𝑋      (1) 

Where Y is viral abundance per mL during incubation, a is the constant, b is the slope, and X is the 

time during incubation.  

 

 Identification of viral and bacterial populations by flow cytometry (FCM) 

Samples for quantification of viral and bacterial populations were analyzed using a 

FACSCanto II (Becton Dickinson) flow cytometer. A series of simplified protocols to identify and 

enumerate virus populations followed those of (Brussaard et al., 2010, Magiopoulos and Pitta, 

2012, Gasol and Morán, 2015), with some modifications as follows: The samples were removed 

from storage (-80°C) and thawed at room temperature under sterile conditions. Control samples 

were prepared by adding 50 µL of an autoclaved 0.2-µm pre-filtered seawater sample to 475 µL 

of Tris–EDTA buffer (TE, 10 mM Tris and 1 mM EDTA, pH=8) and 5 µL of SYBR Green I 

(1:2000) in order to obtain an event rate between 300 and 700 events s-1 (Magiopoulos and Pitta, 

2012). The experimental samples were then prepared as for the control samples but adding 50 µL 

of the time-series samples instead of autoclaved seawater. The tubes were then heated for 10 min 

in an 80°C water bath followed by cooling for 5 min in the dark at room temperature. The FCM 

flow rate was determined before and after running the samples by adding 1 mL of autoclaved Milli-

Q containing a total concentration of 104 fluorescent beads and counting for 60 s at the low flow 

rate (min. 20 mg-max.60 mg; mean ± (SE), 40 ± 14 mg). Viral populations were identified based 

on green fluorescence (GF) versus side scatter (SSC). Bacteria were analyzed and prepared 

following the protocol of Gasol and Morán, (2015) by adding 400 µL of each sample stained with 
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4 µL of SYBR Green I (1:1000) and keeping the samples in the dark for 10–20 min before counting 

by flow cytometry. The FCM threshold was set up using RF versus GF. Data were recorded and 

saved in the BD FACSCanto II and then analyzed by quantifying viral and bacterial abundances 

using FlowJo (Version 10.1) (Tree star. Inc) as Smith et al., (2015). 

 

 Burst size and the percentage of lysogenic bacteria 

Burst size, the number of phages produced per infected bacterium, was calculated by 

incubating seawater controls without viral reduction in parallel with the viral reduction treatments. 

Burst size was estimated from the time course experiments of lytic viral production and calculated 

by subtracting the viruses produced in the untreated control from the number of viruses produced 

in the virus-reduced treatment (which represent the net increase in the number of phages that were 

released from infected bacteria), and then dividing by the number of bacteria killed by infection 

during the incubation (Mei and Danovaro, 2004). 

 

The percentage of inducible lysogenic bacteria (%) was calculated following Weinbauer and 

Suttle, (1996): 

% Lysogenic bacteria = (𝑽𝒎𝒄	 − 	𝑽𝒄)/𝑩𝑺/𝑩𝑨	𝑿	𝟏𝟎𝟎      (2) 

Where Vmc is the maximum mean of viral abundance of three replicates observed in the mitomycin 

C-treated samples during incubation, and Vc is the maximum mean of three replicates of viral 

abundance in the control. BS and BA refer to the burst size and bacterial abundance at the onset of 

each experiment, respectively. 
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 Data Analysis 

JMP PRO 14 software (JMP®, Version <14> SAS Institute Inc., Cary, NC, 1989–2019) was 

used for statistical analysis. The bivariate test was applied to flow cytometry normalized data to 

determine linear regression between viral and bacterial abundances and the different 

environmental conditions, and the significance (p-value) of this correlation. Statistical significance 

is defined at p < 0.05. 

 

 

2.4 Results 

 Environmental Parameters and Viral and Bacterial Abundances 

Mean monthly records of all the sampling events were retrieved from multiple time series 

sampling during the study (Figure 2.2). The water temperatures during the sampling period fell 

within 24.0 to 32.5°C and averaged 29.2 ± 0.33°C, with minimum values in February and 

maximum in September for both years (Figure 2.2A). Chl-a concentrations ranged from 0.14 to 

0.38 µg L-1, with the largest peak in February and the lowest in July (Figure 2.2B). The 

concentration of nutrients was low, as PO4 ranged from below the detection limit (BDL) to 0.55 

µmol L-1, averaging 0.10 ± 0.02 (SE) µmol mL-1 (Figure 2.2C). Moreover, the concentration of 

NO3- varied from BDL to 2.17 (average ± SE, 0.67 ± 0.07 µmol L-1) (Figure 2.2D). Seasonality of 

PO4 was close to that observed for Chl-a, with peaks in February and the late fall, although NO3- 

was inconstant with increasing values in late winter and spring and in the fall (Figure 2.2). Viral 

abundances ranged from 1.09 × 106 to 2.32 × 107 particles mL-1 with an increase in February, a 

peak in October, and low values during spring, summer and the beginning of the winter period 

(Figure 2.2E). Bacterial abundances ranged from 6.96 × 104 to 5.54 × 105 cells mL-1 with increased 
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values in April and at the end of summer during August and September (Figure 2.2F). The linear 

regression analyses showed that there were no significant relationships among measured 

parameters, including viral abundances and water temperature (R2=0.0049, p > 0.05), bacterial 

abundances and water temperature (R2= 0.0270, p > 0.05), viral and bacterial abundances (R2= 

0.0144, p > 0.05), or between the abundances of viruses or bacteria with Chl-a concentration (R2= 

0.0082, p > 0.05; R2=0.0010, p > 0.05, respectively). In addition, the relationship between viral 

abundances and nutrient concentration was weakly negative (PO4: R2= 0026, p > 0.05) and (NO3-

: R2=0.0028, p > 0.05). We found a very weak linear relationship between bacterial abundances 

and nutrient concentration (PO4: R2= 5.67 × 10-5, p > 0.05 and NO3-: R2= 1.389 × 10-6, p > 0.05).  
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Figure 2.2 Temporal changes in environmental parameters during the time-series sampling in the 

Red Sea calculated as the monthly average (±SE) from all the sampling events from 2016 to 2018. 

(A) Surface water temperature, (B) Chl-a concentration, (C) Nutrient concentration (PO4), (D) 

Nutrient concentration (NO3-), (E) Viral abundance, and (F) Bacterial abundance. 
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 Percentage of inducible lysogens and viral production 

After viral reduction, the time at which viral abundances in both mitomycin-C-treated and 

untreated controls were highest during the 24 h incubations varied seasonally (Figure 2.3). Viral 

abundances after the addition of mitomycin C were highest after three to six hours during 

incubations in January, February, and September (Figure 2.3), while they peaked after nine hours 

in July, and 18 hours in December and March (Figure 2.3). In fact, viral abundance in the January 

incubations in the mitomycin-C-treated samples was higher than in the controls for most of the 

incubation (Figure 2.3). Differences in bacterial abundances also occurred between mitomycin-C-

treated and untreated samples. Bacterial abundance increased in the untreated controls, but not in 

mitomycin-C-treated samples (Figure 2.4), as different bacterial strains in the natural marine 

community vary in their responses to various mutagenic agents, which could be either killed before 

the influence occurs or be induced by those induction agents (Jiang and Paul, 1996). The estimated 

average burst size (n=5) was 14 ± 7 phages per lysed bacteria, and varied between 0.8 in winter 

and 35.1 in March (data not shown). The percentage of lysogens varied from undetectable to 13.8% 

in spring through summer with the highest percentages in winter time, with a maximum of 55.8% 

in January (Table 2.2). Our linear regression analyses showed a strongly negative relationship 

between the percentage of lysogenic bacteria and bacterial abundances from January to May (R2= 

0.8336, p= 0.0304 < 0.05), and a weak positive relationship from May to January (R2= 0.0017, p 

> 0.05). 
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Table 2.2 Estimation of percentages of lysogenic bacteria and virus production based on induction 

by mitomycin C for monthly individual incubation experiments from December 2017 to October 

2018. 

Day of sampling 
Virus production 

(mL-1 h-1) 

Lysogenic bacteria 

(%) 

December-17 2.05 × 105 19.2 

January-18 - 5.67 × 104 55.8 

February-18 6.03 × 104 23.1 

March-18 5.98 × 105 13.8 

April-18 3.06 × 105 N/D 

May-18 - 7.71× 104 N/D 

June-18 2.83 × 105 N/D 

July-18 3.15 × 104 11.1 

August-18 6.95 × 105 N/D 

September-18 9.02 × 104 11.7 

October-18 8.97 × 105 N/D 

*N/D = Not detected  
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Figure 2.3 Changes in viral abundance during the monthly 24-h incubations performed for the 

induction of lysogens. Blue lines and dots correspond to samples treated with mitomycin C (1 µg 

mL-1), while orange lines and dots correspond to untreated controls. The plots (A–K) represent 

different months of induction. Error bars are standard errors of three replicates for each incubation 

time. 
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Figure 2.4 Examples of changes in bacterial abundance with time in incubations treated with 

mitomycin C and in untreated controls. (A) January and (B) May incubations correspond to the 

highest and lowest bacterial changes, respectively. Blue lines and dots correspond to samples 

treated with mitomycin C (1 µg mL-1), while orange lines and dots correspond to the untreated 

controls. Error bars are standard errors of three replicates for each incubation time.  

 

Temporal changes in bacterial abundances followed a different pattern to that of inducible 

lysogens, and was highest in spring when lysogens were lowest, and was relatively low when 

lysogeny peaked in winter; however, both bacterial abundance and lysogeny were relatively low 
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in fall (Figure 2.5). In summer, when the temperature was highest, there were modest peaks in 

bacterial abundance and inducible lysogens. 

Viral production rates were estimated from the initial slope of changes in viral abundances 

in samples not treated with mitomycin C, but in which the abundance of viruses was reduced. Viral 

production rates varied highly during the study from negative values to a maximum of 8.97 × 105 

virus mL-1 h-1 in October (Table 2.2) when viral abundance was highest (Figure 2.2E). Contrary 

to lysogeny, the winter had lower lytic viral production, while higher values occurred in spring 

and fall (Table 2.2). During summer, viral production was low (Table 2.2), consistent with low 

viral and bacterial concentrations (Figures 2.2 and 2.5).  

 

Figure 2.5 Percentages of lysogenic bacteria (red line and diamonds) and monthly mean (±SE) 

bacterial abundance (green line and dots) quantified in the natural microbial communities of the 

coastal Red Sea during the second year of the study (December 2017 to October 2018).   
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2.5 Discussion 

This study is the first presenting viral dynamics, seasonal data on viral abundance and 

inducible lysogens in the surface waters of the Red Sea, an understudied tropical environment that 

is very vulnerable to the effects of climate change. Most notably, ~56 % of the bacteria contained 

inducible lysogens in January when bacterial abundance decreased and were at low abundances 

compared to their highest abundances in spring, where lysogenic bacterial proportion were 

undetectable, consistent with a switch from lysogeny to lytic viral production when host abundance 

and productivity are highest. Our results confirm our hypothesis that lysogeny could be an essential 

mechanism for viral replication in the oligotrophic Red Sea, although lysogeny was not the 

prevalent phage phase in this study. Thus, in highly oligotrophic tropical waters, as in the Arctic 

and Southern Ocean (Evans and Brussaard, 2012, Brum et al., 2016), as host abundance increases, 

there is a shift from lysogenic to lytic infection.  

Previous studies on viral abundances in the Red Sea were limited to examining deep-sea 

anoxic brines (Antunes et al., 2015). Seasonal variability of bacteria, however, was examined by 

Silva et al., (2018) in the semi-enclosed harbor close to our study location, reporting close numbers 

of bacterial abundances to those found in our study. Here, we show that abundances of viruses are 

similar to those from the eastern Mediterranean Sea (Magiopoulos and Pitta, 2012, Rowe et al., 

2012) as well as other oligotrophic tropical and subtropical waters (Wigington et al., 2016). These 

results and their implications are discussed in more detail below.  

We found no significant correlation among viruses, bacteria, water temperatures, and 

chlorophyll-a and nutrients concentration, similar to Boras et al., (2009), who found that during 

two years of sampling in the oligotrophic coastal NW Mediterranean, viral abundances were not 

significantly correlated with other measured parameters. Our results showed a peak of viral 
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abundance in October, a smaller peak in February, and the lowest values in spring and summer. 

Bacterial abundances did not follow a clear seasonal pattern in our study and did not follow peaks 

in chlorophyll-a. Moreover, peaks in viral abundance did not follow bacterial peaks, as was also 

observed in the Mediterranean Sea (Boras et al., 2009). As discussed by Boras et al., (2009) this 

could be due to the contribution of pathogens from other organisms in the coastal area, or because 

phages could be at different phases of cell infection at the sampling moment. In some studies, 

peaks in viruses tended to follow peaks in chlorophyll a and bacteria, although this is typically in 

environments where the dynamic ranges are much larger than in the Red Sea (Jiang and Paul, 

1994, Magiopoulos and Pitta, 2012, Brum et al., 2016).  

We estimated an average viral production rate of 2.88 × 105 viruses mL-1 h-1 ± 9.35 × 104 

(SE), which ranged from undetectable in January and May to a peak production rate of 8.97 × 105 

viruses mL-1 h-1 in October when viral abundance was greatest. These results are consistent with 

higher rates of lytic infection when elevated abundances of viruses and hosts result in higher virus-

host contact rates, increased mortality, and higher viral production (Payet and Suttle, 2013). Viral 

production rates in the Red Sea were low compared to those in temperate coastal waters of the NE 

Pacific (Wilhelm et al., 2002) and NW Atlantic (Winget et al., 2011), where viral production rates 

ranged from 106 to 107 viruses mL-1 h-1. This is to be expected given the higher productivity and 

biomass of these environments. In contrast, rates in the Red Sea were comparable to those 

determined by (Rowe et al., 2008) for the oligotrophic Sargasso Sea and the dynamic North 

Atlantic (0.2 × 105 to 3 × 105 mL-1 h-1).   

Over eleven months we used the viral reduction technique and the chemical inducing agent, 

mitomycin C (Jiang and Paul, 1994, Weinbauer and Suttle, 1996, Tapper and Hicks, 1998) to 

examine lysogeny in marine microbial communities from the Red Sea. The difference in viral 
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production between mitomycin-C-treated and untreated control samples was attributed to phage 

induction from lysogenic bacteria (Weinbauer and Suttle, 1996). The lowest percentages of 

lysogenic bacteria were detected in incubations when decreases in bacterial abundances were not 

evident from the addition of mitomycin-C, suggesting a lack of phage induction. When prophage 

induction did occur, it was often not until three to nine hours or even 18 h after adding (1 µg mL-

1) of mitomycin.  Jiang and Paul, (1996) reported phage induction after four to eight hours of 

incubation, with viral and bacterial abundances decreasing in samples incubated for longer than 

eight hours, whereas we did not observe inhibitory effects on viral and bacterial abundances after 

eight hours, and even found phage induction after 18 h. This is consistent with Ortmann et al., 

(2002), who reported that the largest increase in total virus abundances in mitomycin-C-treated 

relative to untreated controls was between six and 12 h of incubation, whereas the largest increase 

in infectious cyanophages was between 12 and 18 h.  

The estimated burst size in this study was 14 ± 6.07 viruses per bacterium and compares 

with values reported for the oligotrophic Gulf of Mexico of 18.92 (Long et al., 2008) and 15 to 54 

(Weinbauer and Suttle, 1996), the Sargasso Sea and North Atlantic of ~12 (Rowe et al., 2008), and 

to an average burst size of 19.8 for numerous estimates from other oligotrophic marine 

environments (Parada et al., 2006). Our results show that lysogenic phage production is potentially 

a significant contributor to total phage production in the coastal Red Sea. The percentage of 

lysogenic bacteria was 12.24 % ± 4.82 (SE) and ranged from undetectable to 55.8% of bacteria. 

(Weinbauer and Suttle, 1996), found lower percentages of lysogens in the coastal waters of the 

Gulf of Mexico ranging from 0.07 to 4.4% of the total bacterial community, and thus most viral 

infections were lytic rather than lysogenic. Similarly, Wilcox and Fuhrman, (1994) found little 

evidence of lysogenic cells in coastal waters of southern California.   
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Our results indicated that lysogeny was most prevalent during winter and the beginning of 

spring (March), as well as sporadically in the summer (July and September). About half of the 

incubation experiments during the eleven months demonstrated lysogens; moreover, the relative 

abundance of inducible lysogens tended to be highest when lytic viral production was lowest. 

Other studies have demonstrated the significance of lysogeny induction to bacterial mortality or 

phage production with lysogens comprising 0 to 41% of the bacteria in Tampa Bay (Cochran and 

Paul, 1998). Likewise, Weinbauer et al., (2003) detected that up to 84% of bacteria in the 

Mediterranean and Baltic Seas were inducible lysogens, with the highest percentages found in 

deeper waters (800–2000 m).  

According to the relationship between lysogenic bacterial percentage and bacterial 

abundances, it can be explained that lysogeny was most prevalent in winter at the time of reduced 

bacterial abundance, and no detection observed in spring when bacterial abundance peaked. This 

is consistent with other studies showing a negative relationship between lysogeny and higher 

bacterial production (Laybourn-Parry et al., 2007, Brum et al., 2016). Hence, we detected the 

switch from lytic, which was potentially the dominant, to lysogenic phase is related to low host 

abundance as found by McDaniel et al., (2002). During spring and summer in the Southern Ocean, 

when viral and bacterial abundances are highest, lysogeny is the lowest (Brum et al., 2016). 

Similarly, at the other end of the globe, Payet and Suttle, (2013) found that in the Arctic Ocean 

during summer, there was a much lower proportion of lysogeny when bacterial abundance and 

production was high, while in the Amundson Gulf there was a transition from lysogenic to lytic 

infection as the waters warmed from spring to summer.  

Likewise, in the Red Sea, lysogeny is greatest in the winter and becomes undetectable by 

spring as water temperature gradually rises. However, in summer, when water temperature is 
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highest, bacteria abundances lowest, and conditions the most oligotrophic, lysogeny again 

becomes detectable, albeit at a much lower level. Although Cochran et al., (1998), and Weinbauer 

and Suttle, (1999) suggested that nutrient concentration is not adequate to induce lytic phase in all 

prophages, Williamson and Paul (2004), Winter et al., (2018) reported that changes in trophic and 

temperature conditions may trigger the induction of lysogenic cycle. In this study, we used 

different in-situ temperatures for each incubation experiment, and our results showed that seasonal 

temperature did not play an essential role in influencing lysogeny. Similar to Jiang and Paul (1996), 

who found that induction of marine lysogens occurred at elevated in situ temperature in only two 

out of six experiments performed. Hence, mitomycin C with the virus reduction technique in this 

study was found to be a superior method to the other inducing agents (Boras et al., 2009). 

The overall impact of lysogeny on ecosystems remains less clear than the effects of lytic 

infections. Although prophage can remain stable in the host genome for many generations, they 

can be triggered to enter the lytic cycle by a variety of chemical, physical, and other inducing 

agents. Lysogeny may benefit viruses by allowing them to survive periods when host abundance, 

and thus virus-host contact rates, are low (Ortmann et al., 2002). In September, when water 

temperature was highest, there was a small increase in lysogeny that was associated with a decrease 

in bacterial abundance, suggesting some temperate phage sought refuge in the host genome. Here 

it can wait for conditions to improve, while its DNA is maintained by the host. In turn, the virus 

may benefit the host by protecting it against infection by related lytic phages, carry beneficial 

genes such as CRISPR arrays and metabolic genes, and modulate host metabolism (Weinbauer, 

2004, Chénard et al., 2016, Obeng et al., 2016, Howard-Varona et al., 2017). We observed the 

alteration from the lysogenic to lytic phase as the season moved from winter to spring, in 

conjunction with known inducing factors such as increased solar radiation, higher growth rates, 
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and warming temperatures. Although there is an increasing understanding of the mechanisms 

affecting lysogeny in the marine milieu, much remains to be learned on the impact of lysogeny on 

bacterial populations and marine ecosystems, and the factors determining the balance between 

lytic and lysogenic infection (Howard-Varona et al., 2017, Williamson et al., 2002). 

Our knowledge of viral dynamics and lysogeny in the world’s oceans remains poorly 

studied, as is evidenced by the absence of previous data for the Red Sea. Here we show that viruses 

are part of a dynamic microbial system in which inducible lysogens varied from undetectable to 

more than half of the population in winter. As mitomycin C cannot induce all viable prophage, this 

remains an underestimate of the total proportion of lysogens in the community (Köstner et al., 

2019). Different bacterial strains in the natural marine community vary in their responses to 

various mutagenic agents, which could be either killed before the influence occurs or be induced 

by those induction agents (Jiang and Paul, 1996). Although lysogeny was not the dominant 

mechanism of phage infection throughout the year in these oligotrophic waters, it was important 

in winter when bacterial abundance and productivity are lower than in the spring where no 

detection of lysogeny. Thus, despite the fact that the Red Sea might be perceived as stable, warm 

and saline, relatively modest changes in seasonal conditions were associated with large swings in 

the prevalence of lysogeny. This emphasizes the need to develop a much more in-depth 

understanding of the factors regulating lysogeny in natural bacterial communities, and the 

processes driving microbial population dynamics.  

In summary, our study extended previous findings to demonstrate that changes in viral and 

bacterial populations, and lysogeny, are highly dynamic in the warm and saline waters of the 

oligotrophic Red Sea. Our results suggest that lysogeny could be an important mechanism for viral 

replication in the oligotrophic Red Sea. We detected lysogeny induction in the stressful summer 
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conditions when maximum temperature and high oligotrophy persisted.  However, the maximum 

percentage of lysogens were also detected in the winter when bacterial abundance was low.  Our 

study represents the first research conducted in the area investigating inducible lysogenic bacteria. 

Further studies are required to identify natural inducing agents and the role of lysogeny in 

determining the abundance and genetic diversity of marine microbial communities.   
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3.1 Abstract 

The lytic and lysogenic life cycles of marine phages are influenced by environmental conditions 

such as solar radiation, temperature, and host abundance. Temperature can regulate phage 

infection, but its role is difficult to discern in oligotrophic waters where there is typically low host 

abundance and high temperatures. Here, we study the temporal variability of viral dynamics and 

the occurrence of lysogeny using mitomycin C in a eutrophic coastal lagoon in the oligotrophic 

Red Sea, which showed strong seasonality in terms of temperature (22.05–33.25°C), and 

phytoplankton blooms. Viral abundances ranged from 2.22 × 106 to 1.53 × 107 viruses mL-1 and 

were closely related to chlorophyll-a concentrations. However, heterotrophic bacterial abundance 

showed a significant decreased with increasing temperature.  Observed high virus-to-bacterium 

ratio (16.2 ± 3.8) suggests that phages exerted a tight control of their hosts. Lysogeny was 

observed at low percentages of 5.0% ± 1.2 (SE) in half of the incubations with mitomycin-C, 

while increased (23.9% ± 2.8 (SE)) when the host abundance decreased. Hence, we suggest that 

lytic phages predominate, switching to a moderate proportion of temperate phages when the host 

abundance reduces. 

Keywords: Lysogenic marine microbes, marine bacteria, marine viruses, temperature mitomycin 

C, viral production, lytic, lysogeny, Red Sea, eutrophic. 
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3.2 Introduction 

Viruses are the most abundant organisms in the oceans, and high proportions are 

bacteriophages (Breitbart, 2012). Thus, they exert significant control on bacterial mortality, 

responsible for killing 10 to 50% of the total concentration of bacteria in surface waters (Suttle, 

1994, Fuhrman, 1999). Viral infections can be divided into two main categories: the lysogenic and 

lytic cycles. In the lysogenic cycle, the phage DNA establishes stable interactions within the host 

cell, characterized as a temperate phage, and allows the phage genome to integrate into the host 

daughter cells until being induced by some signals to become lytic (Paul, 2008, Breitbart, 2012). 

However, some phages exist freely as plasmids and do not integrate into the host chromosome, 

such as the P1 temperate myovirus, which infects strains of gram-negative hosts (i.e., E. coli) 

(Kutter and Sulakvelidze, 2004). In the lytic cycle, the virus reproduces, eventually leading to the 

destruction of the host cell, producing virions (Paul, 2008, Howard-Varona et al., 2017). Both lytic 

and lysogeny cycles are reported to occur in marine bacteria, with losses of bacterial biomass due 

to viral lytic infections ranging from 20 to 50% (Suttle, 2005). Lysogeny promotes phage and host 

survival, especially under adverse conditions (Howard-Varona et al., 2017). Environmental 

conditions such as high ultraviolet radiation B (UV-B), low nutrients, or low cell biomass may 

trigger the virus to be protected inside the host cell, creating a lysogenic cycle (Danovaro et al., 

2011). The incidence of temperate phages is reported to differ depending on the trophic state of 

marine ecosystems. Lysogeny has been shown to be predominant in the oligotrophic waters of the 

Gulf of Mexico (Cochran et al., 1998, McDaniel and Paul, 2006, Long et al., 2008), whereas 

prophage induction was much lower in the highly productive waters of the Mississippi River plume 

(McDaniel and Paul, 2006). Lysogeny in oligotrophic systems was identified as a survival strategy 

of viruses because of the low host abundance (Stewart and Levin, 1984), although data based on 



 90 

virus-to-microbe ratios abundance suggest that lysogeny is more dominant in eutrophic estuarine 

waters than in oligotrophic waters (Jiang and Paul, 1996, Paul, 2008), and temperate dynamics 

become increasingly significant at high host densities (Knowles et al., 2016). The occurrence of 

lysogeny was also found in warm waters such as the Red Sea (Ashy et al., under review), and in 

the Mediterranean Sea (Boras et al., 2009), although with a strong seasonal variability.   

Temperature may also regulate the dynamics of infection and can differ among viruses that 

infect the same host. Although viruses are dependent on their hosts for replication, they may be 

more tolerant than their hosts to thermal stress (Demory et al., 2017), indicating that temperature 

distribution of the virus-host system is set by the host (Mojica and Brussaard, 2014). In Tampa 

Bay, Florida, the dominance of lysogens was contrariwise related to temperature, host abundance, 

and bacterial and primary production (Paul, 2008, Breitbart, 2012). The prevalence of lysogeny 

was found during periods of low host densities, as well as in low water temperature environments, 

including temperate, polar, mesopelagic and deep-sea waters (McDaniel et al., 2002, Williamson 

et al., 2002, Weinbauer et al., 2003, McDaniel and Paul, 2006, Mojica et al., 2016). However, 

whether the shift from lysogeny to viral infection as a result of changes in water temperature is 

part of a global pattern, or is related to local processes, is still far from understood (Demory et al., 

2017). 

Most studies approaching the role of temperature on planktonic bacteriophage infection 

have been performed in cold polar waters (Lara et al., 2013, Brum et al., 2016), where cold 

temperatures were identified as the limiting resource or host stressor (Brum et al., 2016). A 

stronger relationship has been observed between temperature and virioplankton in colder waters, 

becoming less significant for temperate and tropical waters (Wells and Deming, 2006, Danovaro 

et al., 2011). Warm waters are usually oligotrophic, which makes it difficult to separate the effect 
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of temperature from other factors, such as the trophic level in oligotrophic systems that imply low 

host abundance (Rowe et al., 2008, Danovaro et al., 2011). High temperatures; however, could 

also be the major stressor for hosts or viruses in warm tropical and subtropical waters where 

maximum temperature can reach high values (> 30°C) (Nagasaki and Yamaguchi, 1998, Rowe et 

al., 2008, Rasul et al., 2015). 

The Red Sea is one of the warmest sea on earth, where temperature varies seasonally 

between 22 and 32oC (Rasul et al., 2015) and is considered to be mostly oligotrophic (Acker et al., 

2008, Rasul et al., 2015). Some areas of the Red Sea have higher nutrient concentrations, as 

reported for some shallow coastal lagoons (Banguera-Hinestroza et al., 2016), or the Southern Red 

Sea which receives nutrient inputs from the Indian Ocean through the Gulf of Aden (Sofianos et 

al., 2002). Temperature variation might also affect virus and host dynamics in the Red Sea, which 

is a semi-enclosed sea that is experiencing warming at rates exceeding global ocean warming 

(Chaidez et al., 2017). Although studies on viral dynamics in the Red Sea are still limited, a 

previous study by Ashy et al., (under review) in oligotrophic Red Sea coastal waters showed high 

viral dynamics, with more than 50% of lysogenic bacteria occurring during the wintertime when 

host abundance was low.   

Here, we aim to quantify the planktonic viral abundance and lytic-lysogeny seasonal 

dynamics in a coastal lagoon of the central Red Sea. Temperature variability in the study area 

exceeds the maximum reported for the Red Sea, and nutrient dynamics allow for the formation of 

large phytoplankton blooms (Banguera-Hinestroza et al., 2016, Prabowo and Agustí, 2019). Our 

goal is to discern whether temperature changes and host abundance determine changes in the 

proportion of lysogenic bacteria, and to identify the influence of temperature and host abundance 

on viral infection.   
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3.3 Materials and Methods  

 Study Sites and Sample Collection  

Time-series sampling was conducted biweekly from October 2017 to October 2018 at a 

coastal lagoon in the central Red Sea of Thuwal, Saudi Arabia, at 22.39°N, 39.14°E (Figure 3.1). 

Seawater samples were collected from sea surface water (1 m) in a 5 L polypropylene container, 

pre-sterilized with 4% of HCl and pre-rinsed with the same collected seawater on the same day of 

collection, for analysis of microbial communities, viral production, and lysogeny proportion. The 

collected seawater samples were transported to the lab, and duplicated subsamples (1.5 mL each) 

were taken for the enumeration of natural viral and bacterial abundances by flow cytometry 

(FCM). The remaining water was prefiltered (20-µm and 2-µm, respectively) and was used for 

virus-free water preparation and the different incubation experiments. 

 

 
 

Figure 3.1 Location of the sampling station in the coastal central Red Sea (Saudi Arabia).  
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 Environmental Parameters Measurements 

Sea surface water temperature (°C) and salinity (PSU) were measured using an Ocean 

Seven 305 Plus CTD device (Idronaut, Brugherio, Italy) for 5–15 minutes. Chl-a concentrations 

were analyzed as described by (Prabowo and Agustí, 2019) by filtering 300 mL of seawater 

through a Whatman glass microfiber GF/F filter (Sigma-Aldrich, Taufkirchen, Germany). The 

filtered water was extracted in 90% acetone, and estimated with the non-acidification technique 

using a Turner Design Trilogy Fluorometer.  

 

 Virus Reduction 

The virus reduction method (Wilhelm et al., 2002, Weinbauer et al., 2010, Rowe et al., 

2012) was performed to measure viral production rates and lysogenized bacterial cells, as 

described by Ashy et al., (under review). The collected pre-filtered seawater samples were first 

filtered through a 0.2 µm-pore membrane (described below) and then were ultra-filtrated through 

an ultrafiltration cartridge with a 30,000 Daltons molecular-weight cutoff to reduce viral particles 

and obtain 500-600 mL of virus-free water (VFW) (Weinbauer and Suttle, 1996, Weinbauer et al., 

2010).  

 

 Incubations for Measurements of Viral Production (Lytic) and Induction from 

Lysogenic Phase  

Three liters from each of the pre-filtered seawater samples (20-µm and 2-µm) were 

concentrated to obtain a volume of 50–70 mL using an ultrafiltration system (Amicon® Stirred 

Ultrafiltration Cell 8050 Millipore 50 mL-Merck Millipore) with a 0.2 µm-pore polycarbonate 

filter to maintain heterotrophic bacterial cells and reduce virus concentrations (Weinbauer and 
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Suttle, 1996). The concentrated bacterial cells were rinsed five to six times with 100 mL of VFW 

and then re-suspended until a volume of 250–300 mL was reached (Weinbauer and Suttle, 1996, 

Weinbauer and Suttle, 1999, Weinbauer, 2004). 

The washed bacterial concentrates with VFW were divided into six acid-rinsed glass flasks 

with a volume of 40–50 mL and were used for the incubation experiments. To induce the lysogenic 

phase, three replicates were treated with 1.0 µg of mitomycin C mL-1 (Weinbauer and Suttle, 1996, 

Brum et al., 2016) and the other three replicates were kept as untreated controls for the 

quantification of viral and bacterial abundances compared with mitomycin C-treated samples. 

Mitomycin C is an effective inducing agent for several marine ecosystems that cannot be found 

naturally in marine environments (Cochran et al., 1998). Mitomycin C is a chemical compound 

that damages the DNA of the host cell and activates a DNA repair mechanism such as the RecA 

protein, which cleaves a repressor to induce prophages, thereby converting lysogeny to lysis 

(Weinbauer and Suttle, 1996). The flasks were then incubated for 24 hours in the dark (Cochran 

and Paul, 1998, Wilhelm et al., 2002, Brum et al., 2016) at the same in situ water temperature 

measured at the station at the time of sampling, which varied across the study between seasons 

from ~20 to 34°C. From the time 0 to 24 (T0 to T9), 2 mL was taken every three hours from each 

flask and preserved using 80 µL of 25% glutaraldehyde (Magiopoulos and Pitta, 2012) and stored 

at - 80˚C until enumeration of the viruses and bacteria. For overnight sampling, a fraction collector 

Gilson, Inc-FC204 with multiple heads and peristaltic pumps, was used for the programmed 

automatic sampling. Eight cryovials (2 mL each) with 80 µL of 25% glutaraldehyde were placed 

(without lids) in the designed racks surrounded by dry ice to preserve the samples in cold 

conditions. The fraction collector was monitored to transfer the samples from the flasks to the 

cryovials every three hours automatically. The effectiveness of fixing and storing the samples 
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automatically compared to manually fixing was tested previously by Ashy et al., (under review) 

and no significant differences were found. 

 

 Viral Production Rates  

The virus reduction method heads as it was described above to estimate lytic viral 

production rates (Wilhelm et al., 2002) from the production of new viral particles in the incubated 

untreated controls. Lytic viral production rates were estimated following Weinbauer et al., (2002) 

from the slope of the relationship between the minimum and the maximum viral abundance versus 

time for the first six to 12 hours of incubation in order to exclude viruses produced by new 

infections during the incubation.  

 

 Flow Cytometry 
  

 Sub-samples for enumeration of viral and bacterial populations were analyzed using a 

FACSCanto II (Becton Dickinson) flow cytometer. A series of simplified protocols to identify and 

enumerate virus populations were carried out as described by Ashy et al., (under review) following 

the protocols of (Brussaard et al., 2010, Gasol and Morán, 2015), with some modifications such 

as the following: The samples were removed from storage (-80°C) and kept melting at room 

temperature. Sample preparation for viral abundance was carried out under sterilization conditions. 

In the beginning, a water bath was turned on at 80°C. Control samples were prepared by adding 

50 µL of an autoclaved and pre-filtered 0.2-µm seawater sample and diluted into 475 µL of Tris-

EDTA buffer (TE, 10 mM Tris and 1 mM EDTA, pH=8) in order to obtain an event rate ranging 

from 300 to 700 events s-1 (Magiopoulos and Pitta, 2012) with an addition of 5 µL of SYBR Green 
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I (1:2000). Then, the samples were prepared using the same preparation steps for the control 

samples, but with the addition of 50 µL of the time series samples instead of the autoclaved 

seawater. The tubes were then incubated for 10 min in the 80°C water bath and were allowed to 

cool down for 5 min in the dark at room temperature. The flow rate was measured before and after 

running in the FCM using 1 mL of autoclaved Milli-Q that included 10 µL from a total 

concentration of 104 fluorescent beads. An adequate collection time of 60 seconds was used at the 

low flow rate speed. The threshold of FCM for determining and identifying virus populations was 

applied for green fluorescence (GF) versus Side scatter (SSC) and versus red fluorescence (RF). 

Bacteria were analyzed and prepared following the protocol of (Gasol and Morán, 2015) by adding 

400 µL of each sample stained with 4 µL of SYBR Green I (1:1000) and then the samples were 

kept in the dark for 10–20 min before running in the flow cytometry. FCM threshold was set up as 

the RF versus the GF. Data were recorded and saved in the BD FACSCanto II and then were 

analyzed by quantifying the events of viral and bacterial populations using FlowJo (Version 10.1–

Tree star. Inc, USA) as Smith et al., (2015) following Ashy et al., (under review). For data analysis, 

refer to methods section (Statistical analysis).  

 

 

 Burst Size and The Percentage of Lysogenic Bacteria 

 Control samples of natural seawater (no virus reduction) were incubated in parallel to the 

viral reduction incubations for the calculation of the burst size (i.e., the number of phages produced 

per infected bacterium). The burst size was assessed from viruses produced during incubations. 

The burst size was calculated by subtracting the produced virus in the untreated control samples 

from the number of produced virus in the virus-reduced samples, which demonstrates the net 
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increase in the number of phages that were released from infected bacteria,  and then dividing by 

the number of bacteria killed during the incubations by infection (Mei and Danovaro, 2004, Wells 

and Deming, 2006). 

 

Lysogenic bacterial percentage (%) was calculated following (Weinbauer and Suttle, 1996), 

 

(𝑽𝒎𝒄 − 𝑽𝒄)/𝑩𝑺/𝑩𝑨𝑿𝟏𝟎𝟎 (1) 

 

Where Vmc represents the maximum viral abundance in the mitomycin C-treated samples during 

incubation, and Vc refers to the maximum viral abundance in the control untreated samples. BS 

applies to the burst size, and BA is related to bacterial abundance at the onset of each incubation 

experiment. 

 

 Statistical Analysis 

 JMP PRO 14 software (JMP®, Version <14> SAS Institute Inc., Cary, NC, 1989-2019) 

was used for statistical analysis. The bivariate test was applied to flow cytometry normalized data 

to determine linear regression between viral and heterotrophic bacterial abundances and the 

different environmental conditions, and the significance (p-value) of this correlation. The Pairwise 

correlation test was used to determine the correlation between the datasets. For the r-ratio, values 

in the range of -0.5 < r < 0.5 were considered weakly correlated, while values in the range of r ≤ -

0.5 and r ≥ 0.5 were considered strongly correlated. In addition to these thresholds, r = 0 indicated 

no correlation, r < 0 is a negative correlation, and r > 0 is a positive correlation. For p-values, the 

significance threshold was ≤ 0.05.  
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3.4 Results 

 Environmental Parameters Measurements and Microbial Abundances 

 Mean monthly records of water temperature and chlorophyll-a (Chl-a) parameters, in 

addition to viral and heterotrophic bacterial abundances, are presented in Figure 3.2. Sea surface 

water temperature during the sampling period ranged from 20.7 to 34.0°C (mean 28.7 ± 0.7°C) 

with the minimum value detected in January and the maximum in September throughout the year 

(Figure 3.2). Chl-a concentrations ranged from 0.43 to 6.90 µg L-1, showing a large bloom in 

October 2018 with the lowest value in February (Figure 3.2A). Viral abundances ranged from 2.10 

× 106 to 1.57 × 107 cells mL-1, showing an increase in September, with a large peak at the beginning 

of October 2018 and lower values during the winter and the spring (Figure 3.2B). Abundances of 

heterotrophic bacterial cells ranged from 1.85 to 7.67 × 105 cells mL-1, as the peaks were observed 

in October and November 2017, with increased values in the spring and the lowest in September 

(Figure 3.2C). From viral and heterotrophic bacterial abundances, we calculated virus-to-

bacterium ratios (VBR) as they ranged from relatively low to high values (Table 3.1). The lowest 

VBR values were observed in the spring 2018 and the highest in fall 2018 (Table 3.1). 
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Figure 3.2 Temporal variability (monthly average ± SE) on different environmental parameters 

studied during the time series sampling in the coastal lagoon in the Red Sea (2017 to 2018).  (A) 

Chl-a concentration (green line and dots), (B) viral abundance (orange line and dots), and (C) 

heterotrophic bacterial abundance (blue line and dots). The black line in all the plots corresponds 

to the sea surface water temperature.   
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Table 3.1 Average (±SE) with the minimum and the maximum values of virus production  

obtained from viral reduction, estimation of lysogenic bacterial percentages based on induction by 

mitomycin C, burst size for monthly individual incubation experiments since December 2017 to 

October 2018, and virus-to-bacterium ratio (VBR) from viral and bacterial abundances during the 

time series sampling from October 2017 to October 2018. 

 

Virus production 

(mL-1 h-1) 

Lysogeny 

(%) 

 

Burst size 

VBR  

(ratio) 

 

Mean ± SE (MIN/MAX) Mean ± SE (MIN/MAX) Mean ± SE (MIN/MAX) Mean ± SE (MIN/MAX) 

2.64 ✕ 10
5
 ± 5 ✕ 10

4
 N/D-5.78 ✕ 10

8
 7.2 ± 2.9 N/D-29.1 15 ± 5.34 2.4-44.9 16 ± 3.7 4-79 

*N/D= Not detected  
 
 
 Correlations between environmental parameters and microbial communities 

 The relationship between microbial communities with respect to environmental 

parameters, including water temperature, Chl-a concentration, and salinity was detected using 

linear regression. There was a significantly positive linear relationship between viral abundance 

and Chl-a concentration (R2= 0.4578, p= 0.0001) (Figure 3.3A), while it was negatively correlated 

with heterotrophic bacterial abundance but significant (R2= -0.1841, p= 0.0255) (Figure 3.3B). 

Abundances of heterotrophic bacteria had a negative significant correlation with water temperature 

(R2= -0.1783, p= 0.0282) (Figure 3.3C). However, there were no significant correlations between 

viral abundance and water temperature (R2= 0.0578, p= 0.2271), and between heterotrophic 

bacterial numbers and Chl-a concentration (R2= 0.0853, p= 0.1394). We found strong positive and 

negative significant correlations between VBR with viral and heterotrophic bacterial numbers, 

respectively (R2= 0.8313, p=0.0001); (R2= -0.5764, p= 0.0001). Additionally, VBR was positively 
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significantly correlated to Chl-a concentration (R2= 0.3849, p= 0.0006), and salinity (R2= 0.1535, 

p= 0.0432). 

 

 
 
Figure 3.3 The relationships observed between viral abundance and (A) chlorophyll-a 

concentration (p= 0.0001), and (B) heterotrophic bacterial abundance (p= 0.0255); and (C) 

heterotrophic bacterial abundance with temperature (p= 0.0282). The red line fit the linear 

regression.  
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 Viral Production and the Percentage of Lysogeny 

 After viral reduction and during the 24-h of incubation experiments, variable changes were 

observed in viral abundances in both mitomycin C-treated and untreated control samples, which 

can be expected as a result of inducible lysogenic bacteria (Figure 3.2S1). The increase in viral 

abundance in the mitomycin C-treated samples was higher than in the controls for the incubations 

made in December, March, June, August, and October, indicating the induction of prophages. A 

peak in prophage induction was observed not until three to six hours for most of the incubations 

(Figure 3.2S1). The estimated average burst size (n=7) was ~15 ± 5.34 (mean of the new phages 

per lysed bacteria) (Table 3.1). The percentage of lysogenic bacteria (Table 3.1) varied from 

undetectable in the winter, in the spring, and in July, with low percentages occurring in March, 

August, and September, to higher percentages observed in the fall of 2017 (beginning of 

December) and June 2018, with the maximum of 29.12% detected in October 2018 (Figure 3.4). 

We found negative correlation between the percentage of lysogenic bacteria and heterotrophic 

bacterial abundances (R2 = 0.0876, p > 0.05). Viral production rates were estimated from the initial 

slope of viral abundances of the untreated controls for each incubation experiment in order to 

predict lytic infections in the time of lysogeny absence. Viral production rates (Table 3.1) varied 

highly during the study from negative values to a maximum of two peaks detected in April and 

September with 5.78 × 105 and 5.58 × 105 viruses mL-1 h-1, respectively. The correlation between 

viral production and the percentage of lysogenic bacteria was not significant. 
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Figure 3.4 Percentages of lysogenic bacteria (blue line and squares) and heterotrophic bacterial 

abundance (green line and dots) quantified in the natural microbial communities of the coastal 

Red Sea lagoon (December 2017 to October 2018). The points 0% refer to not detected (ND). 

 

3.5 Discussion 

 The big trophic changes of the Red Sea lagoon under study highlights the significant role 

of trophic conditions and high temperature on heterotrophic bacterial dynamics, where periods of 

high-water temperature influenced the lysogenic cycle by decreasing the abundance of host cells. 

Our results show that lytic phages dominate prophage production in the warm coastal waters of 

the study area over time. Our results suggest that induction of lysogenic bacteria occurred primarily 

during times of decreased host abundance. We identified prophage induction in almost half of the 

incubation experiments performed in the coastal Red Sea, although percentages were not high, 

with a maximum of 29.1% of lysogenic bacteria observed in October when heterotrophic bacterial 
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contrast, we detected the lowest lysogeny percentage in March at 2.8% when heterotrophic bacteria 

reached higher abundance (6.81 × 105 cells mL-1) and water temperature was low (23.7 °C). These 

results indicate the increased influence of temperature on host abundance, as shown by the 

significantly negative relationship between heterotrophic bacterial abundance and temperature.   

 The high VBR found here agrees with the predominance of lytic viral infection. The VBR 

values were similar to those reported for eutrophic waters (Wommack and Colwell, 2000), 

although there was a large variation in VBR corresponding to the strong temporal variability 

observed in the lagoon. High VBR values could also be influenced by the presence of benthic 

communities (seagrass meadows) in the lagoon, as well as big seasonal changes in trophic 

conditions, as the system changed from oligotrophic to periods of very high phytoplankton blooms 

during the fall (Prabowo and Agustí, 2019). Chl-a concentrations revealed high levels ranging 

from 0.43 to 6.90 µg L-1 in the lagoon, higher than those reported for surrounding coastal waters 

(0.13 to 0.55 µg L-1, Prabowo and Agustí, 2019). We found a significant positive correlation 

between viruses and Chl-a concentration, indicating a substantial influence from the 

phytoplankton blooms. This is in contrast with the results of Ashy et al., (under review) for an 

oligotrophic coastal Red Sea area, and other oligotrophic areas, such as the NW Mediterranean 

(Boras et al., 2009) where viral abundances were not significantly correlated with Chl-a and other 

measured environmental parameters. The peaks in viral abundance did not correspond with 

bacterial peaks, as was observed in the Mediterranean Sea (Boras et al., 2009) and in the 

oligotrophic Red Sea (Ashy et al., under review), but were influenced by the blooms of 

phytoplankton. 

 Seasonal studies on viral abundance in Tampa Bay, Florida (Jiang and Paul, 1994) and 

other eutrophic subtropical environments (Cochran and Paul, 1998), have suggested that there is a 
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probable correlation between viral concentration and water temperature as indicated by the 

maximum virus concentrations during spring and summer months and the minimum in the winter. 

However, in our seasonal study, viral abundances were not positively correlated with water 

temperature; however, the number of viruses reached a peak in the fall when water temperatures 

were still high. Viral abundance in this study ranged widely, from 106 viruses per mL, similar to 

those found in oligotrophic Red Sea areas (Ashy et al., under review), to 107 viruses per mL, as 

reported for eutrophic coastal waters elsewhere (Ordulj et al., 2015, Tsai et al., 2018, Yucel-Gier 

et al., 2018). We found that heterotrophic bacterial abundances were significantly and negatively 

correlated with water temperature and the lowest abundance was observed at the end of September 

2018 (late summer) when water temperature reached a maximum of 33.5oC. The highest 

abundance of heterotrophic bacteria was; however, recorded in fall 2017 (November) when water 

temperature decreased to 28oC and the phytoplankton bloom receded. Heterotrophic bacterial 

numbers were lower when compared to other coastal eutrophic waters (Yucel-Gier et al., 2018), 

but were similar to bacterial numbers in the Red Sea coastal harbor (Silva et al., 2018). 

 Over twelve months, we used the viral reduction method and the chemical inducing agent, 

mitomycin C (Jiang and Paul, 1994, Weinbauer and Suttle, 1996, Tapper and Hicks, 1998), to 

examine lysogenic proportions. The difference in viral production between mitomycin-C-treated 

and untreated control samples was attributed to the induction of lysogenic bacteria (Weinbauer 

and Suttle, 1996, Ortmann et al., 2002). Prophage induction often occurred between three to 12 h 

of incubation after adding (1 µg mL-1) of mitomycin C, showing earlier induction occurrence than 

in the previous study in the Red Sea (Ashy et al., under review), where prophage induction resumed 

after 18 h of incubation. This is similar to Ortmann et al., (2002), who demonstrated that in 

mitomycin-C-treated samples total viral abundances had the largest increase between six and 12 h 
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of incubation relative to untreated controls. The burst size in this study was estimated at 15 ± 5.34 

viruses per bacterium, which was similar to the burst size estimated in the oligotrophic coastal Red 

Sea (Ashy et al., under review). These values are also similar to those reported for the oligotrophic 

ocean and the Gulf of Mexico (15 to 54 (Weinbauer and Suttle, 1996); and 18.92 (Long et al., 

2008), respectively), 12 for the Sargasso Sea and North Atlantic (Rowe et al., 2008), and an 

average burst size of 19.8 from various estimates from other oligotrophic marine environments 

(Parada et al., 2006).  

 Although lysogeny is believed to be more prevalent in eutrophic estuarine waters than in 

oligotrophic waters (Jiang and Paul, 1996, Paul, 2008), our results show that lysogenic phage 

production was less dominant in a eutrophic coastal lagoon than in Red Sea oligotrophic waters 

(Ashy et al., under review). This study showed the percentage of lysogenized bacteria was low, 

representing on average 7.21 ± 2.91 % (SE) and ranging from undetectable to 29.1%, although 

lysogeny in oligotrophic Red Sea waters reached 50% (Ashy et al., under review). Those results 

agree with those of (Williamson et al., 2002, Weinbauer and Suttle, 1996), which found a higher 

percentage of lysogeny in oligotrophic waters than in coastal eutrophic waters of the Gulf of 

Mexico, as was also shown by (Wilcox and Fuhrman, 1994) for the coast of California. Despite 

the large phytoplankton blooms in the lagoon, viral production rates showed moderate values 

averaging 2.64 × 105 viruses mL-1 h-1 (± 6.00 × 104 SE), similar to those reported for oligotrophic 

coastal Red Sea waters (Ashy et al., under review). The values were comparable to those reported 

by (Rowe et al., 2008) for the oligotrophic Sargasso Sea and showed lower rates than those 

reported for temperate coastal waters (Wilhelm et al., 2002, Bongiorni et al., 2005, Winget et al., 

2011), where viral production rates ranged from 106 to 107 viruses mL-1 h-1.  
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 Neither viral production or lysogeny were correlated with temperature; however, 

temperature plays an essential role in microbial growth regulation, and therefore it may affect both 

viral lifecycles and production (White et al., 1991, Wiebe et al., 1992). Our results suggest that the 

effect of water temperature on prophage induction in the Red Sea was indirect, by negatively 

affecting the host. Knowles et al., (2016) suggested that the dynamics of temperate phages become 

increasingly significant at high host densities, where we observed a small percentage of lysogenic 

bacteria. Nonetheless, during the periods of declining host abundance, lysogeny becomes a more 

relevant strategy for the viral population. Our findings are consistent with other studies reporting 

that lysogeny in cyanobacteria was primarily correlated with ambient host abundance (McDaniel 

et al., 2002, Williamson et al., 2002, McDaniel and Paul, 2006).  

 In our study, during August and September when the water temperatures were highest, we 

recorded an increase in lysogeny associated with a decrease in heterotrophic bacterial abundance, 

suggesting some temperate phage integrate into the host genome. This suggests that they are 

capable of being stable until environmental conditions improve. Demory et al., (2017) demonstrate 

that the predominance of lysogeny may occur either in low-temperature marine environments such 

as polar, mesopelagic and deep-sea waters or during low host abundance, although Lara et al., 

(2017) have found a predominance of lytic phages in the bathypelagic ocean. Our results show that 

for warm tropical waters, lytic phages predominate, switching to a moderate proportion of 

temperate phages when the host abundance decreases. The big trophic changes within the lagoon 

enabled us to identify the role of trophic conditions and high temperature on heterotrophic bacterial 

dynamics, where periods of lysogeny under high water temperature conditions was induced by 

reducing host abundance. Lysogeny as a temperate phage can also benefit the host by improving 

the host’s resistance to stressors through the expression of advantageous genes carried by the virus 
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(Ortmann et al., 2002, Williamson et al., 2002); thus, the host may be provided protection by the 

virus from stressors such as UV radiation (Howard-Varona et al., 2017). Considering the high 

variability of conditions in nature, the conditions that are controlling the switch from the lysogenic 

to the lytic phase need to be identified and understood, yet they remain mostly unknown 

(Williamson et al., 2002, Howard-Varona et al., 2017). 

 

3.6 Conclusions 

 In summary, our results indicate that lytic phages dominated the infection of heterotrophic 

bacteria exerted a tight control of the bacterial population in the waters studied. Although lysogeny 

was not the dominant infection, our results suggest that the reduction in host abundance induced 

the switch from lytic to lysogenic phase. High summer temperatures and the associated reduction 

in heterotrophic bacterial population indirectly induced lysogeny although lysogeny did not 

represent a high proportion of phage infection. Our study contributes to understanding the changes 

in viral abundance and lysogeny, which are highly dynamic in the warm and saline waters of the 

Red Sea, and helps to discern the role of host and temperature in the switching of viral phases. 

However, further studies are necessary to determine natural environmental factors that could 

increase the impact of lysogeny in controlling the abundance and genetic diversity of marine 

microbial communities.  
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4.1 Abstract 

Marine viruses are the most abundant component of marine microbial communities in the ocean 

and responsible for up to 50% of bacterial mortality. Viruses are sensitive to environmental factors, 

including solar radiation, which contributing to the degradation of viruses that can decrease 

infectivity. In the present study, we quantified the distribution of phages in the water column of 

the Red Sea, and perform experiments to test their sensitivity to ultraviolet-B (UVB) and 

photosynthetically active radiation (PAR). Viral abundance was higher at the surface layer 

decreases with increasing depth, as observed for host bacteria, although viruses decreased again at 

the upper surface except for the southernmost station. The decay rates of viral and bacterial 

abundances were higher under PAR + UVB exposure than under PAR alone, although bacteria 

were considerably less sensitive than viruses. In the absence of hosts, viruses showed their highest 

decay rates, varying from 0.0108 to 0.0381 h-1. Viral production was higher under UVB + PAR, 

and lysogeny was induced by UVB + PAR exposure, resulting in up to 34% of lysogenic bacteria. 

Lethal UVB doses (LD5) are received in depth of 10–18 m depth in the Red sea, depending on 

season and latitude, with the highest doses being received in the north of the basin during summer. 

Compared to other oligotrophic waters, we found that viruses and bacteria from the Red Sea were 

exceptionally prone to UVB exposure, highlighting that these microbes are exceptionally well-

adapted to the extreme UVB conditions in the Red Sea water column. 

 

Keywords: Marine bacteria, marine viruses, bacteriophage, lysogeny, lytic cycle, ultraviolet 

radiation, decay rate, Red Sea. 
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4.2 Introduction 

Marine viruses, also termed phages or virioplankton, are the most abundant component of 

microbial populations in the ocean. The majority of marine viruses are considered to be lytic and 

can be responsible for 50% of bacterial mortality, therefore significantly contributing to the 

bacterial dynamics and the release of organic matter flux across ocean ecosystems (Fuhrman, 1999, 

Wilhelm and Suttle, 1999). Viral infections, which induce bacterial lysis influence the 

biogeochemical cycles, and the diversity and structure of microbial communities (Fuhrman, 1999, 

Wilhelm and Suttle, 1999, Wommack and Colwell, 2000, Suttle, 2007). The world’s oceans 

harbour estimated a total number of 1030 of viruses and facilitate 1023 viral infections every second 

(Suttle, 2007, Breitbart, 2012); however, viral infections in the world’s ocean reach 108–1011 

viruses L-1 d-1, with a turnover from 0.09 to 3.5 days (Weinbauer, 2004, Jacquet et al., 2010). Each 

day, an estimated 1028 viral infections occur in the world’s oceans, releasing up to 109 tons of 

carbon from biological cells (Suttle, 2007).  

Viruses have shown to be sensitive to environmental factors, including temperature, 

nutrients, and other chemical compounds and solar radiation. Furthermore, marine viruses 

exhibited varied sensitivities to ultraviolet-B (UVB) in terms of both their prevalence patterns and 

infectivity (Jacquet and Bratbak, 2003), suggesting that viruses in the surface layers of marine 

environments can be daily destroyed by sunlight (Cottrell and Suttle, 1995), although some authors 

found that photoreactivation can restore most of this damage (Weinbauer et al., 1997). Viral 

infections decreased under exposure to ultraviolet (UV) radiation and other stressors (Suttle and 

Chen, 1992, Noble and Fuhrman, 1997), such as elevated temperature (Chung and Sobsey, 1993). 

For marine waters, viral decay rates of up to 1.1 h-1 have been reported by Heldal and Bratbak, 

(1991) for marine waters.   
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Although viruses are susceptible to solar UVB and have no effective sunscreens (Wilhelm 

et al., 2003), interactions with their hosts are complex and some of them protect their hosts against 

UV damage (Jacquet and Bratbak, 2003). Although lytic infections are expected to be the dominant 

mode of interaction between host and bacteriophages in the ocean (Wilcox and Fuhrman, 1994), 

lysogeny is also a relevant process (Howard-Varona et al., 2017), yet, both can have a complex 

interaction with solar radiation (Jiang and Paul, 1996).  

Oligotrophic waters are often highly transparent due to low amounts of chlorophyll and 

CDOM, allowing the penetration of UVB radiation to considerable depths (Tedetti and Sempere, 

2006). The Red Sea is an oligotrophic sea, characterized by an exceptionally high transparency to 

wavelengths of the UV spectrum (Overmans and Agustí, 2019). The mixed layers of the Red Sea 

(30–45 m) are shallower than those in other oligotrophic open oceans (Raitsos et al., 2013), causing 

the inhabiting organisms to be exposed to intense doses of UVB (Al-Aidaroos et al., 2014). To 

date, several studies have determined the effect of solar radiation on Red Sea organisms, including 

phytoplankton (Boelen et al., 2002, Overmans and Agustí, in preparation), zooplankton (Al-

Aidaroos et al., 2014, Al-Aidaroos et al., 2015), corallimorpharians (Kuguru et al., 2010), soft 

corals (Zeevi Ben-Yosef and Benayahu, 2008) and clams (Rossbach et al., in preparation). While 

some have reported UVB-induced damage in phytoplankton communities of the Red Sea (Boelen 

et al., 2002, Overmans and Agustí, in preparation). While a study by Ashy et al., (under review), 

has described the population dynamics of viruses in the Red Sea, we still lack information 

regarding their losses as those caused by their sensitivity to UVB radiation.  

Accordingly, our goal was to examine viral sensitivity to UVB in the warm, oligotrophic, 

and highly-transparent Red Sea. We hypothesized that viruses in the Red Sea are sensitive to UVB 

radiation due to the extremely high incident UVB and the deep penetration of UVB into the water 
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column. In the present study, we analyzed the vertical distribution of virus-like particles (VLP) in 

the water column together with water transparency to UVB during an oceanographic study in the 

Red Sea. Furthermore, we performed laboratory experiments, whereby natural Red Sea microbial 

communities were exposed to either PAR-only, PAR + UVB, or kept in darkness in the presence 

and absence of bacterial hosts. Additionally, we used the viral reduction technique to quantify the 

effect of UVB radiation on viral production and lysogeny. 

 

4.3 Materials and Methods 

 Study sites and sampling  

Sampling was conducted in open waters of the Red Sea from 3rd–8th April 2019 onboard 

R/V Thuwal during the Deep-research cruise, as well as at three coastal stations in the central Red 

Sea in spring and summer 2019 (Figure 4.1; Tables 4.1 and 2). As part of the cruise, 10 L Niskin 

bottles attached to a CTD-rosette system were used to collect seawater samples at five sampling 

stations from 7 to 8 distinct depths between the surface (4–5 m) and 151 m to include the deep 

chlorophyll maximum (DCM) and an additional depth below the DCM. 
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Figure 4.1 Map of the Red Sea showing the sampling locations during the Deep-Research Cruise 

(Stations 1–6) as well as the coastal stations sampled for the laboratory experiments (A–C). 

 

Table 4.1 Location and water column characteristics of the stations sampled during the Deep 

research cruise (3-8 April 2019). 

STN Lat. 
(deg) 

Long. 
(deg) 

Temperature 
(℃) 

mean ± SE 

Salinity 
(PSU) 

mean ± SE 

Chl-a 

(µg L-1) 

mean ± SE 

Viruses mL-1 

mean ± SE 

Bacteria mL-1 

mean ± SE 

VBR 
(ratio) 

mean ± SE 

UVB 

Kd 

(m-1) 

Z10% 

(m) 

Z1% 

(m) 

1 24.36 37.09 23.83 ± 0.12 39.26 ± 0.09 0.09 ± 0.01 
2.23 × 106 ± 
1.86 × 105 

2.57 × 105 ± 
1.01 × 104 8.8 ± 0.84 0.154 14.9 29.9 

2 23.5 37.2 23.6 ± 0.19 40.2 ± 0.08 0.22 ± 0.05 
2.39 × 106 ± 
2.23 × 105 

2.51 × 105 ± 
1.49 × 104 9.5 ± 0.46 0.17 13.5 27 

3 22.36 38.65 24.7 ± 0.30 38.5 ± 0.17 0.29 ± 0.03 
3.54 × 106 ± 
2.84 × 105 

2.20 × 105 ± 
2.70 × 104 17.9 ± 2.30 0.211 10.9 21.8 

4 20.23 39.26 25.3 ± 0.45 39.3 ± 0.21 0.14 ± 0.03 
2.10 × 106 ± 
2.95 × 105 

2.84 × 105 ± 
4.06 × 104 7.6 ± 0.43 0.201 11.5 22.9 

5 18.67 40.22 25.8 ± 0.57 39 ± 0.28 0.09 ± 0.03 
2.56 × 106 ± 
3.97 × 105 

2.54 × 105 ± 
4.46 × 104 10.6 ± 0.56 0.249 9.3 18.5 

*STN=Station 

30

28

26

24

22

20

18

16

14

12
30 32 34 36 38 40 42 44 46
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The concentration of chlorophyll-a (Chl-a) was measured by filtering 300 mL of seawater 

from each sampled depth through Whatman glass microfiber GF/F filters (Sigma-Aldrich, 

Taufkirchen, Germany). The pigments were extracted in 90% acetone and the samples kept in the 

dark at 4°C for 24 h. Chl-a concentration was measured by the non-acidification technique using 

a Trilogy Laboratory Fluorometer (Turner Design, Sunnyvale, USA) (Prabowo and Agustí, 2019). 

Seawater samples for the enumeration of natural viral and bacterial populations were transferred 

immediately from the Niskin bottles to carboys and into 2 mL sterile cryovials. The samples were 

fixed with 80 µL of 25% Glutaraldehyde (Magiopoulos and Pitta, 2012) for 10–15 min and stored 

in liquid nitrogen until further analysis on the flow cytometer back at the laboratory. 

 
Table 4.2. Environmental parameters of the three coastal stations that were sampled between 

April and July 2019. 

*PS = Pelagic / LS = Lagoon / RS = Reef 

 

Additionally, spectroradiometer profiles were recorded at each station, using the 

methodology described in Overmans and Agustí, (2019). Briefly, downwelling irradiance (Ed) 

depth profiles were recorded for six individual UV wavelengths (305, 313, 320, 340, 380, 395 nm) 

as well as the integrated PAR spectrum (400–700 nm) using a PUV-2500 Profiling UV Radiometer 

(Biospherical Instruments, San Diego, USA). Before each measurement, an instrument dark 

correction was performed for the depth and optical channels. To ensure the hull did not cast a 

Sampling 
date STN. Lat. 

(deg) 
Long. 
(deg) 

Depth 
(m) 

Temperature 
(℃) 

Bacterial 
abundance 
(T0/control) 

Viral 
abundance 
(T0/control) 

VBR 
(Ratio) 

21-Apr-19 PS 22.31 39.00 0.5 26.3 3.32 × 105 2.43 × 106 7.3 

23-Apr-19 LS 22.39 39.14 0.5 25.4 7.07 × 105 5.43 × 106 7.7 

29-Jul-19 RS 22.25 38.96 0.5 32.0 7.58 × 104 1.38 × 107 182.6 
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shadow over the instrument, the research vessel was maneuvered relative to the sun, and the 

radiometer was deployed over a pulley ~ 3 m astern using an A-frame. The radiometer was 

equipped with a pressure sensor, so that irradiances could be recorded continuously during the 

profiles, generating five data points per second (5 Hz). All profiles were recorded around midday 

(11 am–1 pm) at a deployment speed of ~ 0.4 m s-1. 

At the three coastal stations, water samples were collected from the surface (~ 0.5 m) at an 

oligotrophic open water area (Pelagic station, PS), a lagoon station (LS) and a reef station (RS) 

between April and July 2019 (Figure 4.1). Water temperature (°C) and salinity (PSU) of the surface 

waters were determined using an Ocean Seven 305 Plus CTD device (Idronaut, Brugherio, Italy). 

Water was collected using a 5 L polycarbonate carboy pre-rinsed with 4% HCl and pre-washed 

with seawater at the time of collection. The water was immediately transported to the laboratory 

for the UVB sensitivity experiments. 

 

 Downwelling attenuation coefficient (Kd) and attenuation depth (Z%) 

A visual quality check was performed on the spectroradiometer profile data to remove any 

erroneous values, such as obvious outliers or erroneous irradiance values. Additionally, for each 

spectral measurement at every depth, we approximated the instantaneous downwelling irradiance 

for the integrated UVB spectrum (280–320 nm) by trapezoidally integrating the instantaneous 

downwelling irradiance (Ed) of the 305, 313 and 320 nm channels. The instrument detection limit 

for the most attenuated wavelength (i.e., 305 nm) was generally reached at a depth of 30–35 meters, 

so we calculated the spectral diffuse attenuation coefficient (Kd(λ)) for all UVB channels (305, 313 

and 320) down to 30 m depth and, for PAR, down to the deepest sampling depth of approximately 
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80 m. Irradiance versus depth profiles from the spectroradiometer casts were used to calculate 

Kd(λ) by performing a linear regression of the natural logarithm using the Lambert-Beer law, 

𝐸7(𝑍, 𝜆) = 𝐸7(−0, 𝜆)𝑒=>?(@)A (1) 

Where Ed (Z, λ) is the downwelling irradiance at depth Z and Ed (- 0, λ) is the irradiance just beneath 

the air-water interface. The slope of the linear regression informed about the value of Kd (λ). 

Generally, the fitting process was highly robust with correlation coefficients of R2 > 0.99. Since Z 

(depth) was measured in meters, the unit of Kd (λ) is m-1. 

For each UVB wavelength (305, 313 and 320 nm), as well as the integrated PAR spectrum 

(400–700 nm), we calculated the 10% and 1% attenuation depths (Zn%), which, for UV, have been 

termed the biologically effective optical depth (i.e., Z10%) and the implicit UV within the euphotic 

zone (i.e., Z1%) (Kuwahara et al., 2010). Zn% is defined as the depths at which irradiance is reduced 

to n% of the value immediately below the water surface, and is calculated using the fraction of 

surface irradiance (Ed(Z, λ) / Ed(- 0, λ)) and Kd, as shown in Eqn 2. 

ZC% =
ECF

G?(H,I)
G?(JK,I)

L
JM

>N
 (2) 

 

 Sensitivity of viruses to ultraviolet-B radiation 

Experiments were performed to examine the sensitivity to UVB of viral and bacterial 

populations sampled at the three coastal stations. All water samples were initially pre-filtered 

through 20 and 2 µm membrane filters to exclude large particles and grazers. Three types of 

experimental treatments were performed under PAR + UVB and PAR-only exposure. For the 
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experiment with reef water, a dark control (DC) was also set up, using the first and the second 

treatments only, as described below.  

In total, three treatment groups were tested and designated as follows: Community control 

treatment (Treat1 = CC), virus community treatment (Treat2 = V), and virus-free water treatment 

(Treat3 = VFW). We generated the first treatment (CC) by filtering the pre-filtered water 

additionally through a 0.8-µm pore size polycarbonate membrane to remove picophytoplankton 

and retain the viral and bacterial community. The second treatment (V) was used to remove 

bacteria and obtain only viruses by filtering the pre-filtered water additionally through a 0.2-µm-

pore size membrane. For the third treatment (VFW), we used the viral reduction technique to 

monitor viral production (VP) by maintaining the host community while reducing viral abundances 

(Weinbauer and Suttle, 1996, Weinbauer et al., 2010). To do so, the pre-filtered water was first 

filtered through a 0.2-µm-pore size membrane and afterwards ultra-filtered through an 

ultrafiltration cartridge with a 30,000 Daltons molecular-weight cut-off to reduce viral particles 

and obtain virus-free water (VFW). Subsequently, 2 L of the pre-filtered seawater was filtered 

through a 0.2-μm polycarbonate filter (Weinbauer and Suttle, 1996) to concentrate the bacterial 

community using an Amicon® Stirred Ultrafiltration Cell (8050 Millipore 50 mL - Merck 

Millipore) until a volume of 50-60 mL remained. The concentrated bacterial cells were washed 

four to five times with 100 mL of VFW and re-suspended in 300 mL of VFW to reduce the 

concentration of free virus particles and retain concentrated bacteria (Weinbauer and Suttle, 1996, 

Weinbauer and Suttle, 1999, Weinbauer, 2004). For each microbial community treatment, we set 

up three 50 mL replicates in quartz flasks, which allow a PAR and UVB penetration of ~ 90% 

(Regaudie‐de‐Gioux et al., 2014). 
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Experiments were performed using temperature-controlled incubation chambers (Model I-

22LLVL; Percival Scientific, USA) set to the in-situ temperature measured on the sampling day. 

The chambers were equipped with six photosynthetically active radiation (PAR) fluorescent bulbs 

(F17T8/TL841, 17W; Philips, USA), generating a total output of ~148 µmol photons m-2 s-1. One 

chamber was additionally equipped with one UVB broadband fluorescent tube (TL20W/12 RS, 

Philips) for the PAR + UVB radiation treatment where samples were exposed to 0.65 W m-2 of 

UVB radiation with a peak output at a wavelength of ~ 313 nm. Incident PAR and UVB radiations 

were monitored with a PMA2100 data-logging radiometer fitted with a PAR (400–700 nm), and a 

UVB (280–320 nm) sensor (Solar Light, USA).  

Samples for enumeration of viruses and bacteria were taken at the onset of the experiment 

(T0) and after 2 h (T1), and 6 h (T2) of either PAR or PAR + UVB exposure. After 6 h of exposure, 

the samples were incubated in the dark for 12 h to allow the potential of host infection by the virus 

community before the next day of light exposure (Wilhelm et al., 2003). Following the dark 

incubation, the samples were again exposed to either PAR or PAR + UVB for 2 h after which time 

the final sampling took place (T3). Accumulated UVB doses were 4.68, 14.04 and 18.72 KJ m-2 at 

T1, T2 and T3, respectively. Dark control samples of the reef station experiment were taken and 

incubated at the same time as the other treatments. Each sample (2 mL) was fixed with 80 µL of 

25% glutaraldehyde for 10-15 min and kept at - 80°C until further analysis. 

 

 Enumeration of viral and bacterial populations 

Glutaraldehyde-preserved seawater samples for viral and bacterial abundances were 

processed in the FACSCanto II (Becton Dickinson) flow cytometer. Viral and bacterial 
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identifications were prepared following the protocols of Gasol and Morán, (2015), as described by 

Ashy et al., (under review). Data of viral and bacterial counts were recorded and saved in the BD 

FACSCanto II and analyzed by counting the events of viral and bacterial populations using the 

software package FlowJo (Version 10.1) (Tree Star. Inc-USA). 

 

 Viral production rates 

Based on the virus reduction approach described above, lytic viral production (VP) was 

initially assessed by Wilhelm et al., (2002) from the production of new viruses during the untreated 

incubation (controls). Lytic VP rates were estimated following Weinbauer et al., (2002) from the 

slope of the relationship between the minimum and the maximum viral abundance versus time for 

the first two hours of incubation under PAR + UVB, PAR, or in darkness of the VFW samples to 

eliminate the production of new infectious viruses. 

 

 Burst size and lysogeny percentage  

Burst size is defined as the number of phages produced per infected bacterium (Fuhrman, 

1999). The burst size in this study (14–15) was acquired from (Ashy et al., under review) for the 

coastal stations, and was used to calculate the percentage of inducible lysogenic bacteria as below, 

following Weinbauer and Suttle, (1996), 

           % Lysogenic bacteria = (𝑽𝑻 	−	𝑽𝑪)/𝑩𝑺/𝑩𝑨	𝑿	𝟏𝟎𝟎     (3) 

Where VT is the maximum mean of the viral abundance in the three replicates of the PAR + UVB 

samples during incubation, and Vc is the maximum mean viral abundance in the three replicates of 
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the PAR-only samples. BS is the burst size while BA refers to bacterial abundance at the onset of 

each incubation experiment. 

 

 Calculation of PAR and UVB doses  

The PAR and UVB doses to which the samples were exposed during the experiment were 

determined using a PMA2100 data-logging radiometer fitted with a PAR (400–700 nm) and a 

UVB (280–320 nm) sensor (Solar Light, USA). Specifically, the radiometer integrated the 

cumulative radiation received during the experiment. Received doses of PAR (in mol photons m-

2) and UVB (in KJ m-2) were calculated from T0 up to the time of each further sampling point. 

 

 Decay rates, half-life time and lethal radiation doses (LRD) 

Decay rates of bacteria and viruses were calculated for each treatment as the slope of the 

linear regression between the natural logarithm of cell abundance and time (in h) as described by 

Suttle and Chen, (1992). The half-life time is the time required to reduce the initial cell density to 

50%, and was estimated from the decay rate of viral and bacterial abundance when exposed to 

UVB radiation, following Llabrés and Agustí, (2006), 

𝑡R
ST
= U.WXY

Z
 (4) 

Where k is the decay rate per hour and the lethal radiation dose (LRDx) refers to the radiation 

exposure needed for the cell abundance to reduce to x% of its original value. The calculation of 

this parameter followed the half-life time calculation; however, k is the slope of the relationship 

between the natural logarithm of the viral and bacterial abundance and the dose of UVB radiation. 
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 For the Deep research cruise stations, we additionally calculated the approximate depths at 

which various lethal UVB doses (LRD5–LRD50) for marine viruses are received daily in winter 

and summer. Specifically, the LD depths were calculated using the incident UVB doses reported 

for the central Red Sea by Overmans and Agustí, (submitted), and the downwelling diffuse 

attenuation coefficients (Kd) and viral decay rates reported in the present study. 

 

 Statistical analysis 

 Data analyses and visualizations were performed using the software packages JMP Pro 14 

(SAS Institute Inc., Cary, USA) and GraphPad Prism 8 (GraphPad Software, La Jolla, USA). 

Results are reported as the mean of three replicates ± standard error. Using IBM SPSS 17.0, a 

linear regression analysis was performed to explore the relationship between the natural log of 

microbial abundances and UVB doses. Furthermore, the statistical analysis of variance (ANOVA) 

was used to test if the decay rates of the viral and bacterial communities were significantly different 

between treatments. Statistical significance was defined as p < 0.05. 

 

4.4 Results 

 Environmental conditions and viral and bacterial abundances 

 The water temperature during the Deep cruise ranged from 22.4 to 27.0 °C, averaging 24.7 

± 0.30 °C, with a maximum of 27.0 °C observed towards the surface (5 to ~20 m) of station 5 and 

the southern area studied. The lowest temperatures were recorded at the northern stations where 

the surface layer was less stratified (Figure 4.2A; Table 4.1). The salinity ranged from 38.0 to 40.7 

PSU in the south and north, respectively (Table 4.1). In the upper eutrophic layer (surface to 
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DCM), Chl-a concentration was lowest (i.e., 0.03 µg L-1) in 5 m depth at station 5 (Figure 4.2D), 

and highest at the DCM (68 m) of station 2 in the central Red Sea, with a maximum of 0.38 µg L-

1 (Figure 4.2C). 

 Viral and bacterial abundances showed similar patterns across all stations, decreasing from 

the surface layer to deeper depths (Figure 4.2). However, viruses decreased in the upper surface 

layer (4–5 m) (Figure 4.1A and B). The number of viruses ranged from 5.35 × 105 to 4.37 × 106 

cells mL-1 across all stations, and peak concentrations were generally found at 10 m depth (Figure 

4.2). The highest bacterial abundance was observed between 5 and 20 m, decreasing with depth 

(Figure 4.2), with the maximum number detected in station 5 (Figure 4.2D). At 5 m depth, the viral 

population usually ceased, resulting in a decrease in the virus-to-bacterium ratio (VBR), except 

for station 4, where the VBR values remained relatively constant across all depths (Table 4.1).  

 The sea surface temperature (SST) at the pelagic (26.3°C) and lagoon coastal stations 

(25.4°C) were similar to each other as well as to the SSTs recorded during the cruise (Table 4.2), 

whereas SST was considerably higher at the time of the reef experiment (32.0°C, Table 4.2).  The 

abundances of viruses and bacteria identified for the coastal stations were comparable to the values 

observed during the research cruise; however, the reef area had considerably more viruses than the 

pelagic and lagoon stations, reaching 107 viruses mL-1, and lower abundances of bacteria with 104 

cells mL-1 (Table 4.2). 
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Figure 4.2 Vertical profiles displaying the environmental parameters including water temperature 

(left column) and the concentration of chlorophyll-a (middle column), and the viral and bacterial 

abundances (right column) found at the stations of the Deep-research cruise (3–8 April 2019).  
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The spectroradiometer measurements revealed that the downwelling diffuse attenuation 

coefficient (Kd) varied from 0.154 to 0.249 m-1 across the five sampling stations (Table 4.1). Based 

on those attenuation coefficients, we calculated that the biologically effective optical depth (i.e., 

Z10%) and the implicit UV within the euphotic zone (i.e., Z1%) ranged from 9.3–14.9 m and from 

18.5–29.9 m, respectively (Table 4.1). We found the highest transparency to UVB at station 1, 

located off the coast of Yanbu (Figure 4.1; Table 4.1). In contrast, the waters at our southern-most 

sampling site (i.e., station 5) attenuated UVB radiation the strongest. 

 

 Response of viruses to the radiation treatments  

In the CC treatment, the bacterial abundance slightly declined under PAR + UVB whereas 

it increased in the PAR treatment (Figure 4.3A, B, and C). Dark controls of the reef experiment 

showed an increase in bacterial numbers during the incubation period in the CC treatment (Figure 

4.3C) but this increase was less compared to the PAR exposure. Viral abundances in the CC 

treatment showed a large variability between the communities, generally decreasing with time 

when exposed to PAR + UVB but increasing when exposed to PAR alone (Figure 4.3D, and E). 

For the reef samples, there was a relative increase in viruses during the first two hours of incubation 

in both radiation treatments (Figure 4.3F). We also observed an increase in viruses after two hours 

of exposure in the PAR treatments of the pelagic site (Figure 4.3D and G). In the dark treatment 

of the reef samples, there was an increase in viral numbers until six hours of incubation (Figure 

4.3F). However, in the V treatments (i.e., bacteria have been removed) (Figure 4.3G, H, and I), 

there was a distinct decline in viruses when exposed to PAR + UVB, and a small decrease was 

detected when exposed to PAR only, similar to the dark control of the reef samples (Figure 4.3F 

and I). 
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Figure 4.3 Bacterial abundance (mean ±SE) in the community control (CC; left column), as well 

as the viral abundance in the community control (middle column) and the bacteria-removal 

treatment (V; right column) in samples from the pelagic (PS; top row), lagoon (LS; middle row), 

and reef station (RS; bottom row) exposed to either PAR-only (blue lines) or PAR + UVB (red 

lines) in different experimental treatments. Dark control (black lines) samples were performed for 

the RS experiment only. The black and white bar above the figures indicate the light period (white 

bar) and the dark period (black bar).  

 

The ANOVA statistical test determined that the decay rates of viruses and bacteria, 

calculated for the 21 h of incubation, showed a higher sensitivity of viruses and bacteria (Figure 

4.4) to PAR + UVB (n = 3, p = 0.252) than to PAR-only (n = 3, p = 0.085). Under UVB exposure 

and in the CC treatments, the decay rate of viruses was significantly different between the lagoon 

(-0.0233 h-1) and the reef (0.0087 h-1) experiments (p = 0.022), and between the reef (0.0087 h-1) 
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rates of viruses in the V treatment between any of the three coastal stations (p > 0.05), although 

the decay rates were higher when the bacterial hosts were removed after filtration through a 0.2 

µm polycarbonate filter. In the CC treatments, after exposure to PAR + UVB treatment, the 

average decay rates of bacteria (-0.0073 h-1) were lower than those observed for viruses (-0.010 h-

1) (Figure 4.4A and B), but not statistically significant (p = 0.788). Additionally, in the CC 

treatment, bacteria exhibited a remarkably higher decay rate under PAR + UVB than PAR alone 

(Figure 4.4B, p < 0.05). Following filtrations through a 0.2 µm polycarbonate filter (V treatment), 

under the PAR treatment, we found a significant difference between the viral decay rates in the 

lagoon (-0.0023 h-1) and the reef (0.018 h-1) (p = 0.008) , as well as between the decay of reef 

(0.018 h-1) and the pelagic (-0.006 h-1) viral communities (p = 0.001). For bacterial decay rates, 

we found significant differences between all three stations (Figure 4.4B) under the PAR treatment 

(p < 0.0001). In the dark control samples of the reef experiment, the viral and bacterial decay rates 

were negligible across all treatments (Figure 4.4A and B). 
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Figure 4.4 Decay rates (h-1) of viral (A) and bacterial (B) abundances in the community control 

(1–3) and the bacteria-removal (4–6) treatment in samples from the pelagic (PS), lagoon (LS), and 

reef (RS) stations exposed to either PAR-only (blue bars) or PAR + UVB (red bars) or kept in 

darkness (black bars). 
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to UVB radiation (Figure 4.5). The bacterial community decreased in response to UVB exposure; 

however, showing one order of magnitude lower decay rates than for viruses, indicating a higher 

resistance of bacteria to UVB (Table 4.3). LRD50, i.e., the dose required to decrease the population 

size by half, ranged from 21.3 to 46.8 KJ m-2 and from 78.8 to 165 KJ m-2 for viral and bacterial 

communities, respectively (Table 4.3). We could not report the half-life time (h) and the LRD50 

(KJ m-2) for viruses in the reef water community control because the population was increasing 

rather than declining. The exceptionally high decay rates observed in the V treatments for the 

lagoon community when exposed to PAR + UVB resulted in a much shorter half-life time (18.2 

h) compared to the two other stations (Table 4.3). 

 

 

Figure 4.5 Linear regression of the natural logarithm of viral abundance (LN cells mL-1) and UVB 

dose (in KJ m-2) for the V treatment (filtered-0.2-µm-pore size) and the three communities from 

the pelagic station (A), lagoon station (B) and reef station (C).  

  

y = -0.0136x + 14.7
R² = 0.734, p < 0.0001

14.1

14.4

14.7

15

0 5 10 15 20

LN
 v

iru
se

s 
m

L-
1

UVB dose (KJ m-2)

PS A

y = -0.0149x + 16.7
R² = 0.311, p > 0.0001

15.9

16.2

16.5

16.8

17.1

0 5 10 15 20
UVB dose (KJ m-2)

RS C

y = -0.0565x + 15.2
R² = 0.801, p < 0.0001

13.8

14.1

14.4

14.7

15

15.3

15.6

0 5 10 15 20
UVB dose (KJ m-2)

LS B



 139 

Table 4.3 UVB-induced decay rates (KJ-1), half-life time (h), and LRD50 (KJ m-2) for viruses and 

bacteria of different treatments examined in the incubation experiments. 

 

 

Using the UVB dose-dependent decay rates from our experiments, the Kd values from 

the Deep research cruise, and the incident UVB doses reported in Overmans and Agustí, 

(submitted), we calculated the depths at which viruses in the Red Sea receive lethal radiation doses 

per day, ranging from 5% to 50% (LRD5 (maximum depth=17.27 m); LRD50 (maximum 

depth=0.37 m). Due to the north-south and seasonal gradients in UVB attenuation, a clear 

latitudinal pattern can be observed in the lethal radiation doses that penetrated deeper in the 

summer (Figure 4.6). Close to the water surface, up to 50% of marine viruses in the Red Sea could 

be destroyed in the summer per day by UVB (LRD50 depth: 0.2–0.4 m), while in winter, the 

percentage is closer to 40% (LRD40 depth: 0.1 m) (Figure 4.6). Further down in the water column, 

the received UVB doses vary drastically between the different stations, which is more evident in 

summer. Specifically, in winter the LRD10 depth varied from 6.4 m in the north to 10.3 m in the 

south, while in summer the LRD10 depth ranged from 7.8 to 12.6 m in the north and the south, 

respectively. 

Viruses Bacteria 

STN Experimental 
Treatment 

Decay rate (KJ-1 UV-B) 

(mean ± SE) 

Half-life 
time (h) 

LRD50 

(KJ m-2) 

Experimental 
Treatment 

Decay rate (KJ-1 UV-B) 

(mean ± SE) 

Half-life 

time (h) 

LRD50 

(KJ m-2) 

PS V 0.0136 ± 0.0026 64.2 51.3 CC 0.0042 ± 0.0023 133.3 165.0 

 
LS 

  
V 0.0565 ± 0.0089 18.2 12.4 CC 0.0079 ± 0.0024 141.4 87.5 

RS V 0.0149 ± 0.0070  46.0  46.5 CC  0.0088 ± 0.0031 72.5 78.8  
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Figure 4.6 Depths at which various lethal doses (LD5–LD50) of UVB (in KJ m-2) for marine viruses 

were calculated to be received at the Deep research cruise stations in winter (upper panel) and 

summer (lower panel). LD depths were calculated using the incident UVB doses reported for the 

central Red Sea by (Overmans and Agustí, submitted) and the downwelling diffuse attenuation 

coefficients (Kd) and viral decay rates measured in the present study. 
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during the incubations. For the first six hours of incubation, we could observe an increase in virus 

particles, which was followed by a decrease until the end of the incubation, except for the RS 

community, where viruses in the PAR + UVB treatment continued to increase until the end of the 

incubations (Figure 4.7C). The maximum number of viruses were produced in the PAR + UVB 

treatment in samples originating from the pelagic site and the lagoon (Figure 4.7A and B), 

suggesting the induction of the lytic phase from bacteria as compared to the PAR treatment. The 

production of viruses exposed to PAR + UVB was 8.13×105, 1.53×105 and 1.00×106 mL-1 h-1, for 

the pelagic, lagoon and reef communities, respectively. For the pelagic, this production rate was 

considerably higher than for samples exposed to PAR (1.14 × 105 mL-1 h-1), while the opposite 

could be observed for the lagoon (2.00×105 mL-1) (Figure 4.7). The viral production in reef waters 

increased under PAR alone (2.00×106 mL-1 h-1, Figure 4.7C).  On the other hand, viruses reached 

a maximum abundance of 3.08×107 cells mL-1 when exposed to PAR-only for the reef water 

incubations. Interestingly, when we calculated the proportion of lysogeny, we found that it varied 

from 4.5 to 34.1% in lagoon and pelagic communities, respectively, under UVB + PAR; however, 

no lysogeny was detected for the VFW-treated samples from the reef.   
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Figure 4.7 Viral production during the virus reduction treatments and induction of lysogenic 

bacteria during 21 h of incubation under either PAR (blue lines), PAR + UVB (red lines) or in 

darkness (black lines). Viral abundances from the PS (A) and the LS (B) experiments in April 

2019, and the RS (C) experiment in July 2019. The black and white bar above the figures indicate 

the light period by a white bar, and the dark period (with no light exposure) by a black bar. 
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resulting in viral destruction. Vertical profiles indicated a decrease in the abundance of viruses 

towards the surface (4–5 m), reflecting the higher mortality of viruses under high solar radiation 

in natural microbial communities of the Red Sea. Furthermore, we could still identify viral 

reduction at UVB doses similar to those received in 18 m depth. Our study also revealed that the 

highest decay rates of viruses were observed under UVB exposure in the absence of host bacteria, 

and that solar radiation-induced lysogeny in surface waters of the Red Sea. 

Our findings are in agreement with our hypothesis that UVB exposure in the surface layers 

of the Red Sea results in a decrease in viral abundances. This is in agreement with previous studies 

on the effect of UV radiation on viruses that were performed in oligotrophic waters, such as the 

western Pacific Ocean (Wei et al., 2018), the north Adriatic Sea (Bongiorni et al., 2005), or the 

North Sea (Winter et al., 2004).  While there are a few studies suggesting the role of UVB radiation 

as a significant stressor for Red Sea biota, as evidenced by a dramatic increase in the mortality of 

phytoplankton (Boelen et al., 2002, Overmans and Agustí, in preparation) and zooplankton (Al-

Aidaroos et al., 2014, Al-Aidaroos et al., 2015); the sensitivity of viruses to solar UV radiation in 

the Red Sea remained unexplored until this present study. 

Among the five stations studied as part of the Deep research cruise, we found that the 

lowest abundance of viruses could be observed in the surface layer of the northern-most station, 

where the highest UVB transparency was measured in this study. This is consistent with the study 

of Overmans and Agustí, (2019), who found that the northern Red Sea was more transparent to 

UV wavelengths than the southern regions. In agreement with this characteristic, we found a higher 

viral abundance at the upper surface layer at station 5, which was out southern-most sampling site. 

It has been reported that biologically harmful ultraviolet radiation (280–400 nm) can penetrate to 

considerable depths in the photic zone (>60 m) of clear oceanic waters (Booth et al., 1997, 
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Whitehead et al., 2000), which leads to an average decay rate of 0.2 h-1 in viral infectivity in 

bacteriophages, cyanophages, and viruses infecting eukaryotic hosts, and decay rates of up to 0.8 

h-1 in phage isolates (Mojica and Brussaard, 2014). 

To provide evidence that viruses of the Red Sea are vulnerable to UVB radiation, and to 

be able to quantify their degradation under UVB, we generated the V treatment (0.2 µm-filtered 

seawater) and confirmed the highest decay rates of viral abundances when removing the host. In 

our study, viral decay rates due to UVB exposure ranged from 0.0108 to 0.0381 h-1, which is 

similar to the decay induced by solar radiation (PAR + UV) of natural viral communities in the 

coastal waters of the Gulf of Mexico (1.76 ± 0.45 % h-1 (0.0176 ± 0.0045 h-1)) (Wilhelm et al., 

1998), and to the rates reported by Garza and Suttle, (1998) in the western Gulf of Mexico during 

a bloom of Synechococcus spp., which ranged from 0.02 and 0.03 h-1 (0.53 to 0.75 d-1) across the 

mixed surface layers. Conversely, our results showed drastically lower decay rates than those 

reported by Heldal and Bratbak, (1991) as they calculated viral decay rates ranging from 0.05 to 

1.1 h-1. Likewise, the decay rates determined as part of the present study are lower than those 

reported by Noble and Fuhrman, (1997), who found that the degradation of native viruses isolated 

from Santa Monica Bay showed decay rates ranging from 4.1 to 7.2 % h-1 (0.041–0.072 h-1), as 

compared to non-native marine bacteriophages isolated from the North Sea, where the decay was 

higher, ranging from 6.6 to 11.1 % h-1 (0.06–0.11 h-1). On the other hand, Suttle and Chen, (1992) 

reported a slower reduction of viruses in the filtered seawater samples (0.2 µm-pore size) than in 

the unfiltered seawater; however, they found higher decay rates of viruses in full sunlight ( 0.4 to 

0.8 h-1) than our rates reported here in the Red Sea.  

When exposed to PAR radiation, viruses also showed a more significant decline in the 

bacteria-removal (V) treatment than in the unfiltered seawater in the presence of bacterial hosts 
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(CC treatment). Nevertheless, the rates of viral decay due to PAR radiation were still lower than 

the rates reported by Wei et al., (2018), who exposed samples to solar PAR in the oligotrophic 

western Pacific Ocean, suggesting that PAR drastically degrades marine virioplankton in natural 

environments. In the absence of PAR, we did not find an overall viral decay in the CC treatments, 

rather, the population was increasing rather than decreasing. However, in the V treatment, we 

determined negligible viral decay at a rate of 0.0005 h-1 under dark conditions. This rate is lower 

than those reported by Suttle and Chen, (1992), who found viruses in coastal seawater from the 

Gulf of Mexico were decaying between 0.008 and 0.028 h-1 in the dark. Noble and Fuhrman (1997) 

identified significantly lower decay rates of phages in untreated seawater of Santa Monica Bay 

when incubated in darkness as compared to under full sunlight. 

 The decay rates of bacteria in this study ranged from 0.0049 to 0.0096 h-1 in the CC 

treatments exposed to UVB, with minimal or no decay of bacteria under PAR radiation alone. 

Similarly, Suttle and Chen, (1992) found that the majority of bacteria in the coastal waters of the 

Gulf of Mexico were not decaying. In fact, heterotrophic bacterioplankton might benefit from PAR 

radiation, as it can assist the repair of DNA damage (Ruiz-Gonzalez et al., 2013). Our results are 

in agreement with Suttle and Chen, (1992), who report that the decay rates of both viruses and 

bacteria were higher under UVB exposure than in the dark, although they suggested higher decay 

rates of viruses in the unfiltered seawater samples than in those where bacterial hosts were 

removed. While most bacteria do not generate screening pigments, they can resist solar radiation 

stress by fast cell division and efficient repair mechanisms (Häder et al., 2007). Damaged DNA of 

the bacterial and algal cells can be repaired by two mechanisms: light-dependent 

(photoreactivation) and light-independent (dark repair) (Ruiz-Gonzalez et al., 2013). Solar 

radiation in both the Arctic and Antarctic inactivated the spores of Bacillus subtilis within hours; 
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though, the inactivation of the spores was prevented by a covering of ca. 500 µm of dust or a by 

retreating ∼1 mm into endolithic habitats (Cockell et al., 2003). 

 It has been reported that single-stranded viruses are more sensitive to UV radiation than 

double-stranded DNA or RNA viruses. Moreover, RNA viruses not composing thymine are 

commonly more tolerant to damage by UV than DNA viruses comprising thymine (Lytle and 

Sagripanti, 2005). In the surface waters of the Gulf of Mexico, natural viral populations were found 

to be more resistant to DNA-damaging radiation than viruses isolated in the laboratory (Weinbauer 

et al., 1999).   

Our results demonstrate that UVB radiation reduced the abundance of the natural viral 

community in the Red Sea, which is consistent with other findings elucidating the importance of 

UV radiation in damaging the capsid protein and nucleic acids of viral particles (Wilhelm et al., 

1998, Wilhelm et al., 2003), and with studies determining the impact of solar radiation on marine 

viral infectivity (Häder et al., 2007, Häder et al., 2015), although viral particles were found to be 

more sensitive to inactivation than to destruction when exposed to solar radiation (Wommack et 

al., 1996, Jacquet and Bratbak, 2003). Furthermore, Garver et al., (2013) reported that natural solar 

radiation revealed high effectiveness in the reduction of viral infections in other aquatic organisms, 

comprising viruses of fish and harmful algal bloom (HAB) species. The authors revealed that 

natural sunlight reduced the infectivity of hematopoietic necrosis virus (HNV) in Atlantic salmon 

a million-fold in treatments kept for three hours under sunlight exposure compared to dark 

controls. Our findings evidence that the impact of UVB radiation on viral abundances is 

fundamental, since natural viruses were highly vulnerable to UVB radiation exposure. There is 

considerable variability reported in the literature on viral sensitivity to solar radiation and UVB. 

Some studies have suggested that solar UV radiation does not cause inactivation of viral infections 
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such as in the coastal waters of Uchiumi Bay, Shikoku Island, Japan (Kitamura et al., 2004).  

However, the effect of solar radiation on viral inactivation is considered to be one of the most 

significant factors (Suttle and Chen, 1992, Noble and Fuhrman, 1997), as it can directly affect free 

viruses by degrading proteins, modifying their structure, and reducing the infectivity (Suttle and 

Chen, 1992, Wommack et al., 1996, Wilhelm et al., 1998, Weinbauer et al., 1999). Phages isolated 

from the coastal waters of Santa Monica Bay (USA) were less susceptible to decay under local 

solar radiation than non-native phages (Noble and Fuhrman, 1997). It is considered that besides 

the large sensitivity to solar radiation, marine viruses may adapt to local conditions of solar 

radiation, making them less susceptible to the degradation (Mojica and Brussaard, 2014).  

 While the majority of viruses produced in aquatic environments resulted in lytic infections 

(Wilcox and Fuhrman, 1994, Weinbauer and Suttle, 1996), a probable production of viruses was 

also suggested through the lysogenic cycle (Jeffrey et al., 2000). We found the proportion of 

lysogenic cells ranged from undetectable in the reef waters to most prevalent (34%) in the pelagic 

water, with a small percentage (4.5%) observed in the lagoon. The incidence of lysogenic bacteria 

in the VFW treatment was observed after six hours of incubation in the pelagic samples, and after 

two hours in the lagoon water under PAR + UVB exposure. The inducible lysogenic bacteria 

occurred when lytic viral production was relatively high for the pelagic samples (8.13×105 mL-1 

h-1) and lagoon (1.53×105 mL-1 h-1) in spring, whereas it reached 1.00×106 viruses produced mL-1 

h-1 in the reef experiment performed in summer, when no lysogenic bacteria were detected, which 

may suggest a switch from lysogeny towards lytic viral infections. Viral production rates at the 

pelagic and reef sites were similar in magnitude to those found in a previous study from the coastal 

Red Sea (Ashy et al., under review), and to those reported by Rowe et al. (2008) for the 

oligotrophic Sargasso Sea and the North Atlantic (0.2-3.0×105 viruses mL-1 h-1). Nonetheless, the 
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rates of viral production in the reef were slightly higher than the rates in temperate coastal waters 

of the NE Pacific (Wilhelm et al., 2002) and the NW Atlantic (Winget et al., 2011), where they 

ranged from 106 to 107 viruses mL-1 h-1, implying high viral infections, and thus, significant 

bacterial mortality (Noble and Fuhrman, 1997). 

  UVB exposure was effective in inducing 34% of lysogeny during our pelagic experiment 

although this percentage is less than that determined by Ashy et al., (under review), who induced 

lysogeny using the mutagenic agent mitomycin C. However, this percentage was similar to the one 

calculated by Jiang and Paul, (1996), who found that UV radiation at in situ levels induced 

lysogeny in 39% of the bacteria. Additionally, the highest percentage of inducible lysogenic 

bacteria in this study occurred at low bacterial abundance, as reported in Ashy et al., (under 

review), and other previous studies (Weikert, 1987, Danovaro et al., 2011). Nevertheless, the small 

lysogeny percentage observed at high bacterial numbers elucidates the shift from lysogenic to lytic 

infections (Evans and Brussaard, 2012, Payet and Suttle, 2013, Brum et al., 2016, Knowles et al., 

2016). Danovaro et al., (2008) found that organic UV filters originating from sunscreens triggered 

lytic infections in prophages of symbiotic zooxanthellae within a few days of exposure, even at 

low concentrations, causing an extensive release of coral mucus and ultimately coral bleaching. In 

some lysogenic phases, phages do not integrate into the host chromosome and exist as free as 

plasmid. In some lysogenic phases, phages do not integrate into the host chromosome and exist as 

free as a plasmid (Guttman et al., 2005) in a cycle called pseudo-lysogenic (Sime-Ngando et al., 

2018), rather than integrating into the host cell genome, such as myovirus P1 that infects some 

strains of the gram-negative bacteria, i.e., E. coli and transducing genes between E. coli and 

Shigella with other plasmids DNAs (Guttman et al., 2005). 
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  Information regarding the effect of environmental parameters, such as temperature and solar 

radiation on natural viral populations are very scarce (Wei et al., 2018). In the present study, we 

identified that despite the intense UVB doses received in the upper euphotic layer of the Red Sea 

(Overmans and Agustí, submitted), the viruses present in the water column exhibit surprisingly 

low decay rates (h-1), which suggest that the viruses are well adapted to those harsh UVB 

conditions. Combining the presently-described decay rates with available information on the 

incident UVB doses and the UVB penetration properties of the Red Sea, we modeled how solar 

radiation may remove viruses at different depths of the photic layer. We calculated that an 

estimated 40–50% of viruses could be destroyed in < 1m depth and ~ 5–20% of viruses in 10 m 

depth each day (Figure 4.6). However, we have no information regarding the efficiency of repair 

mechanisms or the viral reproduction rates during night time when UVB radiation is absent.  

 In any case, our results showing lysogeny induction for microbial communities under UVB 

exposure indicated its effects on viral communities and dynamics are highly complex. Under 

natural levels of UVB, we observed the degradation of viruses and the production of new lytic 

viral particles form the lysogens. Our findings are in agreement with our hypothesis that the 

abundances of both viruses and bacteria in the Red Sea reduced under UVB exposure, although 

bacteria were considerably less susceptible. Nonetheless, the decay rates of both microbial groups 

were lower compared to those of microbes in other oligotrophic waters. Our study suggests an 

efficient adaptation of viruses and bacteria to the UVB radiation conditions in the Red Sea; 

however, further studies are needed in order to better understand the repair mechanisms and 

strategies that allow these communities to persist in well-lit surface waters. 
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5 Conclusion and Future Prospects 

 Marine viruses are globally essential components of microbial communities in oceans, with 

variable abundances between 105 viruses per mL in oligotrophic and deep-sea waters (Wommack 

and Colwell, 2000, Lara et al., 2017), to 108 in eutrophic systems, averaging 107 virus-like particles 

per mL in surface waters (Breitbart, 2012), with a total estimation number of 1030 double-stranded 

DNA virus particles in the entire oceans (Suttle, 2005). Marine viruses can infect bacterial cells 

by either establishing lysogenic and lytic or chronic phases.  To date, most literature has focused 

on lytic phages; however; studies on viral dynamics and lysogeny in marine environments are still 

scarce (Howard-Varona et al., 2017), and very limited for the Red Sea. Thereby, this Ph.D. thesis 

is the first assessed study, which aims to identify the significance of viral dynamics and to 

investigate the variability of lytic and lysogenic phases of infectious phages in the Red Sea waters.  

Viral and bacterial communities are considered to be extremely dynamic in nature, 

requiring an understanding of the degree of spatial and temporal variability. The Red Sea is an 

oligotrophic sea (Acker et al., 2008, Rasul et al., 2015) characterized by warm and transparent 

waters (Rasul et al., 2015), and are under accelerated warming (Raitsos et al., 2013, Chaidez et al., 

2017). Ocean warming is representing a challenge for predictions, and the Red Sea ecosystems 

could be used as a paradigm to predict processes occurring in a future warmer ocean.  In this Ph.D. 

research, we hypothesized that the environmental conditions of the Red Sea could affect lysogenic 

and lytic phases of phages infecting bacterial communities, and patterns should differ from those 

described for temperate and cold waters (represented in most studies), but may also vary from 

other oligotrophic systems. To evidence this, we determined viral and bacterial abundances 

variability along time and assessed the occurrence of lysogenic bacteria. We also examined the 
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spatial distribution on vertical profiles of viral and bacterial abundances at different locations along 

the Red Sea and quantified the role of UVB radiation on viral production and decay rates. 

In the first chapter, we quantified the temporal variability of viral and bacterial abundances 

in the oligotrophic coastal waters of the Red Sea for two years. We found that the average total 

viral and bacterial abundances (3.88 × 106 ± 3.76 × 105), and (2.64 × 105 ± 1.67 × 104) cells per 

mL, respectively, and these numbers were relatively close to those reported for other oligotrophic 

waters. During the second year, we monthly examined the lysogenic bacteria by using mitomycin 

C as an inducing agent under 24 h of incubating seawater samples.  Our findings show that half of 

the incubations reported inducible lysogenic bacteria at modest percentages, with up to ~56% 

occurring in winter when bacterial abundances were low compared to their highest abundances in 

spring, where no detection of lysogeny observed. This study suggests that lysogeny could be an 

essential mechanism for viral replication in the oligotrophic Red Sea when host abundance 

decreased, representing the first research conducted in the area investigating inducible lysogenic 

bacteria. 

  In the second chapter, we investigated the temporal variability on viral and lysogenic 

dynamics in a coastal tropical lagoon in the oligotrophic Red Sea, which is characterized by strong 

seasonality in terms of temperature (22.05–33.25°C) exceeding the Red Sea range, and show 

eutrophic periods demonstrated by the existence of high phytoplankton blooms. In these warm 

coastal waters of the Red Sea, we found less proportion of inducible lysogens than in the 

oligotrophic coastal station, with the highest percentage of 29.1% observed in the fall. Our results 

showed that the incidence of lysogenic bacteria was induced by decreasing bacterial abundances 

and under high water temperature conditions that negatively affected host abundance. Hence, we 
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suggest that lytic phages predominate, switching to a moderate proportion of temperate phages 

when the host abundance reduces.  

After infection and cell lysis of hosts, the released viruses might infect other hosts or cause 

decay. The factors controlling viral decay may reduce infectivity and provide selective pressures 

influencing hosts communities. On the third study of this Ph.D. thesis, we explored the 

effectiveness of UVB on decaying the abundances of viruses in the highly transparent Red Sea 

waters (Overmans and Agustí, 2019). We hypothesized that viruses in the Red Sea are sensitive to 

UVB radiation, and thus surface viral communities could be reduced. We tested the sensitivity of 

the Red Sea viruses to UVB radiation in terms of their decay and production rates when exposed 

to UVB radiation, and compared with non-exposure to UVB (PAR only) and in the absence of 

light (Dark controls), and in the presence and absence of bacterial hosts. The vertical distribution 

of virus-like particles (VLP) during an oceanographic study indicated that viral abundance was 

higher at the surface layer and decreased with depth, although showed a drastic reduction in the 

abundance at the upper surface in the most transparent stations sampled.  We also were able to 

calculate the % of VLP lost at different depths and season.  Our findings are in agreement with our 

hypothesis that the abundances of viruses in the Red Sea must be reduced due to UVB radiation. 

Nonetheless, the decay rates for microbial communities here in the Red Sea showed lower rates 

compared to those reported for other waters that suggest some adaptation to high UVB levels. We 

also observed the induction of lysogeny under UVB exposure must be explored further as it may 

imply considerable complexity due to host interactions.  

  Our study represents the first research conducted in the Red Sea ecosystem, determining 

changes in the abundances of viruses and bacteria, and investigating lysogenic bacteria. The 
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pioneering results presented in this dissertation are a first step that will require further studies to 

help identifying the role of virus in the dynamics of Red Sea microbial communities.   
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6 Appendix I - Supplementary materials to Chapter 3.2 
 

 

 

 Supplementary Figure 3.2S1  

Changes on virus abundance with time obtained during the monthly 24 hours incubations 

performed for the induction of lysogens.  Blue lines and dots correspond to the mitomycin C (1 µg 

mL-1) treated samples, and orange lines and dots correspond to the untreated controls. The different 

(A) to (L) plots correspond to the different months of prophage induction. Error bars encompass 

the standard errors of three replicates for each incubation time. 

0.0

1.0

2.0

3.0

4.0

0 5 10 15 20 25

December 2017

0.0

0.6

1.2

1.8

2.4

0 5 10 15 20 25

January 2018 B

0.0

1.5

3.0

4.5

0 5 10 15 20 25

February 2018 C

0.0

1.0

2.0

3.0

0 5 10 15 20 25

March 2018 D

0.0

3.0

6.0

9.0

12.0

0 5 10 15 20 25

May 2018 F

0.0

3.0

6.0

9.0

0 5 10 15 20 25

June 2018 H

0.0

2.0

4.0

6.0

0 5 10 15 20 25

May 29 2018 G

0.0

2.0

4.0

6.0

8.0

0 5 10 15 20 25

August 2018 J

0.0

3.0

6.0

9.0

12.0

0 5 10 15 20 25

September 2018 K

0.0

1.5

3.0

4.5

6.0

0 5 10 15 20 25

April 2018 E

0.0

2.5

5.0

7.5

10.0

0 5 10 15 20 25

July 2018 I

0.0

1.5

3.0

4.5

0 5 10 15 20 25

October 2018

Vi
ra

la
bu

nd
an

ce
(×

10
6
m

L-
1 )

Time (h)

L

A


