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Introduction 

“Pass on what you have learned” 

Yoda (Star Wars Episode IV: Return of the Jedi) 

Earth is sometimes called the “Blue Planet”, since >70% of Earth’s surface is 
covered by water (Kaiser et al. 2011). In addition to being so vast, the world´s 
oceans are also full of life, with cautious predictions suggesting around 2 
million different species (Mora et al. 2011), but at present only about 232 000 
species have been discovered and accepted into the World Register of Marine 
Species (WoRMS) database (Horton et al. 2019). A large proportion of the 
organisms are microorganisms, which are central for all life on Earth. 
Microorganisms have a pivotal role in many biochemical cycles, they produce 
approximately half of the planets oxygen, and are the source of food and many 
of the essential compounds for the entire aquatic food web (Kaiser et al. 2011). 
Organisms require, for instance, carbohydrates, fatty acids, protein, trace 
elements and vitamins. In this thesis, I have focused on one essential 
micronutrient; thiamin (vitamin B1), and its dynamics in the aquatic food web. 

Biochemistry of thiamin 
Thiamin is one of eight vitamins in the vitamin B complex, and is essential for 
the conversion of food into energy in all cells and organisms and was previously 
called aneurine or thiamine (Combs 2012). Thiamin is, like all other B-vitamins, 
water-soluble, meaning storage in the cells and body of organisms is limited and 
organisms without the ability to produce thiamin de novo rely on a continuous 
supply and uptake (Cheah et al. 2007; Combs 2012). There are several forms, 
vitamers, of this essential micronutrient (Combs 2012), namely free thiamin 
(TF), thiamin monophosphate (TMP) and thiamin diphosphate (TDP, also 
known as thiamin pyrophosphate or cocarboxylase), which can be summed up 
under the term total thiamin (Ttot). An additional vitamer has also been 
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TDP is essential for three enzymes in the α-ketoacid dehydrogenase 
complex; pyruvate dehydrogenase (EC 1.2.4.1), α-ketoglutarate 
dehydrogenase (EC1.2.4.2) and branched-chain α-ketoacid dehydrogenase 
(EC 1.2.4.4), which are all involved in the Krebs cycle. TDP is also required 
for acetolactate synthase (2.2.1.6) and transketolase (EC 2.2.1.1), which is 
utilized at two points of the pentose phosphate pathway, as well as for DXP-
synthase (EC 2.2.1.7), essential for thiamin and terpenoid biosynthesis 
(Combs 2012; Kraft & Angert 2017; Sañudo-Wilhelmy et al. 2014) (Figure 
2). Furthermore, thiamin is important to ensure proper nerve function, even 
if much of the biochemistry connected to this is largely unknown (Combs 
2012), and can also serve as an antioxidant (Lukienko et al. 2000). If thiamin 
is to be taken up by the cell, it must first be dephosphorylated to TF and 
later phosphorylated to TMP and TDP intracellularly (Manzetti et al. 2014). 
Hence, when investigating thiamin transfer, the level of phosphorylation 
may not be a crucial factor, but can offer other important information about 
the thiamin status of an organism. 

discovered, thiamin triphosphate (TTP), which can serve as a phosphate donor 
for the phosphorylation of some proteins, but little is known about this vitamer 
(Combs 2012). In this thesis, I studied TF, TMP and TDP as well as the sum 
(Ttot) and their dynamics in the food web. TMP is formed by the coupling of 
two precursors, hydroxyethylthiazole (HET) and hydroxymethylpyrimidine 
(HMP) (Helliwell 2017; Jurgenson et al. 2009; Settembre et al. 2003). TMP can 
later be either de-phosphorylated to form TF or phosphorylated to form TDP, 
which also can be formed by the phosphorylation of TF (Zempleni et al. 2007) 
(Figure 1). Recently it was discovered that some phytoplankton species could 
use a HMP-related analog, 4-amino-5-aminomethyl-2-
methylpyrimidine (AmMP), more efficiently than the complete thiamin 
molecule for growth (Gutowska et al. 2017). Furthermore, pico-phytoplankton 
were recently found to be capable of utilizing the HET-related precursor 
carboxythiazole (cHET) (Paerl et al. 2018a) (Figure 1). TDP is the 
metabolically active form of thiamin and functions as a cofactor for enzymes 
involved in the Krebs cycle and pentose phosphate pathway (Foulon et al. 1999; 
Kraft & Angert 2017; Manzetti et al. 2014; Sañudo-Wilhelmy et al. 2014) 
(Figure 2). 
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Figure 1. Generalized biosynthesis pathway, showing salvage and de novo biosynthesis of 
thiamin. Double arrows represent that intermediate steps exists but is not included here. 
Solid black arrows denote core thiamin biosynthesis processes, dashed grey arrows illustrate 
usage of thiamin and salvage of precursors. Red line represent utilization of cHET proposed 
by Paerl et al. (2018a) whilst the dashed orange arrow denote the salvage of AmMP proposed 
by Gutowska et al. (2017). See main text and info box for explanation of abbreviations.  
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Figure 2. Central metabolic pathways with thiamin-dependent steps in yellow. Specific 
enzymes are referred to as separate EC numbers in the info box. Dashed grey lines illustrate 
that intermediate steps exist which are not included here. Based on Settembre et al. (2003), 
Sañudo-Wilhelmy et al. (2014) and Kraft and Angert (2017). 

Thiamin in aquatic environments 
Concentrations of dissolved thiamin in aquatic environments are low, for most 
studied areas even below detection limit, around pM levels (Sañudo-Wilhelmy 
et al. 2012; Suffridge et al. 2018). Concentrations of particulate thiamin under 
natural conditions, bound in bacteria, phytoplankton and other seston, is largely 
unknown with some recent exceptions (Paper II; Suffridge et al. 2018). 
Thiamin concentrations in the dissolved and particulate pools appears to be 
tightly interconnected and there seems to be a dynamic transport between the 
different pools (Suffridge et al. 2018). Producers of thiamin are mainly bacteria 
and phytoplankton, and in some instances, fungi and archaea (Combs 2012; 
Fitzpatrick & Thore 2014; Maupin-Furlow 2018). Still, the ability to produce 
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thiamin is not universal and the bacteria and phytoplankton species that cannot 
produce it de novo depend on an external supply, making them thiamin 
auxotrophs, as opposed to thiamin prototrophs (Croft et al. 2006; Tang et al. 
2010). Species that are thiamin auxotrophs usually lack one of the pathways to 
synthesize the necessary precursors (HET and/or HMP), or the ability to 
combine the two, meaning that some species can meet their thiamin requirement 
by taking up the precursors or thiamin itself (Croft et al. 2006). Exudates from 
other bacteria and phytoplankton has been suggested to be a common source for 
thiamin or the precursors (Carlucci & Bowes 1970a; Carlucci & Bowes 1970b). 
Some bacteria and phytoplankton have been found to regulate their thiamin 
synthesis, depending on the extracellular and intracellular thiamin levels, using 
riboswitches (Bocobza & Aharoni 2014; Cheah et al. 2007; Croft et al. 2007; 
Moulin et al. 2013; Rodionov et al. 2002). Riboswitches are short sequences in 
the mRNA that fix metabolites directly, without using intermediary proteins 
(Croft et al. 2007). The prevalence of riboswitches is not known for all taxa, but 
the capacity to regulate the thiamin synthesis in relation to the surrounding 
concentrations may well be an advantage for some bacteria and phytoplankton 
species, with potential effects on the thiamin dynamics in the aquatic 
environment. Organisms in higher trophic levels, e.g. zooplankton, 
planktivorous and piscivorous fish, cannot produce thiamin and rely on a dietary 
intake of thiamin in order to maintain life-sustaining processes (Combs 2012). 
Excess thiamin can be excreted in the urine, predominantly as TF and TMP, but 
also to some extent as one of the 20 metabolites that exist (Combs 2012), and 
theses metabolites along with exudates from bacteria and phytoplankton 
(Carlucci & Bowes 1970a; Carlucci & Bowes 1970b), could potentially serve 
as a source of thiamin (Figure 3). 

Thiamin auxotrophy, as well as for other B-vitamin auxotrophies (cobalamin 
(B12) and biotin (B7)), is variable among phytoplankton phyla, and large 
differences are present even within the same phylum (Bertrand & Allen 2012; 
Carlucci & Bowes 1970a; Carlucci & Bowes 1970b; Croft et al. 2006; Haines 
& Guillard 1974; Helliwell et al. 2011; Tang et al. 2010) (Figure 4). Around 
three quarters of the investigated members of Cryptophyta, Euglenophyta and 
Haptophyta are thiamin auxotrophs, about half of the investigated Dinophyta 
and Ochrophyta and less than one fifth of the Chlorophyta and 
Heterokontophyta are thiamin auxotrophs. Only one of the investigated 
Rhodophyta is a phytoplankton, while the others are macro algae, but no 
Rhodophyta has been found to require external thiamin (Croft et al. 2006; Tang 
et al. 2010) (Figure 4). As no thiamin auxotrophy has been reported for any 
Cyanophyceae, it is believed that cyanobacteria can produce thiamin de novo 
(Sylvander et al. 2013). Based on whole genome sequencing, many 
cyanobacteria have the required pathways to synthesize thiamin de novo, 
however, most of the investigated cyanobacteria were unicellular species, e.g. 
Synechococcus and Prochlorococcus (Sañudo-Wilhelmy et al. 2014). 
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Figure 3. Illustration of the flow of thiamin in the aquatic food web. Solid black lines show 
transfer through ingestion and dashed lines illustrate potential supply of thiamin, its 
precursors or other metabolites excreted. Illustrations by Martin Brüsin. 

For heterotrophic bacteria, it was previously believed that thiamin 
auxotrophy was at around 20 - 30% (Carini et al. 2014; Gómez-Consarnau et al. 
2018; Niimi et al. 1997; Sañudo-Wilhelmy et al. 2014), but recently it was 
shown that bacterial thiamin auxotrophy is more temporally dynamic and 
widespread than previously thought (Paerl et al. 2018b). Moreover, in addition 
to being a major thiamin producer, bacteria also consume thiamin, even faster 
than most phytoplankton, thereby potentially depleting the available thiamin 
pool and altering the community dynamics (Joglar et al. 2019; Koch et al. 2012). 
As thiamin auxotrophy is so variable both between and within different phyla, 
it is likely that the community composition of bacteria and phytoplankton is an 
important determining factor for the production and transfer of thiamin in 
aquatic environments. For instance, many phytoplankton species that form 
harmful algal blooms (HAB’s) are thiamin auxotrophs (Koch et al. 2012), and 
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have been suggested to take up thiamin more efficiently than the competing 
phytoplankton, thus potentially outcompeting other thiamin auxotrophs (Koch 
et al. 2013). Recently, thiamin and cobalamin amendment experiments with 
phytoplankton and bacterial communities revealed heterogeneous responses of 
growth to vitamin supplement, most probably related to the community 
composition (Joglar et al. 2019). Furthermore, it also indicates a large demand 
of thiamin, as well as competition between phytoplankton and bacteria for these 
essential compounds (Joglar et al. 2019). Shifts in the community composition 
would certainly change the requirements for thiamin over both time and space, 
but this subject needs further research. 

 
Figure 4. Thiamin auxotrophy in separate phyla. Numbers above bar show the number of 
species and strains surveyed for thiamin auxotrophy. Based on Croft et al. (2006) and Tang 
et al. (2010). 
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Even if bacteria and phytoplankton is the main source of thiamin in aquatic 
environments (Combs 2012), little is known about their cellular content, 
utilization and transfer of thiamin in the aquatic food web. Phytoplankton 
thiamin content has been found to vary among species (Brown et al. 1999; De 
Roeck-Holtzhauer et al. 1991; Gutowska et al. 2017; Paper I; Paper III; Paerl 
et al. 2015; Sylvander et al. 2013), under laboratory conditions, whilst data on 
thiamin content of phytoplankton in natural environments are limited (Niimi et 
al. 1997; Suffridge et al. 2018; Paper II). Thiamin content within a 
phytoplankton species can be affected by salinity, temperature, light level 
(Sylvander et al. 2013) and growth phase (Brown et al. 1999) and the effect is 
species-specific. In addition, levels of dissolved thiamin have shown positive 
correlations with phytoplankton biomass (chlorophyll α) (Gómez-Consarnau et 
al. 2018; Ohwada & Taga 1972). In all, this indicates that community 
composition is an important factor when considering the dynamics of thiamin 
at the base of the food web. Furthermore, thiamin content in higher trophic 
levels in aquatic environments has traditionally received more attention, 
including mussels, planktivorous and piscivorous fish and birds (e.g. Amcoff et 
al. 2002; Balk et al. 2016; Balk et al. 2009; Fitzsimons et al. 2005; Keinänen et 
al. 2012; Mörner et al. 2017; Tillitt et al. 2005; Vuorinen et al. 2002). However, 
little is known about the thiamin content in intermediate consumers such as 
zooplankton and crustaceans (Paper I-III), and these organisms are important 
food items for higher trophic levels such as fish. 

Deficiency of thiamin 
For more than four decades, predominantly salmonids have suffered from 
episodic thiamin deficiency and a related reproductive failure, largely expressed 
as increased yolk-sac fry mortality (YSFM) (Bengtsson et al. 1999; Fisher et al. 
1995; Fitzsimons et al. 1999; Harder et al. 2018; Honeyfield et al. 2005a; 
Norrgren et al. 1993). In the Baltic Sea, increased YSFM was first reported in 
1974 for salmon (Salmo salar), and was termed M74, for “miljöbetingad” 
(environmental) and the year of discovery (Bengtsson et al. 1999), (Figure 5). 
Parallel cases have been reported for a range of salmonids in the Laurentian 
Great Lakes (early mortality syndrome, EMS) (Fitzsimons et al. 1999; 
Fitzsimons et al. 2005), and in the New York Finger Lakes (Cayuga syndrome) 
(Fisher et al. 1995), all being maternally transmitted deficiencies of thiamin. 
Typically, yolk-sac fry suffering from thiamin deficiency show a range of 
clinical symptoms, e.g. hyperactivity, ataxia, discoloration of skin and organs, 
precipitate in the yolk-sac, pop eye, lethargy, operculum constantly open and 
ultimately death (Amcoff et al. 2002; Bengtsson et al. 1995; Fitzsimons et al. 
1999; Lundström et al. 1999; Lundström et al. 2002; Norrgren et al. 1993; 
Åkerman & Balk 1998). Mortality rates for the progeny is often 100% 
(McDonald et al. 1998). 



12 
 

 
Figure 5. Yearly average M74 incidence in northern Swedish rivers included in Paper IV. 
Grey-shaded are illustrate yearly max and minimum incidence. Incidence is reported as 
proportion of female salmon (Salmo salar) producing offspring with M74. Data from ICES 
(2019). 

More recently, thiamin deficiency has been suggested to cause paralysis and 
mass death in a number of bird populations in the Baltic Sea area (Balk et al. 
2016; Balk et al. 2009; Mörner et al. 2017). The incidence of M74 is proposed 
to be related to a lipid-rich and unbalanced diet, consisting of small sized 
clupeids such as sprat (Sprattus sprattus), which have a low thiamin per unit 
energy content (Keinänen et al. 2017; Keinänen et al. 2018; Keinänen et al. 
2012). As a lipid-rich diet could increase the oxidative stress in salmon, the long 
pre-spawning fasting of salmon (Karlsson & Karlström 1994) might reduce 
thiamin reserves (Keinänen et al. 2017). Salmon is proposed to feed preferably 
on smaller sprat over herring (Clupea harengus), causing M74 in salmon from 
the Baltic Sea (Karlsson et al. 1999; Keinänen et al. 2012; Mikkonen et al. 
2011). This is contrasting with another study, which found that salmon’s diet 
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consisted of a lower proportion of sprat during high M74 incidence years (1994-
1997), compared to low incidence years (1959-1962) (Hansson et al. 2001). 
EMS in the Great Lakes and the Cayuga syndrome in the Finger Lakes have 
also been suggested to be related to the diet of salmonids, namely the introduced 
species alewife (Alosa pseudoharengus) (Fisher et al. 1998; Fitzsimons et al. 
2010). Compared to many other prey fish, alewife has elevated concentrations 
of thiaminase I, an enzyme that degrades thiamin (Combs 2012; Honeyfield et 
al. 2005b; Tillitt et al. 2005). Baltic species also contain thiaminase I, with 
herring having about ten times higher concentration compared to sprat 
(Wistbacka & Bylund 2008; Wistbacka et al. 2002). Recent reports show that 
thiamin levels and the severity of thiamin deficiency syndromes are different 
among salmonines in the Great Lakes, and issues were proposed to be related 
to the diet (Futia et al. 2019; Futia & Rinchard 2019). A more variable diet was 
suggested to be positive for the thiamin level, as brown trout (Salmo trutta) feed 
on a range of items and had the highest thiamin levels. On the contrary, Chinook 
(Oncorhynchus tshawytscha) and coho salmon (O. kisutch) feeding mainly on 
alewife had the lowest concentrations of thiamin (Futia & Rinchard 2019; 
Yuille et al. 2015). 

 
A recent model of the flow of thiamin in the aquatic food web found that the 

flow of thiamin was constrained when nutrient levels were high, light conditions 
were poor (high light attenuation) and abundance of clupeids was high. These 
conditions caused an elevated biomass of picoplankton, low meso-zooplankton 
abundance and little variation in the plankton community composition, due to 
dominance of picoplankton, which in turn caused the constrained flow of 
thiamin (Ejsmond et al. 2019). Like other salmonids, populations of Baltic Sea 
salmon are anadromous, meaning they reproduce in freshwater streams and 
juvenile stages spend a couple of years in this environment before migration to 
the brackish Baltic Sea. In the Baltic Sea, salmon feeds and grows for 1-3 years, 
and then return to the stream where they were born for spawning (Karlsson & 
Karlström 1994). The majority of the salmon populations that spawn in the 
northern rivers, migrate predominantly to the southern part of the Baltic Proper, 
covering ICES area 26 and to some extent area 25 and 28-2 (Figure 6) (Jutila et 
al. 2003; Kallio-Nyberg & Ikonen 1992; Kallio-Nyberg et al. 2015; McKinnel 
& Lundqvist 1998; Torniainen et al. 2013). During the sea migration period, 
salmon mainly feeds on clupeids, e.g. sprat and herring (Hansson et al. 2001; 
Karlsson et al. 1999). In a recent review by Harder et al. (2018) a series of 
questions, important to understanding the mechanisms of thiamin deficiency in 
fish, were raised. The first two categories of questions were related to thiamin 
production and trophic transfer, topics that Paper I-III in this thesis investigate. 
In addition, the effect of different life history characteristics (e.g. ecological) on 
the development of thiamin deficiency in fish is pointed out, which is studied in 
Paper IV. 
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Study system 
This thesis focuses on the pelagic food web in the Baltic Sea area, specifically 
in the Baltic Proper (ICES areas 24, 25, 26, 27, 28-2 and 29) and Skagerrak 
(ICES area IIIa) (Figure 6). The Baltic Sea is the world’s third largest brackish 
water body, after the Black Sea and the Caspian Sea (Snoeijs-Lejonmalm et al. 
2017). The Baltic Sea area displays a salinity gradient, from around 30 PSU in 
the Skagerrak, decreasing to 7 PSU in the Baltic Proper and further to more 
freshwater-like conditions in the Bothnian Sea (ICES area 30) and Bothnian 
Bay (ICES area 31) (Schiewer 2008). Furthermore, water exchange is limited 
and the water residence time is above 30 years (BACC 2008; Matthäus & 
Schinke 1994). This, in combination with many anthropogenic stressors has had 
severe effects on the aquatic environment and its inhabitants (Casini et al. 2008; 
Möllmann & Diekmann 2012). 

 
Figure 6. Map indicating Swedish rivers (blue dots) where M74 has been monitored (Paper 
IV). Sampling locations for abiotic (Physicals, black x’s) and biotic variables 
(Phytoplankton, green triangles; Zooplankton, orange diamonds) are indicated and grey-
shaded area illustrate main feeding area for salmon (Salmo salar). Solid black lines and 
numbers denote ICES areas. Linnaeus Microbial Observatory (LMO, yellow dot) and 
Gullmar fjord on the Swedish west coast (red dot) sampled in Paper I-III are also included. 
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Historically, regime shifts have restructured all levels in the ecosystem, e.g. 
by changing the community composition of phyto- and zooplankton as well as 
planktivorous and piscivorous fish, causing trophic cascades throughout the 
food web (Alheit et al. 2005; Casini et al. 2009; Möllmann et al. 2009; 
Möllmann et al. 2008; Wasmund et al. 2011). The Baltic Sea is a changing sea, 
with large seasonal differences in for instance temperature, nutrient 
concentrations, abundance and composition of the bacterial, phytoplankton and 
zooplankton community (Bunse et al. 2018; Paper II; Legrand et al. 2015). 
Generally, the productive season starts with a spring bloom, typically composed 
of diatoms (Bacillariophyceae) and dinoflagellates (Dinophyceae), followed by 
a summer bloom of filamentous Cyanophyceae (Aphanizomenon flos-aquae, 
Dolichospermum lemmermannii and Nodularia spumigena) (Bertos-Fortis et al. 
2016; Karjalainen et al. 2007; Klais et al. 2011; Suikkanen et al. 2007; 
Wasmund et al. 1998; Wasmund et al. 2011; Wasmund & Uhlig 2003). 
Zooplankton communities in the Baltic Sea are dominated by copepods 
(Vuorinen et al. 1998; Zervoudaki et al. 2009) and the most common copepod 
species are Acartia spp., Temora longicornis, Pseudocalanus spp., Eurytemora 
hirundoides and Centropages hamatus. In the southern Baltic Sea, abundance 
of the larger Pseudocalanus spp. has decreased since 1980’s whilst the smaller-
bodied Acartia spp. has increased during the same period (Alheit et al. 2005; 
Casini et al. 2004). 

At higher trophic levels, the cod (Gadus morhua) stock collapsed in the mid 
1980’s, connected to overfishing and following recruitment failure due to loss 
of suitable spawning habitats (Bagge et al. 1994; Casini et al. 2008). Also the 
salmon stocks decreased during this period, which further lowered the predation 
pressure on prey fish (Karlsson & Karlström 1994). This predator-release lead 
to an increase of sprat, which have been suggested to have caused cascading 
effects on zooplankton and phytoplankton. In addition, this increase is also 
suggested to affect the herring stocks by increased inter-specific competition 
(Casini et al. 2008; Heikinheimo 2011). Projected future scenarios for the Baltic 
Sea include warmer sea surface temperatures, less ice cover, increased 
precipitation, in conjunction with decreased salinity and higher nutrient loads, 
enhancing eutrophication (Andersson et al. 2015; HELCOM 2018a; HELCOM 
2018b; Meier et al. 2014). Changes in the hydrochemistry will inevitably affect 
the aquatic food web, even if the magnitude and subsequent developments are 
largely unknown. Cyanobacteria that thrive in warmer, stratified waters are 
anticipated to arise earlier and form larger blooms (Bertos-Fortis et al. 2016; 
Neumann et al. 2012; O’Neil et al. 2012; Paerl et al. 2011; Paerl & Huisman 
2008; Paerl & Paul 2012).  
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Altogether, the thiamin deficiencies observed in top predators in different 
aquatic ecosystems are related to the supply of thiamin. However, in spite of the 
fact that thiamin is produced by bacteria and phytoplankton, most of the 
research on this subject has been focused on the higher trophic levels. Therefore, 
this thesis focuses on the thiamin dynamics at the lower trophic levels, covering 
bacteria, phytoplankton and zooplankton, using both field studies and 
experimental studies. We also use monitoring data to explore the abiotic and 
biotic conditions that prevail during thiamin deficiency periods.  
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Aims 

“Research is creating new knowledge” 

Neil Armstrong 

 
The overall aim of this thesis was to provide knowledge on thiamin dynamics 
in the aquatic ecosystem. As thiamin is produced at the base of the food web, 
the work focuses on, but is not exclusive to, the lower trophic levels of the food 
web. Using a range of methods, I specifically aimed to: 

• quantify potential effects of filamentous cyanobacteria on the transfer 
of thiamin from phytoplankton to zooplankton and assess the 
reproductive outcome of zooplankton exposed to cyanobacterial 
filaments (Paper I). 

• investigate the seasonal variation in thiamin content of pico-, nano- and 
microplankton as well as zooplankton, in the Baltic Proper and 
Skagerrak area (Paper II). 

• study the transfer of thiamin from a range of phytoplankton species to 
copepods as well as investigate the effects of thiamin supply on the 
thiamin content in different phytoplankton species (Paper III). 

• identify the underlying environmental factors associated with the 
deficiency syndromes observed in top predators, by assessing the 
structure of the food web over time (Paper IV).  
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A brief overview of the methods used 

“If we knew what it was we were doing, 
it would not be called research, would it?” 

Albert Einstein 

 
The methods used during the work with this thesis cover field sampling (Paper 
II), experimental laboratory work (Paper I & Paper III), chemical composition 
analyses (Paper I-III), as well as historical data mining (Paper IV). As such, 
the thesis rests on four pillars that are further described below whereas the other 
techniques are described in more detail in the individual papers. 

Field sampling  
Seasonal dynamics of phytoplankton, zooplankton and thiamin (Paper II) was 
investigated in the Baltic Sea at Linnaeus Microbial Observatory (LMO; 
N56°55.8540´, E17°3.6420´) as well as in Skagerrak, in the Gullmar fjord 
(N58°15.3270´, E11°27.2195´) (Figure 6). Copepods used in feeding 
experiments in Paper I and Paper III were also sampled at LMO. Copepods 
were collected by oblique hauls from the top 30 m of the water column using a 
plankton net (Ø50 cm, 200-μm mesh size) with a fitted flowmeter (HELCOM 
2017). Seston was sampled in a pooled water sample from 2, 4, 6, 8 and 10 m 
(Paper II). 

Samples for copepod thiamin, particulate organic carbon (POC) and nitrogen 
(PON) were collected by picking approximately 10-50 individuals per genus 
and sample using tweezers, under a stereomicroscope (Olympus SZX7). In 
addition, mixed samples were collected in the same way, but by picking the 50 
first encountered copepods. Thiamin and POC/PON in seston (Paper II) was 
sampled in size fractions by consecutive filtering on Whatman glass fiber filters 
GF/D and GF/F (> 3µm and 0.7-3 µm, respectively). POC/PON samples were 
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collected on precombusted (475ºC, 3h) glass fiber filters. Thiamin samples were 
stored at -80 ºC until further analysis, whilst POC/PON samples were stored at 
-20 ºC until analyzed. 

Field sampling throughout the years was possible thanks to the assistance of 
A. Månsson, K. Bergström, P. Engström and B. Pontiller, as well as the M/S 
Provider crew, Northern Offshore Services (NOS) and E.ON. High frequency 
sampling has been active at LMO since 2011 and at the moment more than 290 
samplings have been performed since the start. Samplings cover 
physiochemical parameters, as well as virus, bacteria, phytoplankton and 
zooplankton, where both abundance, diversity and activity is monitored (Bunse 
et al. 2018; Legrand et al. 2015; e.g. Lindh et al. 2014; Nilsson et al. 2019; 
Paper I-III; Paerl et al. 2018b). Metadata from the LMO time series have been 
used in this thesis for field sampling planning and experimental design and more 
studies and information concerning the sampling at LMO are available at 
Linnaeus University (2019). 

Culturing of phytoplankton 
Phytoplankton strains from Kalmar Algae Collection (KAC), curated by 
Linnaeus University, and Finnish Environment Institute Marine Research 
Centre SYKE MRC/Tvärminne Zoological Station algal and cyanobacterial 
culture collection (Table 1) were used in this thesis. Phytoplankton were 
cultured at 16 ºC under a daily cycle of 16 : 8 h (light : dark) with a light intensity 
of ~100 µmol photons s-1 m-1, in Paper I and Paper III. All cultures were 
grown in f/2 medium (Guillard 1975), using filtered and autoclaved Baltic Sea 
water (0.2 µm, 7 PSU) and all cultures were non-axenic. Nutrients (nitrogen, 
phosphorous and silicate) and vitamins were added according to (Guillard 
1975), while trace metals were added according to L1 media recipe (Guillard & 
Hargraves 1993). Moreover, in Paper III, one treatment was full f/2 medium 
(Full, 296 nM thiamin), while another treatment was a modified f/2 medium, 
with no thiamin added to the medium (Control, 0 nM thiamin). These treatments 
were used to investigate the effect of dissolved thiamin levels on the thiamin 
content of different phytoplankton species. 

KAC has throughout the years been curated by C. Esplund, E. Lindehoff, E. 
Jessen, A. Weissbach, M. Bertos-Fortis, C. Bunse, F. Svensson, L. Mattsson 
and M. Hirwa who all made it possible to perform the experimental studies in 
this thesis (Paper I and Paper III), as well as many more studies.  
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Table 1. Summary of phytoplankton strains from Kalmar Algae Collection (KAC), curated 
by Linnaeus University, and Finnish Environment Institute Marine Research Centre SYKE 
MRC/Tvärminne Zoological Station algal and cyanobacterial culture collection used in the 
separate papers in this thesis. C. Esplund and L.-Å. Gisselson originally isolated the strains 
from KAC and curated CCMP 1302, whilst Kristian Spilling isolated the Skeletonema from 
SYKE MRC/Tvärminne Zoological Station. 

Class Species Strain ID Paper 

Cyanophyceae 
N. spumigena 

KAC 11 I & III 
KAC 13 I 
KAC 66 I 

A. flos-aquae KAC 15 I & III 
D. lemmermannii KAC 16 I 

Bacillariophyceae S. marinoi Skeletonema III 
Prymnesiophyceae P. parvum KAC 39 III 

Chlorophyceae D. tertiolecta CCMP 1302 III 
Cryptophyceae R. salina KAC 30 I & III 

Thiamin analysis  
Thiamin content was analyzed in laboratory cultured phytoplankton and in 
copepods used in feeding experiments (Paper I and Paper III), as well as in 
natural samples of seston and copepods (Paper II). Thiamin was analyzed using 
the protocol by Pinto et al. (2002) with minor modifications consistent with 
(Sylvander et al. 2013). Thawed samples were sonicated in 0.1 M HCl with a 
Vibra-Cell sonicator (volume: 1–1.5 mL; amplitude: 92% for phytoplankton or 
40% for copepod samples, respectively; pulse: 1 s; duration: 1.5 min) on ice. 
Extracts were centrifuged at 16900×g at 10°C during 10 min, after which 700 
µL of the supernatant was centrifuged once more under the same conditions. 
Next, 600 µL of the supernatant was mixed with 550 µL MeOH, 300 µL 1M 
NaOH and 50 µL freshly made 30 mM K3Fe(CN)6. Prior to injection, the mix 
was filtered using a 0.45-µm PTFE/PP syringe filter. Standard solutions (1 µM) 
for the three types of thiamin, free thiamin (TF), thiamin monophosphate (TMP) 
and thiamin diphosphate (TDP) were prepared in 0.1 M HCl and aliquoted in a 
five-point standard series. Blank samples consisted of 600 µL 0.1 M HCl mixed 
with the remaining chemicals. Standards and blanks were treated similar to 
samples, except for the sonication and centrifugation step.  

Thiamin samples were analyzed using a Hitachi Chromaster HPLC system 
with a Purospher®Star NH2 LiChroCART® column (5 µm particle size, 4.6 
mm[I.D.]×250 mm), protected by a Purospher®Star NH2 LiChroCART® guard 
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column (5 µm particle size, 4 mm[I.D.]×4 mm),  a  fluorescence detector 
(excitation wavelength: 375 nm; emission wavelength: 450 nm). Samples were 
kept in the auto sampler at 4 ºC and the column oven was set to 30 ºC. A volume 
of 100 µL was injected and the samples were analyzed with a flowrate of 1 mL 
min–1. Mobile phase consisted of MeOH: 0.1 M phosphate buffer (pH 7.4) 
(43:57). Chromatograms were integrated using the software OpenLab (Agilent 
Technologies), and baselines were drawn automatically and later manually 
inspected. Three types of thiamin were analyzed, TF, TMP and TDP and these 
values were summed up to get the total thiamin content (Ttot). 

Historical data study  
The relationship between the M74 thiamin deficiency syndrome in salmon from 
the Baltic Sea and environmental parameters (both biotic and abiotic) was 
investigated in Paper IV. Even if M74 was first discovered in 1974, data from 
the standardized monitoring of the deficiency syndrome was available starting 
in 1985. In Paper IV, we have investigated the period of 1985-2013 and we 
only included M74-data from the Swedish monitoring program in order to 
ensure that a comparable methodology was used (ICES 2014). M74 has been 
monitored in nine rivers in Sweden throughout the decades (ICES 2019) (Figure 
5; Figure 6; Table 2), however, in our study we calculated the average M74 
incidence for the northern rivers, as M74 in Mörrumsån did not correlate with 
the northern rivers. 
 
Table 2. Coordinates and coverage of M74 data for the Swedish rivers (Paper IV). 
Mörrumsån was excluded from the analysis, as M74 in this river did not correlate with the 
northern rivers.  

River Coordinates (river mouth) M74 Coverage 

Lule N 65° 35.2002'; E 22° 2.5164' 1992-2018 
Skellefte N 64° 42.3834'; E 21° 9.2166' 1992-2018 

Ume/Vindel N 63° 43.0002'; E 20° 19.9998' 1985-2018 
Ångerman N 62° 48.0000'; E 17° 55.9998' 1992-2016; 2018 

Indals N 62° 30.2166'; E 17° 26.2668' 1992-2017 
Ljungan N 62° 19.0002'; E 17° 22.9998' 1992-2003 
Ljusnan N 61° 12.1998'; E 17° 7.9500' 1985-2018 

Dal N 60° 38.5002'; E 17° 27.0000' 1985-2018 
Mörrum N 56° 9.2502'; E 14° 44.8332' 1985-1997 
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As salmon populations migrate to the southern part of the Baltic Sea for 
feeding and growth, environmental parameters from ICES area 25, 26 and 28-2 
were selected and analyzed (Figure 6). Abiotic parameters covered nutrient 
concentrations and hydro climatic variables, whereas biotic parameters were 
represented by biomasses of different phytoplankton classes, zooplankton 
groups and biomass of different age groups of sprat and herring. More 
information on sources of the environmental data is given in Paper IV. For all 
variables, the quarterly average was calculated (January-March = 1, April-June 
= 2, July-September = 3 and October-December = 4) and used in the following 
analyses. Relationships between M74 and biotic and abiotic variables were 
investigated using a Principal Coordinate Analysis (PCO), followed by 
canonical correlation analysis based on distances (CAP) (Anderson & Robinson 
2003; Anderson & Willis 2003), using Primer 7 (Clarke & Gorley 2015). 
Analysis was performed with abiotic and biotic variables from the matching 
year, as well as with the data shifted one year, to account for migration and 
feeding history. Additional information on the statistical analyses is given in 
Paper IV. All data handling, statistical analyses and graphics for Paper I-IV 
was created using R, versions 3.0.3-3.6.0 (R Core Team 2019) and Adobe 
Illustrator.  
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Results and Discussion 

“Now is the time to understand more, so we fear less.”  

Marie Skłodowska-Curie 

Thiamin content of phytoplankton 
Bacteria and phytoplankton are the main producers of thiamin in aquatic 

environments (Combs 2012). However, little is known about the actual 
concentration of thiamin in different phytoplankton species, with some 
exceptions (De Roeck-Holtzhauer et al. 1991; Gutowska et al. 2017; Paerl et al. 
2015; Sylvander et al. 2013; Tang et al. 2010; Paper I; Paper III). Thiamin 
content of phytoplankton differed among species (Sylvander et al. 2013; Paper 
I; Paper III) and even between isolated strains of the same species (Paper I), 
(Figure 7). Furthermore, this thesis shows that the thiamin availability in the 
culture media also affected the thiamin content of some of the investigated 
species (Paper III), (Figure 7). 

Among all investigated phytoplankton species in this thesis, different species 
of filamentous Cyanophyceae (Aphanizomenon flos-aquae, Dolichospermum 
lemmermannii and Nodularia spumigena) displayed the highest thiamin 
content, with 9.6 – 21.1 times higher thiamin content than all other species. P. 
parvum not supplied with thiamin had the lowest thiamin content of the species 
investigated in Paper I and Paper III.  One strain of N. spumigena (KAC 13) 
was found to have the highest total thiamin content (2778 nmol gC-1), followed 
by other filamentous Cyanophyceae (D. lemmermannii: 2125 nmol gC-1 and A. 
flos-aquae: 1617 nmol gC-1). The other investigated species all had lower levels 
and were comparable across classes, ranging from Skeletonema marinoi (674 
nmol gC-1), Prymnesium parvum (281 nmol gC-1), Dunaliella tertiolecta (245 
nmol gC-1) and Rhodomonas salina (227 nmol gC-1) (Figure 7). When 
comparing at class level and combining all the different treatments, with or 
without thiamin addition, the pattern is slightly different. Cyanophyceae still 

https://www.azquotes.com/quote/1369216
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had the highest thiamin content, about 7 times higher than members of 
Cryptophyceae, Chlorophyceae and Prymnesiophyceae, which had the lowest 
levels and 3 times higher than Bacillariophyceae, at intermediate levels. In turn, 
the thiamin content in Bacillariophyceae was about 3 times higher than the three 
lowest thiamin contents in Paper I and Paper III (Cryptophyceae, 
Chlorophyceae and Prymnesiophyceae). Thiamin content in phytoplankton 
examined in this thesis were at similar levels as other reports for these phyla 
(Gutowska et al. 2017; Sylvander et al. 2013), (Figure 7). 

 
Figure 7. Average total thiamin content for different phytoplankton species and strains 
(Paper I & Paper III). Color of bars denote class and error bars illustrate standard 
deviation. x indicate that no additional thiamin was added to culture. Shaded area represent 
range of reported thiamin content for the phytoplankton class reported by De Roeck-
Holtzhauer et al. (1991), Sylvander et al. (2013) and Gutowska et al. (2017). 

Phytoplankton thiamin content has been found to vary depending on growth 
phase (Brown et al. 1999) and to be affected by abiotic stress, like temperature, 
salinity and light (Sylvander et al. 2013). It has been proposed that thiamin 
prototrophs combine synthesis and uptake of thiamin (Gómez-Consarnau et al. 
2015), which could lead to an elevated thiamin content when external thiamin 
is available.  In this thesis, it was found that thiamin availability affected the 
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thiamin content of some phytoplankton species. This was true for both thiamin 
auxotrophs and prototrophs, suggesting that regardless of the ability to produce 
thiamin de novo or not, some species can utilize an external supply of thiamin 
to increase the thiamin content (Paper III). 

Phytoplankton community composition and 
thiamin 
The finding that thiamin concentrations differ among phytoplankton species 
grown under experimental conditions is crucial if we are to understand the 
dynamics involved in the production and transfer of thiamin in the food web. 
However, possibly even more important is to understand if, and how, thiamin 
concentrations vary seasonally and how this relates to the phytoplankton 
community. Thiamin content of the two size fractions of seston (>3 µm and 0.7-
3 µm) investigated displayed seasonal patterns and thiamin content in the two 
fractions was strongly correlated, however often being higher in the smaller size 
fraction (Paper II - Figure 3). Furthermore, total thiamin content in seston was 
higher in the Baltic Sea (Linnaeus Microbial Observatory, LMO) than on the 
Swedish west coast, in the Gullmar fjord (Skagerrak area). Approximately one 
third of the bacteria and picoplankton (Paper II) were too small (<0.7 µm) to 
be caught in any of the size fractions and therefore the thiamin content, 
especially in the smaller size fraction, might be even higher than described in 
Paper II. Furthermore, under experimental conditions, the phytoplankton 
community’s thiamin content was reduced when copepods were present in high 
numbers, indicating a grazer effect on the phytoplankton thiamin levels, 
probably by selective feeding (Paper I). A large proportion of picoplankton and 
bacteria have the genes required to synthesize thiamin de novo, out of 400 
investigated species, 304 (76%) had the pathway (Sañudo-Wilhelmy et al. 
2014). In addition, picoplankton are suggested to have a high thiamin cell-1 
quota (Paerl et al. 2015). Furthermore, bacterial community composition 
change seasonally as well as along the salinity gradient, e.g. in the Baltic Sea 
(Dupont et al. 2014; Herlemann et al. 2011; Lindh & Pinhassi 2018). This, in 
combination to that bacteria can be a major competitor for thiamin (Joglar et al. 
2019; Koch et al. 2012), illustrate the importance of bacteria in the dynamics of 
thiamin in the aquatic environment. However, the actual thiamin content of 
many picoplankton and bacteria is largely unknown and requires further 
research. 

The effect of seston and phytoplankton community composition on seston 
thiamin content for the Baltic Sea communities (Paper II) was analyzed by 
Principal Component Analysis (PCA) (Figure 8A) followed by Pearson 
correlations. The two first principal components (PC) together explained almost 
50% of the variation (PC1=28.4%, PC2=18.9%). PC1 was positively influenced 
by Cyanophyceae, Prymnesiophyceae and Other seston, whereas 
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Cryptophyceae had a negative influence on PC1. Bacillariophyceae negatively 
influenced PC2 while Dinophyceae, Ciliates and Other phytoplankton had a 
positive influence on PC2. PC1 correlated with thiamin content in the larger 
size fraction (r=0.62, p<0.01, n=20) whereas PC2 showed no correlation with 
thiamin content in the larger size fraction (r=0.08, p=0.74, n=20). Hence, 
thiamin content in seston increased with comparatively higher abundances of 
Cyanophyceae, Prymnesiophyceae and Other seston and in contrary 
Cryptophyceae were present in comparatively higher abundances when thiamin 
content in seston was lower. Furthermore, during periods when the thiamin 
content in seston was higher, large Cyanophyceae made up 34% of the 
phytoplankton community biomass, compared to 8% during periods of lower 
thiamin levels (Figure 8B; 8C). Bacillariophyceae, Dinophyceae, Ciliates and 
Other phytoplankton did not seem to affect the thiamin content in seston in the 
larger size fraction. In addition, thiamin content was lower on the Swedish west 
coast, where filamentous Cyanophyceae does not form massive blooms and 
dominate the phytoplankton community, during the summer months. 

 

 
Figure 8. (A) Illustration of Principal Component Analysis, PCA, for phytoplankton 
biomass: sampling × phytoplankton group at LMO (Paper II). Combined score/score 
(points) and loading/loading (arrows) plot for PC1/PC2 with variation explained presented 
in axes labels in percentage. Average phytoplankton community composition at LMO during 
high (B, >676 nmol gC-1) and low (C, <676 nmol gC-1) phytoplankton total thiamin content 
(Paper II).  



27 

This suggests that occurrence of Cyanophyceae is important when 
investigating the thiamin content at the base of the food web. In addition to 
having a high thiamin content per carbon and per cell (Paper I & Paper III), 
Cyanophyceae is also hypothesized to be able to produce thiamin de novo, as 
no thiamin auxotrophy has been reported for this phytoplankton class (Sañudo-
Wilhelmy et al. 2014; Sylvander et al. 2013). However, Cyanophyceae was 
assumed to produce cobalamin (vitamin B12) de novo, until recently when it was 
discovered that they actually produce pseudo-cobalamin, which is less bio-
available (Heal et al. 2017; Helliwell et al. 2016; Walworth et al. 2018). In all, 
this shows that more knowledge is needed on production and actual vitamin 
content in the lower trophic levels if we are to fully understand the dynamics of 
vitamins, and other essential elements, in the aquatic food web. 

Copepod thiamin content 
Prior to Paper I-III, few results had been published that investigate the thiamin 
content in different copepod species or how thiamin was transferred from the 
producers. Copepod thiamin content showed a large variation, related to 
location and copepod species (Paper II), as well as food item (Paper I and 
Paper III) (Figure 9). When combining Paper I-III, average total thiamin 
content in copepods was 360 nmol gC-1 and median was 315 nmol gC-1, but 
thiamin content ranged from 40 to 1440 nmol gC-1, meaning a 36 fold difference 
between the lowest and the highest concentration observed (Figure 9). Even if 
this variation covers spatial, temporal, species-specific differences, as well as 
laboratory and field studies, it still illustrates that copepods as a whole shows a 
large variation in thiamin content. 

Copepod thiamin content was different among copepod genera, with highest 
levels found in Acartia sp., followed by Temora longicornis and Pseudocalanus 
sp. (Paper II – Figure 1). The trend was similar at the two investigated 
locations, LMO in the Baltic Sea and the Gullmar fjord in the Skagerrak area. 
Carbon-specific thiamin content (thiamin normalized to carbon content) only 
differed significantly between the two locations for the mixed copepod 
community. Accordingly, the copepod genera that often dominate the 
zooplankton community, i.e. Acartia spp., T. longicornis and Pseudocalanus 
spp. (Alheit et al. 2005; Casini et al. 2004; Vuorinen et al. 1998; Zervoudaki et 
al. 2009), contained equal amounts of thiamin, per carbon content, in the 
systems (Paper II – Figure 1b). However, thiamin content per copepod 
specimen (pmol ind-1) was significantly higher for copepods from the Gullmar 
fjord, compared to congeners from the Baltic Sea, LMO (Paper II – Figure 1c). 
Moreover, smaller individuals (lower carbon content) had a higher carbon-
specific thiamin content than larger individuals (Paper II – Figure 2; Figure 
9). Higher thiamin content in smaller individuals has also been observed in 
another organism, blue mussels (Mytilus sp.) (Balk et al. 2016). Interestingly, 
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this pattern is contrary to fatty acid and protein content, where larger individuals 
usually have higher levels of both proteins and fatty acids (Gorokhova 2019; 
Helland et al. 2003). This could indicate that thiamin requirement or 
accumulation capacity is higher for smaller than for larger individuals. 

 
Figure 9. Relationship between copepod total thiamin content and carbon content from the 
different papers included in this thesis (Paper I-III). Dashed grey lines illustrate average 
total thiamin content (horizontal) and average carbon content (vertical). 

Thiamin content was higher for copepods fed filamentous Cyanophyceae (A. 
flos-aquae and N. spumigena) than copepods fed the other phytoplankton prey 
species (Paper III – Figure 3). Still, when considering the total thiamin content 
per individual copepod, only minor differences among copepods fed different 
phytoplankton prey were present and filamentous Cyanophyceae did not cause 
elevated thiamin levels per individual copepod (Paper III – Figure 4). Hence, 
the higher carbon-specific thiamin content in copepods fed A. flos-aquae and N. 
spumigena was caused by a lower carbon content in these copepods, suggesting 
that filamentous Cyanophyceae also had negative effects on the copepods 
(Engström-Öst et al. 2017; Paper I; Engström-Öst et al. 2015; Engström et al. 
2000; Koski et al. 1999). 
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Transfer of thiamin from phytoplankton to 
copepods 
While seston thiamin content was found to vary seasonally (Paper II – Figure 
3a), copepod thiamin content did not display the same trend (Paper II – Figure 
1a). This indicates that, especially during periods of high thiamin content in 
seston not all thiamin is available for higher trophic levels, that the transfer is 
disrupted or that concentrations are above the requirements. Furthermore, when 
combining field and laboratory observations, copepod thiamin content 
correlated with thiamin content of seston or phytoplankton (Pearson correlation 
r = 0.40, p<0.001, n = 198) (Figure 10), but this relationship was lower than the 
theoretical 1:1 relationship. 
 

 
Figure 10. Relationship between copepod total thiamin content and phytoplankton thiamin 
content from the different papers included in this thesis (Paper I-III). Linear correlation is 
illustrated by solid black line, whilst the dashed red line demonstrates the theoretical 1:1 
relationship. 
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Still, thiamin content in copepods was sometimes higher than its 
phytoplankton prey when the phytoplankton were more easily foraged and 
ingested, e.g. D. tertiolecta and R. salina, displayed by a thiamin ratio of >1 
(Figure 11) (Paper I - III). Although filamentous Cyanophyceae were found to 
have noticeably higher thiamin content than most other species (Figure 7), the 
presence of filaments and only exudates (Filtrate) reduced the thiamin ratio, 
compared to when copepods fed solely on R. salina (Figure 11). The lower 
thiamin ratio in the presence of filamentous Cyanophyceae was caused by lower 
thiamin content in copepods fed this mix compared to copepods fed only R. 
salina (Paper I). Likewise, the thiamin ratio was lowest when the 
phytoplankton community largely consisted of filamentous Cyanophyceae and 
the thiamin ratio was always lower at LMO compared to the Gullmar fjord, with 
no Cyanophyceae present in the latter during the study period (Paper II). 

 
Figure 11. Average thiamin ratio (copepod total thiamin content divided with prey total 
thiamin content) for the separate papers included in this thesis (Paper I-III). For Paper III, 
the different treatments are denoted by black (Full thiamin) and white bars (Control, no 
additional thiamin). Dashed red line show a thiamin ratio of 1. Error bars illustrate standard 
deviation. 
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Copepod thiamin content did not display any large seasonal variation, so the 
lower thiamin ratio during summer was presumably caused by high seston 
thiamin content, likely caused by the high contribution of filamentous 
Cyanophyceae to the phytoplankton community biomass. Additionally, when 
supplied with monospecific phytoplankton cultures the thiamin ratio was lowest 
when copepods were fed A. flos-aquae and N. spumigena and highest when 
feeding on D. tertiolecta and R. salina (Paper III) (Figure 11). Presence of 
filamentous Cyanophyceae is usually coupled to negative effects for 
zooplankton, related to mortality and reproduction (Engström-Öst et al. 2002; 
Hogfors et al. 2014; Paper I). The negative effect are proposed to be due to 
morphology and difficulties handling the filaments (Gliwicz & Siedlar 1980), 
production of non-ribosomal peptides, like nodularin (Mazur-Marzec et al. 
2016), and low quality as food, based on fatty acid composition (Ahlgren et al. 
1992). Transfer of compounds from phytoplankton to zooplankton has 
previously focused on macronutrients (carbon, nitrogen and phosphorous), 
lipids and proteins (Ahlgren et al. 2005; Anderson et al. 2005; Hessen et al. 
2013; Hiltunen et al. 2015; Karpowicz et al. 2019; Müller-Navarra et al. 2000; 
Müller-Navarra & Huntley 2013; Ravet et al. 2010; Strandberg et al. 2015; 
Tiselius et al. 2012). Phytoplankton fatty acid profiles were recently found to 
be altered by thiamin amendment and the fatty acid pattern was transferred to 
the copepod predator (Chi et al. 2018; Chi et al. 2019). In this thesis, copepods 
were found to have a less variable thiamin content than its prey (Paper I - III). 
This could suggest that copepods might only be able to accumulate a certain 
amount of thiamin or are capable to maintain a homeostasis for thiamin, similar 
to what has been found for macronutrients and lipids (Andersen & Hessen 1991; 
Brett et al. 2006). 

Thiamin vitamers 
Even if thiamin must be transformed to free thiamin (TF) to be taken up 
(Manzetti et al. 2014) and the level of phosphorylation may not be a crucial 
aspect when assessing thiamin transfer, it can still offer important information 
on the thiamin dynamics within an organism. Various relationships for the 
vitamers (TF, TMP and TDP) and the sum of these (Ttot) have been proposed to 
indicate thiamin deficiency in different organisms, predominantly in higher 
trophic levels, or simply describe the thiamin status. For instance, the proportion 
of the metabolically active form TDP (Foulon et al. 1999; Sañudo-Wilhelmy et 
al. 2014) in relation to the total amount of thiamin, also called TDP ratio or % 
TDP, can be used to describe the thiamin status (Balk et al. 2016; Brown et al. 
1998; Sylvander et al. 2013). Another suggested indicator is the TMP : TDP 
ratio, which was found to be lower in thiamin-depleted lake trout (Salvelinus 
namaycush) (Ottinger et al. 2014). Also, the phosphorylation ratio 
((TMP+TDP)/TF) can be used to describe the thiamin status in various tissues 



32 
 

and organisms (Fisher et al. 1998; Ihara et al. 2005). Besides calculating ratios, 
only investigating the relative contribution of the different vitamers to the total 
thiamin content can also provide vital information. Generally, thiamin is present 
in the un-phosphorylated form TF in plants, while in animal tissues the TDP 
vitamer is more frequently present (Combs 2012) and was the main vitamer in 
blue mussels and common eider (Somateria mollisima) (Balk et al. 2016; 
Mörner et al. 2017). In this thesis, copepods were found to have a higher 
proportion of TDP than seston, but it was not the main vitamer present (Figure 
12A), as the maximum proportion was 30% but the average TDP ratio in 
copepods was only ~19% (Paper II). 

In seston, most of the thiamin was present in the form of TF (Figure 12B; 
12C), conforming to the general findings for plants (Combs 2012). Moreover, 
the relative contribution of the different vitamers was different when the 
copepods where fed phytoplankton cultures in feeding experiments (Figure 
12D) compared to field sampled copepods (Figure 12A), potentially related to 
the supply of thiamin. The TDP ratio was much lower in copepods from the 
feeding experiment (Paper III) than copepods from the field study (Paper II), 
instead TMP was the most abundant vitamer in copepods from feeding 
experiments. Furthermore, most of the phytoplankton species in Paper III 
(Figure 12E) had a higher TDP ratio than larger and smaller seston investigated 
in Paper II (Figure 12B; 12C). However, the two Cyanophyceae both had a 
lower proportion of TDP, more similar to the vitamer composition of larger and 
smaller seston. The similar thiamin profile could be because filamentous 
Cyanophyceae was present throughout the study period. The distribution of 
thiamin vitamers in primary producers has received limited attention (Sylvander 
et al. 2013), and using the thiamin profile to investigate thiamin status might be 
more complicated in producers than in organisms at higher trophic levels. 
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Figure 12. Average proportions of different thiamin vitamers and phosphorylation ratio 
((TMP+TDP)/TF) in copepods (A), larger seston (B) and smaller seston (C) at Linnaeus 
Microbial Observatory (Paper II) and in copepods (D) and phytoplankton species (E) from 
Paper III. Different thiamin vitamers are presented as free thiamin (TF; black), thiamin 
monophosphate (TMP; grey) and thiamin diphosphate (TDP; white) against left y-axis. 
Phosphorylation ratio is denoted as blue triangles against right y-axis. In D and E, different 
treatments are separated by full thiamin (F) and Control (C), with no additional thiamin.  
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Large-scale changes and thiamin deficiency 
syndrome 
Thiamin transfer in the aquatic food web has been proposed to be affected by 
alterations of abiotic conditions and concurrent changes in the marine food web 
(Ejsmond et al. 2019), even if mechanistic studies are necessary. Salmon 
populations that spawn in the northern rivers, migrate to a common feeding 
ground in the southern part of the Baltic Sea which cover ICES area 26 and to 
some extent area 25 and 28-2 (Figure 6) (Jutila et al. 2003; Kallio-Nyberg & 
Ikonen 1992; Kallio-Nyberg et al. 2015; McKinnel & Lundqvist 1998; 
Torniainen et al. 2013). This could potentially explain why the incidence of 
thiamin deficiency was found to strongly correlate for the northern rivers 
included in the study. Examining the relationship between thiamin deficiency 
in salmon from the Baltic Sea (M74) and a collection of abiotic and biotic 
variables, we discovered that M74 was strongly associated with large-scale 
changes in the ecosystem (Paper IV – Figure 3) (Figure 13). Markedly, 
correlations between M74 and the biotic and abiotic variables were stronger 
when the data were shifted one year, meaning we investigated the effect on M74 
of conditions from the preceding year (Paper IV – Figure 3; Figure S3). 

Thiamin deficiency peaked after periods of freshening (low salinity and high 
oxygen) in the salmon feeding area (Figure 5; Figure 6). Higher levels of 
nitrogen and lower levels of phosphate characterized these periods. Also, related 
alterations in the abundance and community composition of phytoplankton, 
zooplankton and planktivorous fish were found. Elevated offspring mortality 
associated to M74 was related to higher biomasses of both sprat and herring in 
the preceding year (Figure 13) (Paper IV). M74 has previously been shown to 
correlate with the size of the sprat stock (Karlsson et al. 1999; Keinänen et al. 
2017; Keinänen et al. 2012; Mikkonen et al. 2011), and also recent modeling 
suggest that the transfer of thiamin may be disrupted when the prey biomass is 
high, i.e. abundance of planktivorous fish (Ejsmond et al. 2019). M74 has also 
been suggested to be caused by salmon feeding on smaller individuals, 
especially sprat that have a relatively low thiamin concentration per unit energy 
(Keinänen et al. 2017; Keinänen et al. 2018; Keinänen et al. 2012). Yet, this is 
contrasting with another study, which found that salmon’s diet consisted of a 
lower proportion of sprat during high M74 incidence years (1994-1997), 
compared to low incidence years (1959-1962) (Hansson et al. 2001). 
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Figure 13. Schematic illustration of how large-scale changes in abiotic and biotic conditions 
in the Baltic Sea are associated with the thiamin deficiency syndrome M74 in salmon (Salmo 
salar) (Paper IV). Illustrations by Martin Brüsin. 

This thesis also found that high M74 incidence was also associated to lower 
abundances of Pseudocalanus spp. and higher abundances of Acartia spp. 
(Figure 13) (Paper IV). Sprat and herring prey selectively on Pseudocalanus, 
Eurytemora affinis and Temora longicornis over Acartia (Casini et al. 2004; 
Flinkman et al. 1992; Ojaveer et al. 2018), and this might be the reason for the 
observed reduction of Pseudocalanus over the last 30 years in the Baltic Sea 
(Alheit et al. 2005; Möllmann et al. 2003) and an overall changed composition 
of the zooplankton community (Kornilovs et al. 2001). Pseudocalanus spp. is 
larger than Acartia spp. whilst E. affinis and T. longicornis are similar in size 
but more conspicuous than Acartia spp. (Flinkman et al. 1992; Ojaveer et al. 
2018). Acartia had the highest carbon-specific total thiamin content of the 
investigated copepod species (Paper II), and this could indicate that sprat and 
herring forage more on the larger and more conspicuous copepod species than 
the smaller, less conspicuous Acartia, thereby potentially reducing the transfer 
of thiamin. 
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Similarly, the phytoplankton community has changed during the period that 
the relationship between M74 and large-scale changes in the Baltic Sea was 
investigated. Previous studies have described shifts in the phytoplankton 
community composition as well as biomass and have suggested relationships to 
altered environmental conditions (Klais et al. 2013; Klais et al. 2011; Olli et al. 
2011; Wasmund et al. 2013; Wasmund et al. 2011), and this is in line with the 
findings in Paper IV. A higher biomass of Euglenophyceae, Cryptophyceae, 
Diatomophyceae and Dinophyceae and lower biomass of Chrysophyceae was 
related to a higher M74 incidence in the following year. Phytoplankton 
community composition can be used to estimate the food quality for higher 
trophic levels, especially for fatty acid content and composition profiles 
(Jónasdóttir 2019; Ruess & Müller-Navarra 2019; Vargas et al. 2006). For 
instance, diatoms and haptophytes contain high levels of fatty acids, while 
dinophytes and chlorophytes have much lower levels, and cyanobacteria is a 
poor producer of highly unsaturated fatty acids (Jónasdóttir 2019). This is 
contrasting to the thiamin content for these classes of phytoplankton, where 
Cyanophyceae have the highest levels of thiamin, and the thiamin content was 
lower and less variable for the other phytoplankton (Figure 7) (De Roeck-
Holtzhauer et al. 1991; Gutowska et al. 2017; Paper I; Paper III; Paerl et al. 
2015; Sylvander et al. 2013; Tang et al. 2010). However, the transfer of thiamin 
to copepods was lower during summer, when filamentous Cyanophyceae made 
up a larger part of the community (Paper II), and also in feeding experiments 
the transfer was lower for filamentous Cyanophyceae (Paper I & Paper III). 

Years when M74 was elevated were found to be preceded by years of high 
nitrogen and lower phosphate levels. High nutrient levels was suggested to be 
related to a constrained flow of thiamin in the food web in a recent model 
(Ejsmond et al. 2019). Furthermore, periods foregoing high M74 periods had 
lower salinity and higher oxygen levels, primarily due to a deeper halocline 
where fresher (lower salinity) and oxygen-rich surface waters reached deeper 
down in the water column. These episodes of stagnation are in-between strong 
inflows of saline Atlantic water into the Baltic Sea, known as Major Baltic 
Inflows (Mohrholz 2018; Mohrholz et al. 2015). In all, we identified a number 
of large-scale changes covering hydrography and several trophic levels as being 
key in order to understand the origin of the episodically occurring thiamin 
deficiencies in top predators. This indicates that the explanation for the 
outbreaks of thiamin deficiency could be more complex than a case of increased 
feeding of small-sized, lipid-rich prey.  
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Conclusions 

This thesis has expanded our knowledge on the thiamin dynamics in the aquatic 
food web, by providing new insights on the content of different phytoplankton 
and zooplankton species, transfer of thiamin between trophic levels, along with 
the temporal and spatial variation of thiamin in the lower trophic levels. In 
addition, the importance of community composition on the levels of thiamin, 
related to species-specific thiamin content, was emphasized. Furthermore, 
possible connections between the episodic thiamin deficiency observed in 
salmon and large-scale changes in certain variables were analyzed, thereby 
offering a foundation for future mechanistic studies. 

Filamentous Cyanophyceae were found to have the highest total thiamin 
content, considerably higher than other phytoplankton species, from a range of 
classes. In this thesis, it was also shown that seston thiamin content was elevated 
when Prymnesiophyceae and filamentous Cyanophyceae made up a large part 
of the phytoplankton community. However, high thiamin content in 
Cyanophyceae was only transferred to copepods in sub-optimal levels, and 
caused reduced copepod reproduction, probably related to difficulties 
ingesting/digesting the filaments. Thiamin content of copepods was related to 
the thiamin content of its prey, even if the correlation often was lower than the 
theoretical 1:1 relationship. The transfer was higher for more easily ingested 
prey and seemed to be more dependent on prey traits than thiamin content per 
se. Among the most abundant zooplankton in the Baltic Sea, inter-specific 
differences in thiamin content of copepods were present. Moreover, even 
congeners but from different locations displayed different thiamin contents. 
Thiamin deficiency was related to changes in all trophic levels, along with 
changes in several abiotic conditions. Together with the findings of species-
specific, as well as seasonal and spatial variation in thiamin content and 
consecutively the transfer of thiamin, the connectivity of the food web is 
illustrated and also the need to consider this in environmental management.  
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Previous research investigating transfer of elements has largely been focused 
on macronutrients, lipids and proteins. This thesis emphasizes the importance 
of thiamin in the aquatic environment and the need to broaden our investigations 
to include vitamins but also traits specific to prey and consumers when 
considering food quality. Future research should further investigate the factors 
controlling the transfer of thiamin, as well as aim to expand our knowledge on 
species-specific, temporal and spatial differences in the thiamin content in 
different parts of the food web.  
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