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Abstract 13 

Genetic adaptation and phenotypic plasticity facilitate the invasion of new habitats 14 

and enable organisms to cope with a rapidly changing environment. In contrast to genetic 15 

adaptation that spans multiple generations as an evolutionary process, phenotypic plasticity 16 

allows acclimation within the life-time of an organism. Genetic adaptation and phenotypic 17 

plasticity are usually studied in isolation, however, only by including their interactive 18 

impact, we can understand acclimation and adaptation in nature. We aimed to explore the 19 

contribution of adaptation and plasticity in coping with an abiotic (salinity) and a biotic 20 

(Vibrio bacteria) stressor using six different populations of the broad-nosed pipefish 21 

Syngnathus typhle that originated from either high or low saline environments. We 22 

hypothesized that wild S. typhle populations are locally adapted to the salinity and prevailing 23 

pathogens of their native environment, and that short-term acclimation of parents to a novel 24 

salinity may aid in buffering offspring phenotypes in a matching environment. To test these 25 

hypotheses, we exposed all wild caught animals, to either high or low salinity, representing 26 

native and novel salinity conditions and allowed animals to mate. After male pregnancy, 27 

offspring was split and each half was exposed to one of the two salinities and infected with 28 

Vibrio alginolyticus bacteria that were evolved at either of the two salinities in a fully 29 
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reciprocal design. We investigated life history traits of fathers (offspring survival, offspring 30 

size) and expression of 47 target genes in mothers and offspring.  31 

Pregnant males originating from high salinity exposed to low salinity were highly 32 

susceptible to opportunistic fungi infections resulting in decreased offspring size and 33 

number. In contrast, no signs of fungal infection were identified in fathers originating from 34 

low saline conditions suggesting that genetic adaptation has the potential to overcome the 35 

challenging conditions of low salinity. Genetic adaptation increased survival rates of 36 

juveniles from parents in lower salinity (in contrast to those from high salinity). Juvenile 37 

gene expression indicated patterns of local adaptation, trans-generational plasticity and 38 

developmental plasticity. The results of our study suggest that pipefish locally adapted to 39 

low salinity retain phenotypic plasticity, which allows them to also cope with ancestral 40 

salinity levels and prevailing pathogens.  41 

Keywords:  42 

Transgenerational plasticity, genetic adaptation, local adaptation, phenotypic plasticity, 43 
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 45 

 46 

1. Introduction 47 

Genetic adaptation and phenotypic plasticity (Chevin, Lande et al. 2010) facilitate 48 

the invasion of new habitats and permit coping with the consequences of global climate 49 

change (Brierley and Kingsford 2009, Poloczanska, Brown et al. 2013, Urban 2015). 50 

Genetic adaptation is a multigenerational process spreading in the population over the rise 51 

and fixation of novel mutations (Chatterjee, Pavlogiannis et al. 2014), or over selection on 52 

standing genetic variation and shifts in allele frequency (Barrett and Schluter 2008, 53 

Eizaguirre, Lenz et al. 2012, Torda, Donelson et al. 2017). In contrast, phenotypic plasticity 54 

is an individual trait that enables organisms of one genotype to show multiple, alternative 55 
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phenotypes in response to biotic or abiotic conditions (West-Eberhard 1989). The 56 

environment influences the phenotype (Chevin, Lande et al. 2010) and elicits changes in 57 

gene expression, which can then impact individual development, morphology, physiology 58 

and behavior (Angers, Castonguay et al. 2010). Phenotypic responses can occur within the 59 

life-time of an organism (reversible and developmental plasticity) or persist across one or 60 

several generations (trans-generational plasticity).  61 

Trans-generational plasticity (TGP) is the non-genetic inheritance of an alternative 62 

phenotype by transferring nutrients, hormones, proteins or epigenetic marks from the parent 63 

to the offspring generation (Sunday, Calosi et al. 2014). The impact of TGP may differ 64 

among species, life stages and abiotic conditions (Uller, Nakagawa et al. 2013, Laland, Uller 65 

et al. 2014) as well as the biotic interaction partners (e.g. parasite type or strain) 66 

(Beemelmanns and Roth 2016, Beemelmanns and Roth 2016, Beemelmanns and Roth 2017, 67 

Roth, Beemelmanns et al. 2018). TGP can be adaptive and result in increased offspring 68 

performance when environmental conditions of parental and offspring generations match 69 

(Sunday, Calosi et al. 2014). This has been shown for instance in wild Atlantic silversides 70 

exposed to ocean acidification (Murray, Malvezzi et al. 2014) or in three-spine sticklebacks 71 

exposed to heat stress (Shama and Wegner 2014). However, TGP can also induce negative 72 

carry-over effects (Eriksen, Bakken et al. 2006, Marshall 2008), e.g. increased mortality in 73 

the early life stages of sticklebacks upon changes in salinity levels (Heckwolf, Meyer et al. 74 

2018). Adaptive phenotypic plasticity allows organisms to survive and reproduce in a novel 75 

environment but was suggested to slow down genetic adaptation by buffering against the 76 

effects of natural selection (Kelly 2019).Whether TGP is enhancing or constraining 77 

adaptation is still debated and may depend on various factors such as species, traits or the 78 

level of current environmental variability and predictability (Reed, Waples et al. 2010, Lind, 79 

Zwoinska et al. 2020).  80 
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The interactive contribution of genetic adaptation and phenotypic plasticity in invading new 81 

habitats and coping with climate change has been rarely addressed, instead, the two 82 

mechanisms were mainly studied in isolation (Gienapp, Teplitsky et al. 2008). However, to 83 

depict and understand biological responses to climate driven environmental changes, we 84 

need models (Donelson, Sunday et al. 2019) and experiments (Kelly 2019) addressing such 85 

mechanisms simultaneously. An approach to study the interaction between genetic 86 

adaptations and phenotypic plasticity are space-for-time experiments (Blois, Williams et al. 87 

2013, Kelly 2019), where organisms living along a natural gradient can serve as a prediction 88 

for how organisms can cope with future environmental conditions (Reusch, Dierking et al. 89 

2018).  90 

Even though salinity shifts are predicted to have strong implications for coastal populations 91 

(Meier, Kjellstrom et al. 2006, Andersson, Meier et al. 2015, Kniebusch, Meier et al. 2019), 92 

the main focus of climate change research still lies on warming and acidification studies (but 93 

see DeFaveri and Merila 2014, Hasan, DeFaveri et al. 2017, Heckwolf, Meyer et al. 2018). 94 

Changing ocean salinity will have major impacts on coastal and polar ecosystems (Gibson 95 

and Najjar 2000, Loder, van der Baaren et al. 2015), because of the overriding effects on the 96 

physiology of aquatic organisms (Morgan and Iwama 1991, Velasco, Gutierrez-Canovas et 97 

al. 2019), comprising metabolism, growth, development, immunity and reproduction in 98 

teleost fishes (Haddy and Pankhurst 2000, Boeuf and Payan 2001). Osmoregulation enables 99 

marine organisms to acclimate to different salinity levels but consumes up to 50% of the 100 

fish’s total energy budget (Boeuf and Payan 2001). High energy demand for osmoregulation 101 

results in metabolic trade-offs (DeWitt, Sih et al. 1998), which makes genetic adaptation to 102 

novel salinities important. 103 

The Baltic Sea is particularly prone to future reductions in salinity due to little water 104 

exchange with the North Sea and river runoffs from the surrounding countries. Increased 105 
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precipitation in the northern part may cause a decrease by up to 30% in surface salinity by 106 

the end of the century (Meier, Kjellstrom et al. 2006, Andersson, Meier et al. 2015). Already 107 

today, the Baltic Sea is characterized by a strong salinity gradient ranging from 30 PSU in 108 

the transition to the North Sea to an almost freshwater environment in the north-eastern parts 109 

making it an ideal setting for space for time experiments (Blanquart and Gandon 2013, 110 

Heckwolf, Meyer et al. 2018). The stability of the salinity gradient (Janssen, Schrum et al. 111 

1999, Hinrichs, Jahnke-Bornemann et al. 2019), the energetic cost of both, osmoregulation 112 

(Boeuf and Payan 2001) and phenotypic plasticity (DeWitt, Sih et al. 1998), promote genetic 113 

adaptation in teleost fishes towards different salinity levels in the Baltic Sea (DeFaveri and 114 

Merila 2014, Berg, Jentoft et al. 2015, Guo, DeFaveri et al. 2015, Guo, Li et al. 2016). If 115 

salinity levels in the new environment are relatively stable, genetic assimilation was 116 

suggested to result in reduced plasticity and more adaptive genotypes (Angers, Castonguay 117 

et al. 2010). Adaptation to the low salinity conditions of the Baltic Sea and the isolation from 118 

the Atlantic source population is also accompanied by a loss of genetic diversity 119 

(Johannesson and Andre 2006, Holmborn, Goetze et al. 2011). Therefore, adaptation to low 120 

salinity may result in reduced osmoregulatory plasticity, such as changes in kidney 121 

morphology and gene expression (Hasan, DeFaveri et al. 2017), and thus hamper the ability 122 

to cope with further salinity fluctuations. TGP may not be sufficient to buffer the negative 123 

impacts of salinity change (Heckwolf, Meyer et al. 2018), in particular if salinity is subject 124 

to strong fluctuations and if populations are locally adapted. However, increased selection 125 

due to negative carry-over effects may facilitate rapid adaptation but may also reduce genetic 126 

variation, which raises the risk of extinction (Heckwolf, Meyer et al. 2018). Unclear remains 127 

whether strong selection for genetic adaptation to low saline environments generally resulted 128 

in a reduction of phenotypic plasticity or whether, alternatively, animals have evolved 129 

different strategies to cope with salinity changes. 130 
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A suitable organism to study the interactive contribution of genetic adaptation and 131 

phenotypic plasticity is the sex-role reversed broad-nosed pipefish Syngnathus typhle 132 

(Syngnathidae, Teleostei). S. typhle inhabits a wide range of waters with different salinity 133 

levels along the European coastline from the Black Sea in Eastern Europe to the 134 

Mediterranean Sea and from the Eastern Atlantic to the north of the Baltic Sea (Wilson and 135 

Veraguth 2010). TGP in response to immune and temperature challenges has been 136 

demonstrated in broad-nosed pipefish in numerous studies (Beemelmanns and Roth 2016, 137 

Beemelmanns and Roth 2017, Roth and Landis 2017) as well as the impairing effect of low 138 

salinity on the immune system (Birrer, Reusch et al. 2012). Beyond the direct impact of 139 

salinity changes on organisms and populations (genotype x environment interaction, GxE), 140 

salinity shifts may increase or decrease the virulence of parasites and pathogens (genotype 141 

x genotype x environment interaction, GxGxE) (Stockwell, Purcell et al. 2011, Hall, Vettiger 142 

et al. 2013, Poirier, Listmann et al. 2017) and alter co-evolutionary dynamics between host 143 

and pathogens (Mostowy and Engelstadter 2011, Molnar, Kutz et al. 2013, Brunner and 144 

Eizaguirre 2016, Kutzer and Armitage 2016). 145 

The abundance and virulence of opportunistic and omnipresent marine pathogens, 146 

such as several strains of the Vibrio bacteria clade (Baker-Austin, Trinanes et al. 2017) are 147 

modulated by salinity and temperature (Chen, Li et al. 2011, Oberbeckmann, Wichels et al. 148 

2011, Baker-Austin, Trinanes et al. 2017). Vibrio alginolyticus frequently infects pipefish 149 

in the Baltic Sea (Roth, Keller et al. 2012) and is known to cause higher mortality in artemia 150 

and herring at low salinity (Dayma, Raval et al. 2015, Poirier, Listmann et al. 2017). 151 

Increases in bacterial virulence are evoked due to a combination of phenotypic changes, 152 

including bacterial biofilm formation (Dayma, Raval et al. 2015, Kim and Chong 2017) and 153 

the expression of bacterial motility and virulence factors (Hase and Barquera 2001). We 154 

hypothesized that genetic adaptation of the pipefish to local salinity and the prevailing 155 
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pathogens may compensate for the previously observed drop of immunological activity in 156 

case of exposure to decreasing salinities (Birrer, Reusch et al. 2012, Poirier, Listmann et al. 157 

2017) and, hence, has the potential to reduce the negative impact of pathogens like Vibrio 158 

bacteria (Roth, Keller et al. 2012). 159 

To explore how pipefishes have genetically adapted to long-term salinity changes 160 

and how this adaptation influences their phenotypic plasticity to cope with short-term shifts 161 

in salinity, we compared the potential of pipefish originating from either high or low salinity 162 

environments to react towards salinity shifts with developmental and trans-generational 163 

plasticity. Furthermore, we investigated how adaptation and acclimation of the pipefish host 164 

and the bacterial Vibrio pathogen to high and low salinity changes the host-pathogen 165 

interaction. We tested the following hypotheses: 1) S. typhle populations are genetically 166 

adapted to the salinity in their local habitat, 2) adaptive trans-generational plasticity in 167 

matching parental and offspring salinity results in enhanced juvenile survival and matching 168 

gene expression pattern in the parental and offspring generation, 3) S. typhle populations 169 

locally adapted to low salinity have reduced phenotypic plasticity and are not able to cope 170 

with ancestral salinity levels, and 4) bacterial virulence is higher at low salinity. 171 

To investigate how S. typhle have adapted towards their local salinity and local pathogens 172 

in the past (genetic adaptation) and to assess their consecutive acclimation potential 173 

(phenotypic plasticity) towards salinity shifts and their immune response towards a bacterial 174 

infection, we collected six S. typhle populations in the Baltic Sea. Fish were collected at 175 

three sampling sites with high saline conditions and at three sampling sites with low saline 176 

conditions. In a laboratory aquaria experiment, animals were exposed to either their native 177 

salinity (high or low respectively) or the salinity of the other three populations (novel 178 

salinity). Upon successful male pregnancy, offspring were exposed to either native or novel 179 

salinity conditions, in a fully reciprocal design. Subsequently, juvenile fish were injected 180 
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with a V. alginolyticus strain that evolved for 90 days either at low or high salinity in the 181 

laboratory. In addition to life history traits and mortality, we investigated the expression of 182 

47 target genes involved in (i) general metabolism, (ii) immune response, (iii) gene 183 

regulation (DNA and histone modification) and (iv) osmoregulation.  184 

 185 

2. Material and Methods 186 

2.1 Sampling of adult pipefish populations 187 

The parental Syngnathus typhle generation was caught in seagrass meadows of six 188 

sampling sites along the German coastline of the Baltic Sea in spring 2017 (Figure 1 & Table 189 

1). Three sampling sites are characterized by relatively high salinity conditions (14 - 17 PSU; 190 

high salinity origin; H) and three sampling sites by relatively low salinity conditions (7 - 11 191 

PSU; low salinity origin, L; Table 1). Salzhaff was assigned the category low because 192 

salinity drops are common after rainfall accompanied with freshwater discharge due to 193 

enclosed morphology of the inlet. Therefore, pipefish in Salzhaff are likely to be exposed to 194 

salinity levels below 10 PSU. A minimum of 30 non-pregnant males and 30 females were 195 

caught snorkeling with hand nets at each sampling site at depths ranging between 0.5 and 196 

2.5 m. At each sampling site, water temperature and salinity were measured from water 197 

collected about 1 m below the surface using a salinometer (WTW Cond 330i).  198 

	  199 
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 200 

Table 1: Pipefish sampling sites with coordinates, sampling date and ambient salinity and water 201 
temperature.  202 

Sampling sites 
(Abbreviation) 

GPS Coordinates Salinity 
(PSU) 

Salinity 
(Category) 

Water 
Temperature 

(°C) 
Flensburg Fjord 

Westerholz (Flens) 
54°49’14 N 
9°40’26 E 

  17   High 15 

Kiel Fjord 
Falckensteiner Strand (Falck) 

54°49'26 N  
10° 11'30 E 

  14   High 10-11 

Orth Bay 
Fehmarn (Fehm) 

54°26'55 N  
11° 3'19 E 

15 High 13 

Salzhaff 
Werder (Salz) 

54° 1'35 N  
11° 3'57 E 

10-11 Low 14 

Wieker Bodden 
Wiek (RuegN) 

54° 37'20 N  
13° 16'56 E 

8 Low 18 

Strelasund 
Grabow (RuegS) 

54° 13'32 N  
13° 24'25 E 

7 Low 12 

 203 

Pipefish were transported in large aerated coolers to the aquaria facilities of the 204 

GEOMAR (Westshore) in Kiel (Germany). Females and males were separated and kept in 205 

groups of 5-7 per 80-liter tank resulting in a total number of 36 tanks. These tanks were 206 

connected to two independent circulating water systems containing either high saline (15 207 

PSU; n = 18) or low saline water (7 PSU, n = 18) and equipped with artificial seagrass. 208 

Pipefish from high salinity origins were kept at 15 PSU (Baltic Sea water) and those from 209 

low salinity origins at 7 PSU (Baltic Sea water, diluted with deionized water and tap water 210 

(ratio 2:1:1) to keep the water alkalinity constant). The water temperature throughout the 211 

experiment was 18° C and illumination was set to a 16:8 h day and night cycle. Pipefish 212 

adults were fed twice a day with frozen and occasionally with live mysids.  213 

After pipefish were acclimated to laboratory conditions for at least two days, half of 214 

the individuals from each sampling site were gradually acclimated to the novel salinity over 215 

four days. Each day, tanks were briefly connected to the 15 PSU or the 7 PSU circulating 216 

system to either increase or decrease the salinity by 1.5 to 2 PSU. The other half of the fish 217 

remained in their native salinity. Apart from the salinity adjustment, all 36 tanks remained 218 
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disconnected from the circulation system during the time of salinity acclimation. 219 

Subsequently, four to six randomly chosen males and four to six females originating from 220 

the same sampling site and acclimated to the same salinity, were placed together in one of 221 

the 36 tanks connected to circulating water systems of either high or low acclimation salinity 222 

(Figure 1). During mating and male pregnancy, fish maintenance and aquaria set-up 223 

remained as previously described.  224 

One week after mating, pipefish males started to show signs of infection with a 225 

fungus growing inside and on the brood pouch. Three weeks after mating, we visually 226 

assessed and photographically documented the prevalence of fungus.  227 

 228 

 229 
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 230 

Figure 1: Fully reciprocal experimental design  231 

We sampled pipefish along the Baltic Sea coast, at three sampling sites from a relatively high saline 232 
environment (high origin salinity: 14 - 17 PSU; dark blue circles; subsequently labeled as italic H): 233 
1) Flensburg Fjord, 2) Falckenstein Strand and 3) Fehmarn and three sampling sites with a relatively 234 
low salinity level (low origin salinity: 7 - 11 PSU; light blue circles; subsequently labeled as italic 235 
L): 4) the Salzhaff and 5) Ruegen North and 6) Ruegen South. In the laboratory males and females 236 
were kept separately and acclimated to the opposing salinity (acclimation salinity: 15 PSU (H, dark 237 
blue), 7 PSU (L, light blue)) or their respective native salinity. Subsequently, males and females 238 
were allowed to mate and pregnant males were kept at constant conditions. Half of the F1 generation 239 
was either exposed to high (h) or low (l) salinity within 24h after birth (developmental salinity). Ten 240 
days post hatch juveniles were injected with Vibrio alginolyticus evolved at 15 PSU (v15) or at 7 241 
PSU (v7), sham injected with sterile seawater (W) or left naive (C) (treatment). Label in italic on the 242 
right side correspond to the factors that were considered in the statistical models. 243 

 244 
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2.2 Sampling of adult pipefish for targeted gene expression & population genetics 245 

Four days after mating, females were removed from the tanks and immediately 246 

euthanized using anesthetic tricaine methane sulfonate (MS-222, 500 mg/L). We measured 247 

standard body length and total weight and removed the gills to store them in RNAlater at 4° 248 

C overnight and subsequently at -80° C. Fin clips were taken and placed in 96% Ethanol for 249 

population genetic analysis.  250 

 251 

2.3 Population genetics using microsatellites 252 

2.3.1 DNA isolation & preparation  253 
Genomic DNA was isolated from fin clips of F0 female pipefish using the DNeasy 254 

96 Blood & Tissue Kit (Qiagen, Venlo, Netherlands) following the manufacturer’s protocol. 255 

All samples were incubated and eluted twice to obtain a higher extraction yield. A subset of 256 

the isolated genomic DNA was quantified using NanoDrop (Spectrometer; Peqlab, 257 

Erlangen, Germany) and visually evaluated by gel electrophoresis on a 1.2% agarose gel 258 

(GelRed nucleic acid stain, Lambda DNA/HindIII Marker and 1kb DNA marker (Invitrogen; 259 

Thermo Fisher Scientific, Germany)). 260 

All 144 S. typhle samples were genotyped for 11 microsatellite loci, with a minimum 261 

of 20 individuals per sampling site. Genotyping was performed in three pooled reactions, 262 

each containing 3-4 primer pairs that were designed on an expressed sequence tag (EST) 263 

library of S. typhle (Pool A: Sy_ty_1, Sy_ty_4, Sy_ty_6, Sy_ty_7; Pool B: Sy_ty_11, 264 

Sy_ty_22, Sy_ty_23; Pool C: Sy_ty_16, Sy_ty_17, Sy_ty_21, Sy_ty_24 (Jones, Rosenqvist 265 

et al. 1999, Roth, Keller et al. 2012)). Microsatellites and the associated primer pairs and the 266 

Multiplex PCR protocol can be found in GenBank under accession numbers JQ598279–267 

JQ598290. Primers had an initial concentration of 5 pmol and were color labeled with either 268 

Hex green or Fam blue to allow differentiation during fragment analysis. In a 10 µl reaction, 269 
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several loci were amplified simultaneously from 1 µl of extracted DNA using 5 µl of the 270 

Multiplex PCR Master Mix (Qiagen) and varying amounts of the pooled primer mixes (Pool 271 

A: 1.75 µl, Pool B: 0.75 µl, Pool C: 1.5 µl). Three negative controls (ddH2O) were added 272 

onto each 96-well plate.  273 

Capillary electrophoresis and fragment analysis were performed using the 3130xl 274 

Genetic Analyzer (Applied Biosystems/Thermo Fisher Scientific). A loading mix containing 275 

8.75 µl HiDi Formamide and 0.25 µl GeneScan 350 ROX dye Size Standard (Applied 276 

Biosystems/Thermo Fisher Scientific) was added to 1 µl of each PCR product. Prior to the 277 

fragment run, samples were denatured in a thermo cycler for 2 min at 90° C.  278 

 279 
2.3.2 Microsatellite analysis  280 

Raw fragment data were scored using the GeneMarker Genotyping Software (Liu et 281 

al. 2011). The software displays allele frequency panels that identify the alleles for each 282 

locus in each sample, thus provides an overview of whether individuals are homozygous or 283 

heterozygous for certain alleles at a locus. Additionally, the raw data were screened using 284 

the Microsatellite Data Checking Software Micro-Checker (Van Oosterhout et al. 2004). 285 

Micro-Checker identifies genotyping errors caused by non-amplified null-alleles that either 286 

appear due to mutations in the primer binding regions or generally occur in fragment analysis 287 

because PCR shows greater efficiency in longer sequences. GENETIX (Belkhir et al. 2004) 288 

was used to describe the level to which the genotype frequency differed from the expected 289 

Hardy-Weinberg equilibrium (HWE) frequency by calculating a global FST value as a 290 

correlation of inbreeding in the substructure vs. in the entire population. For completeness, 291 

pairwise FST values were calculated to display distances between pairs of haplotypes and a 292 

FIS value was calculated as a correlation of inbreeding vs. random mating within the 293 

population. Although GENETIX has a greater statistical power, the population structure 294 

within the multi-locus genotype data was further investigated by the STRUCTURE Software 295 
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for Population Genetics Inference (Pritchard et al. 2000). Based on the Bayesian clustering 296 

method, STRUCTURE creates an admixture model, which provides likelihood scores for 297 

each individual of belonging to a certain population. The model was tested with varying 298 

numbers of expected populations ranging from a minimum of two (high salinity vs. low 299 

salinity) to a maximum of six (number of sampling stations). Visualization of the population 300 

clustering was performed using the PHYLogeny Inference Package PHYLIP (Felsenstein 301 

1989). PHYLIP provides a pipeline of programs to randomize comparisons, create 302 

randomized trees, which are then assembled to a final phylogeographic tree that is based on 303 

the most frequent combinations found within the randomized trees. As the retrieved 304 

fragment data did not provide any lineage data that allows to draw conclusions with regard 305 

to a common ancestor, we created an unrooted phylogeographic tree.  306 

 307 

2.4 Candidate gene expression of females 308 

To assess local adaptation to salinity and the potential of S. typhle to cope with novel 309 

salinity conditions, we selected candidate genes from three different functional categories, 310 

i.e. (i) immune response, (ii) metabolism and (iii) gene regulation (DNA and histone 311 

modification) (Supplement 1 (Table S1)). Immune genes were further subdivided into 312 

innate, adaptive and complement system genes and gene regulation genes into activating 313 

and silencing genes.  314 

 315 

2.4.1 RNA extraction and reverse transcription 316 

RNA was extracted from gill tissue of adult pipefish that was stabilized in RNAlater 317 

using the RNeasy® Universal Tissue kit (QIAGEN, Venlo, Netherlands). Tissue samples 318 

were homogenized by adding a 5 mm stainless steel bead into each collection tube and 319 

placing them into a homogenizer shaking for two times 30 seconds at 25 Hertz. Thereafter, 320 
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we followed the manufacturer’s protocol “Purification of Total RNA from Animal Tissues 321 

Using Spin Technology”. RNA concentration (extraction yield) and purity of the samples 322 

were checked by spectrophotometry (NanoDrop ND-1000 Spectrometer; Peqlab, Erlangen, 323 

Germany). Protein contamination was quantified using the adsorption ratio of 260/280 nm 324 

(target > 2.0) and the ratio 260/230 nm (target > 1.8) was used to detect organic 325 

contamination. A fixed amount of RNA (300 ng/sample = 50 ng/µl) was then reverse 326 

transcribed into cDNA using the QuantiTect Reverse Transcriptase kit (QIAGEN, Venlo, 327 

Netherlands). 328 

 329 

2.4.2 Preamplification of cDNA and candidate gene expression  330 

For each sample, 1.4 µl target cDNA was pre-amplified with 0.5 µl primer pool mix 331 

of all 48 genes (500 nM), 2.5 µl TaqMan PreAmp Master Mix (Applied Biosystems, 332 

Waltham, MA, USA) and 0.7 µl H2O (10 min at 95º C, 14 cycles: 15 sec at 95º C followed 333 

by 4 min at 60º C). Afterwards, the PCR product was diluted 1:10 with low TE buffer (10 334 

mM Tris, 0.1 mM EDTA, pH 8). The sample mix for the 96.96 Dynamic ArrayTM IFCs 335 

chips contained 3.1 µl pre-amplified and diluted PCR product, 3.55 µl SsoFast-EvaGreen 336 

Supermix with Low ROX (Bio-Rad Laboratories, Hercules, CA, USA) and 0.37 µl 20 x 337 

DNA Binding Dye Sample Loading Reagent (Fluidigm) per sample. The assay mix for the 338 

chip contained 0.7 µl primer pair mix (50 µM), 3.5 µl Assay Loading Reagent (Fluidigm) 339 

and 2.8 µl low TE buffer per primer pair. Chips were loaded with 5 µl sample mix and 5 µl 340 

assay mix. To measure gene expression, the chips were placed into the BioMark system 341 

(Fluidigm, South San Francisco, CA, 15 USA) applying the ‘GE fast 96x96 PCR+Melt 342 

v2.pcl’ protocol (Fluidigm). Each of the chips contained two technical replicates per sample 343 

and gene, two no-template controls (H2O), one control for gDNA contamination (-RT) and 344 

one between plate control. 345 

 346 
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2.5 Juvenile infection experiment 347 

2.5.1 Experimental design and treatment groups 348 
Within the first 24 hours after birth, half of the juveniles from each clutch was 349 

exposed to native salinity conditions and half to novel salinity conditions in a fully reciprocal 350 

design. Juveniles were fed twice a day with freshly hatched, nutrient enriched (Aqua Biotica 351 

orange+TM) Artemia salina nauplii. Siblings were kept together in one non-aerated 1.5 l 352 

tank, of which one third of the water was exchanged daily. Once a day, left-over food was 353 

removed using single-use pipettes and mortality was documented.  354 

Ten days post-hatch, juveniles received one of the four following treatments: i) no 355 

injection (c), ii) sham injection of autoclaved seawater with the equivalent salinity, i.e. 15 356 

or 7 PSU (sw) or iii) injection of Vibrio alginolyticus strain K01M1, which evolved for 90 357 

days under laboratory condition either at 15 (v15) or 7 PSU (v7) (Goehlich, Roth et al., 358 

unpublished data). 2 µl of sterile seawater with or without bacteria was injected in the ventral 359 

part of the juveniles, using a MonojectTM insulin syringe (Coviden) with a sterile 30 Gauge 360 

needle. Subsequently, all juvenile siblings with the same treatment were placed in one 500 361 

ml Kautex bottle containing seawater with the respective salinity of the 1.5 l tanks. Survival 362 

of juveniles was documented for six days and fish maintenance was according to the 363 

procedure described for 1.5 l tanks. One day post infection, one juvenile from each treatment 364 

(Kautex bottle) was euthanized and decapitated to assess expression of candidate genes. 365 

Standard body length was measured and whole-body samples were stored in RNAlater 366 

overnight at 4° C and subsequently at -80º C.  367 

 368 

2.5.2 Characterization and evolution of Vibrio alginolyticus strain used for injection 369 
The Vibrio alginolyticus strain K01M1 used for injection of pipefish juveniles was 370 

isolated from a healthy pipefish caught in the Kiel Fjord (Roth, Keller et al. 2012) and fully 371 

sequenced (Chibani, Roth et al. 2020). The strain was evolved for 90 days either at 15 or 7 372 
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PSU (medium 101: 0.5% (w/v) peptone, 0.3% (w/v) meat extract, 1.5% (w/v) or 0.7% (w/v) 373 

NaCl in Milli-Q deionized water) (Goehlich, Roth et al., unpublished data). We used the 374 

same strain and evolved it at two different salinities to ensure that salinity is the only driver 375 

for differences in bacterial virulence, which can potentially also be influence by the presence 376 

of filamentous phages (Waldor and Mekalanos 1996, Ilyina 2015, Chibani, Hertel et al. 377 

2019). 378 

After 90 days the bacterial populations were diluted and plated onto Vibrio selective 379 

Thiosulfate-Citrate-Bile-Saccharose (TCBS) agar plates (Fluka AnalyticalTM). The next 380 

day, single colonies from each plate were picked and grown overnight in medium 101 with 381 

the respective salinity. Subsequently, cultured bacteria were stored at -80°C as 33% glycerol 382 

stocks. For the infection experiment, part of the glycerol stocks were plated onto TCBS agar 383 

and one clone was grown in a 50 ml Falcon tube containing 30 ml medium 101 in the 384 

respective salinity for 24 hours, at 25 °C with shaking at 230 rpm. Overnight cultures were 385 

centrifuged for 20 min at 2000 rpm. The supernatant was discarded and the cell pellet was 386 

resuspended in 3 ml sterile seawater (7 or 15 PSU respectively) to achieve similar bacterial 387 

densities of 5*1010 ml-1. 388 

 389 

2.5.3 Juvenile gene expression 390 
We measured gene expression of juveniles to assess the effect of (a) genetic 391 

adaptation (i.e. origin salinity) on gene expression, (b) trans-generational effects driven by 392 

an interaction between acclimation salinity and developmental salinity and (c) 393 

developmental plasticity induced by developmental salinity. Furthermore, we investigated 394 

(d) whether virulence differed in V. alginolyticus evolved at 15 or 7 PSU and whether 395 

juveniles from parents originating from a matching salinity were better adapted to Vibrio 396 

strains evolved at the respective salinity. Therefore, we selected genes from three functional 397 

categories, namely (i) immune response (ii), general metabolism (iii) gene regulation (DNA 398 
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and histone modification) as described above for female pipefish S. typhle (Section 2.4). 399 

Compared to female gene expression, eleven genes from the categories (i)-(iii) were 400 

replaced by osmoregulation genes (iv). We selected osmoregulatory genes from teleost 401 

studies (S 2) and designed specific primers with Primer3Web (Koressaar and Remm 2007, 402 

Untergasser, Cutcutache et al. 2012) (S 3). RNA extraction and quantification of gene 403 

expression were conducted as described before with the following modifications due to a 404 

higher RNA yield: the fixed amount of RNA that was reverse transcribed into cDNA was 405 

400 ng/sample (67 ng/µl) instead of 300 ng/sample (50 ng/µl) and pre-amplified cDNA was 406 

diluted 1:10 and instead of 1:20. 407 

 408 

2.6 Statistics 409 

All statistical analyses and visualizations were performed in the R 3.6.1 environment 410 

(RCoreTeam 2020). 411 

 412 
2.6.1 Life history traits  413 

We used two-way ANOVAs to assess size and weight differences between adults as 414 

well as differences in clutch size and in total length between juveniles at 10 days post-hatch. 415 

Fixed factors included origin salinity (Salinity at sampling sites of origin two levels: High 416 

or Low), acclimation salinity (High or Low), sex of the pipefish (male or female) and the 417 

sampling site (Flens, Fehm, Falck, Salz, RuegN or RuegS) nested in origin salinity. ANOVA 418 

of clutch size additionally included the average body length of males exposed to a given 419 

treatment. Homogeneity of variances was tested by Fligner test and normal distribution of 420 

data by using the Cramer-von Mises normality test. The clutch size was square root 421 

transformed to achieve normal distribution of residuals.  422 

We performed two spearman-rank correlations using the function ggscatter 423 

(package: ggpubr) to test for 1) correlation between the total length of adult pipefish and the 424 
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salinity measured at the sampling site on the day of capture as well as 2) between clutch size 425 

and average male size of sampling site. The clutch size of males originating from high 426 

salinity and acclimated to low salinity conditions was removed from the correlation due to 427 

fungus infection. Post-hoc tests were carried out using Tukey’s “honest significant 428 

difference” (TukeyHSD, package: multcomp) (Hothorn, Bretz et al. 2020). 429 

Gene expression of parental generation & juveniles 430 

 431 

2.6.2 Gene expression of parental generation & juveniles 432 
From the Fluidigm output data, mean cycle time (Ct) and standard deviation (SD) 433 

for each of the two technical replicates were calculated. Expression measurements with a 434 

coefficient of variation (CV; CV = SD/Ct) larger than 4% were excluded from the study 435 

(Bookout and Mangelsdorf 2003). For females, the combination of HDAC1 and HDAC3 436 

were identified as the optimal reference genes (geNorm V < 0.15 (Vandesompele, De Preter 437 

et al. 2002)) with high reference target stability (geNorm M ≤ 0.5), based on 155 samples (S 438 

5) and 34 target genes in Qbase+3.0 (Biogazelle; Hellemans, Mortier et al. 2007).  439 

In the analyses of juvenile gene expression one osmoregulation gene (15% NAs) and 36 440 

samples were excluded from the study due to failed reactions on the Fluidigm chip in at least 441 

one of the duplicates. Samples with more than 10% excluded genes were omitted from the 442 

analysis, as many missing Ct values are indicative for insufficient sample quality. Remaining 443 

missing Ct values were substituted by the mean Ct for the given gene calculated from all 444 

other samples, as subsequent analyses are sensitive to missing data. Based on 559 samples 445 

and 47 target genes, the reference genes ASH and HDAC1 were selected using the same 446 

criteria as for pipefish females. From the geometrical mean of the two reference genes –ΔCt 447 

values were calculated to quantify relative gene expression. 448 

Origin salinity (high or low), acclimation salinity (high or low) and developmental 449 
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salinity (high or low) were defined as fixed factors, whereas sampling site (Flens, Fehm, 450 

Falck, Salz, RuegN or RuegS) was nested within origin salinity. A Permutational 451 

Multivariate Analysis of Variance (PERMANOVA) was applied to gene expression (–ΔCt 452 

values) of all samples and target genes for each factor and every interaction of the fixed 453 

factors. The PERMANOVA (package ‘vegan’, function ‘adonis’ in R (Oksanen, Blanchet 454 

et al. 2019)) was based on Euclidean distance matrixes with 1000 permutations 455 

(Beemelmanns and Roth 2016). A post-hoc analysis of variance (ANOVA) for every gene 456 

was applied; though, to account for multiple testing, only factors and factor interactions 457 

identified as significant by the PERMANOVA were considered. To visualize 458 

similarity/dissimilarity in gene expression among treatment groups, we performed PCAs 459 

(package: ‘ade4’, function: ‘dudi.pca’ and ‘s.class’(Dray and Dufour 2007)). To visualize 460 

significant differential gene expression among groups in heatmaps (package: ‘NMF’, 461 

function ‘aheatmap’), –ΔΔCt values for each gene were calculated as follows (Yuan, Reed 462 

et al. 2006): 463 

−ΔΔCt = Æ− ΔCt	all	samples − 	Æ− ΔCt	specific	group 464 

 465 

2.6.3 Mortality of juveniles within the first 10 days and post-infection 466 
Ten days post-hatch endpoint mortality of juveniles was analyzed as a ratio of “alive” 467 

vs “dead” fish using a generalized linear model (package: lme4, function: glm) with 468 

binomial error and the following fixed factors: Origin salinity (High or Low), acclimation 469 

salinity (High or Low) and developmental salinity (high or low) and the sampling site nested 470 

in origin salinity. Significance was tested using ANOVA type two partial sums of squares, 471 

and models were simplified using Akaike information criterion (AIC) (Akaike, 1976). Post-472 

hoc tests were carried out using Tukey’s honest significant difference (TukeyHSD, package: 473 

multcomp, function: glht (Hothorn, Bretz et al. 2020)).Endpoint mortality of juveniles used 474 

in the infection experiment was analyzed as described above including infection treatment 475 
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(control (c), sea water injection (sw), Vibrio 7 PSU (v7) and Vibrio 15 PSU (v15) injection) 476 

as an additional factor. 477 

3. Results 478 

3.1 Pipefish population structure  479 

Allele frequencies obtained at 11 microsatellite loci of pipefish sampled at six 480 

sampling sites along the German Baltic Sea coastline indicated gene flow or recently isolated 481 

populations with no or very little divergence on neutral genetic markers. The findings are 482 

based on a Bayesian clustering method using the software STRUCTURE (Figure 2) , global 483 

fixation index (FST) of 0.002 and pairwise FST (S 5) Overall, the pairwise FST were low for all 484 

comparisons and with the exception of Flackenstein-Fehmarn (FST = 0.024) and Falckenstein-485 

Flensburg (FST = 0.016) pairwise comparisons had a FST ≤ 0.01 (S 5). Populations with no 486 

differentiation on neutral markers are an ideal setting to study local adaptation because it 487 

enables us to observe phenotypic differences caused by genes under selection rather than 488 

differences caused by drift and isolation.  489 

 490 

Figure 2: Population structure of pipefish in the southern Baltic Sea  491 

A: STRUCTURE software results based on 11 microsatellite loci. Each individual is represented by 492 
a vertical line, which is colored according to the assigned groups (K = 2). B: Plotting pairwise FSTs 493 
(y-axis) against distance between sampling sampling sites (x-axis) does not reveal isolation by 494 
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distance (waterway). C: Unrooted phylogeographic PHYLIP tree. Distances indicate the relative 495 
divergence of microsatellite loci in pipefish between sampling sites. Scale bar represents nucleotide 496 
substitutions per site.  497 
 498 

3.2 Life history traits & fungus infection of parental generation 499 

3.2.1 Pipefish adults from low saline environment have a smaller body size 500 
We found an interaction in the total length of adult pipefish between origin salinity 501 

and acclimation salinity (ANOVA F1,320 = 7.4, p < 0.01) indicating that parental acclimation 502 

salinity negatively affects growth of adult pipefish depending on the origin salinity. There 503 

was a trend that adults from high origin salinity grew slower at low acclimation salinity 504 

compared to high acclimation salinity (Tukey HSD, HH - HL: p = 0.085; S 6b), whereas 505 

acclimation salinity did not affect size of pipefish from low origin salinity (Tukey HSD, LL 506 

- LH: p = 0.535). Furthermore, all pairwise comparisons suggest that pipefish from high 507 

origin salinity are in general larger than pipefish from low origin salinity (Tukey HSD, LL 508 

- HH: p < 0.001, LL - HH: p < 0.001, LH - HL: p < 0.001). The significant factor sampling 509 

site, which was nested in origin salinity (ANOVA F4,320 = 11.2, p < 0.01) indicates that 510 

individuals from Salzhaff were larger compared to individuals from Ruegen North and 511 

Ruegen South but did not differ from pipefish caught at the high origin salinity (Tukey HSD, 512 

Salz - RuegN: p < 0.001; Salz - RuegS: p < 0.001; S 6c).  513 

The correlation between the salinity at the sampling site and the size of the adults, 514 

i.e. length (Figure 3 B) and weight (Figure S6) suggest that pipefish from low origin salinity 515 

were smaller. The total length and weight in these plots are not corrected for age, which has 516 

not been assessed. However, pipefish are usually all in the same age cohort when they are 517 

caught in spring. Most of them were born the summer before and reached sexual maturity 518 

around the time of catching.  519 

 520 
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521 
Figure 3: Body length of adult pipefish (A) correlated with salinity at the sampling site (B)  522 

A: The total length of pipefish is shown for both salinity categories (high - 15 PSU, low -7 PSU). 523 
Colors indicate whether the parental generation was acclimated to a high (H, dark blue) or to low 524 
saline environment (L, light blue). B: The total length of pipefish after acclimation correlated with 525 
the salinity measured at the sampling site using spearman rank correlation. Grey bar indicates 95% 526 
confidence interval. 527 

 528 

3.2.2 Pipefish from high saline environments were more susceptible to fungus 529 

infection when exposed to low saline conditions 530 

Visible fungus infections of the brood pouch occurred in almost half of the pipefish 531 

males (47%) caught at high origin salinity and kept at low acclimation salinity (Figure 4). 532 

Fungus infections ranged from mild infections in the brood pouch not affecting clutch size 533 

to a complete loss of the offspring. Males from a high origin salinity that remained at high 534 

acclimation salinity as well as males from the low origin salinity had no symptoms of fungus 535 

infection regardless of the acclimation salinity.  536 
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 537 

Figure 4: Brood pouch fungus infections were present in 47 % of fathers from high salinity 538 
origin kept at low acclimation salinity. Pipefish from low origin salinity independent of 539 
acclimation salinity and pipefish from high origin salinity kept at high acclimation salinity did not 540 
show any signs of fungus infection (A). In males caught at high origin salinity and kept at low 541 
acclimation salinity fungi infections ranged from mild (B) to extreme (C) resulting in the complete 542 
loss of eggs and offspring.  543 
 544 

3.2.3 Clutch size  545 
Males from a high origin salinity kept at high acclimation salinity had the largest 546 

clutch size (HH, mean ± s.d., 41.8, ± 23.4, Tukey TSD; S 7b) followed by males from low 547 

origin salinity kept at high salinity (LH, 27.8 ± 13.2) or low salinity (LL, 25.2 ± 16.9), which 548 

corresponds to the lower body size at low salinity (Figure 3). Pipefish from high origin 549 

salinity exposed to low acclimation salinity were frequently infected by a brood pouch 550 

fungus which reduced the clutch size (HL 19.4 ± 15.2; Tukey TSD, HL-HH, t = - 4.8, p < 551 

0.001;S 7b). In contrast, acclimation salinity did not affect clutch size of parents from low 552 

origin salinity (Tukey TSD, LL-LH, t = - 0.4, p = 0.976; S 7b) This divergent patterns caused 553 

a origin salinity:acclimation salinity interaction (ANOVA F1,109 = 9.0, p = 0.003; S 7a). 554 

Higher clutch size, was in general driven by a larger total body length of male pipefish 555 

(Spearman rank correlation, R = 0.43, p < 0.001; Figure 5) 556 

B)

C)

A)
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 557 

 558 

Figure 5: Parental life history traits  559 

A: Number of juveniles (clutch size) is shown for pipefish with high (H) or low (L) salinity origin. 560 
Color indicates acclimation salinity in the lab (H: 15 PSU - dark blue and L: 7 PSU - light blue). 561 
Different letters indicate significant differences (Tukey’s HSD, p < 0.05). B: Clutch size correlated 562 
positively with the average size of male pipefish from each sampling site. The sampling sites are 563 
presented above the data points. The grey bar along the regression line indicates the 95% confidence 564 
interval. A more detailed figure visualizing the differences between the single origins can be found 565 
in the supplement (S 7c). 566 
 567 

3.2.4 Two immune genes are upregulated in females from a high origin salinity 568 
Origin salinity had an impact on the expression of immune genes in female pipefish 569 

(PERMANOVA, immune F1,146 = 3.1, p = 0.010; S 8), in particular of the innate immune 570 

system (PERMANOVA, innate F1,146 = 4.0, p = 0.002). Lectin protein type I (Lecpt1), a 571 

pathogen recognition receptor, and chemokine 7 (ck7), a gene encoding a protein responsible 572 

for chemotaxis in blood cells, were upregulated in pipefish from high origin salinity in 573 

contrast to low origin salinity females. Low acclimation salinity caused a slight upregulation 574 

in the expression of histone modification gene histone deacetylase 6-like (hdac6) 575 

(PERMANOVA, silencing F1,146 = 2.9, p = 0.044). 576 

R = 0.43 , p = 2.1e−05
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3.2.5 Juveniles from low origin salinity parents have higher survival rates and are 577 
smaller 578 

In the first ten days after hatching, patterns of juvenile survival suggest an origin 579 

salinity:acclimation salinity interaction (GLM, χ2
 1 = 6.1, p = 0.031; S 9a). Whereas, survival 580 

of juveniles from parents continuously exposed to the same salinity (Tukey HSD, LL - HH: 581 

z = -3.4, p = 0.783; S 9b) or non-matching origin and acclimation salinity did not differ (LL 582 

- LH: z = -4.7, p = 0.842; HH - HL: z = -2.1, p = 0.148), juveniles from high origin salinity 583 

parents exposed to high acclimation salinity in the lab (LL) had higher survival rates 584 

compared to juveniles from high origin salinity exposed to low acclimation salinity (Tukey 585 

HSD, LL - HL: z = -3.4, p = 0.043; S 9b). The origin salinity:sampling site effect suggest 586 

that patterns at single sampling sites differ. In particular, Flensburg offspring exposed to 587 

high developmental salinity had reduced survival rates, when parents were acclimated to low 588 

instead of high salinity (Tukey’s HSD; Hh - Lh: z = -4.4, p = 0.046; S 9b). Following the 589 

same pattern of non-matching acclimation salinity, Ruegen South offspring exposed to low 590 

developmental salinity had reduced survival, when parents were kept at high acclimation 591 

salinity (Tukey HSD; Hl - Ll: z = 5.8, p < 0.001). This suggests that exposure of parents to 592 

novel salinities can negatively impact juvenile survival when juveniles experience salinity 593 

conditions, which did not match parental acclimation salinity.  594 

Overall higher survival at high developmental salinity compared to low 595 

developmental salinity (developmental salinity, GLM, χ2
 1 = 192.8, p = 0.031; Figure 6; S 9a) 596 

indicates that low salinity imposes a stress on pipefish juveniles regardless of the salinity 597 

origin. An exception are juveniles from Ruegen North (sampling site, GLM, χ2
 4 = 24.1, p < 598 

0.001; S 9a) where juvenile survival was not affected by developmental salinity (GLM, χ2
 1 = 599 

0.1, p = 0.766)  600 

	  601 
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602 
Figure 6: Juvenile life history parameters (A) survival rate (%), (B) body length (cm) 603 
A: The percentage of juveniles surviving the first 10 days post-hatch (%) are plotted on the y-axis. 604 
The x-axis indicates the developmental salinity after hatching (h – high/15 PSU, l – low/7 PSU). 605 
Italic letters and colors specify the origin salinity of the parental generation (H: 15 PSU, black & 606 
dark blue; L: 7 PSU blue & light blue). The 2nd letter indicates the acclimation salinity in the lab (H: 607 
15 PSU, black and blue; L: 7 PSU, dark & light blue). B: Juvenile size (cm) 10 days post hatch is 608 
plotted on the y-axis. Labelling and color code correspond to Panel A. 609 

 610 

 611 

Ten days after hatching, juveniles from high origin salinity were larger (3.18 cm ± 612 

0.37, n = 408) than juveniles from low origin salinity sampling sites (2.95 cm ± 0.37, n = 613 

405) (origin salinity, ANOVA F1,782 = 86.2, p < 0.001; S 10). While acclimation salinity, i.e. 614 

mating and male pregnancy, had no effect on size of juveniles (acclimation salinity, 615 

ANOVA F1,782 = 2.2, p < 0.136), low developmental salinity reduced offspring size 616 

(developmental salinity, ANOVA F1,782 = 17.4, p < 0.001) suggesting are stressful for 617 

pipefish offspring and reduce growth rates.  618 
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3.2.6 Juvenile survival is reduced after injections and at low salinity 620 
Ten days post hatch, juvenile pipefish were challenged either with Vibrio 621 

alginolyticus bacteria evolved at 15 PSU, 7 PSU, autoclaved seawater (sham injection) or 622 

not treated at all (control) and survival was measured six days post infection, i.e. 623 

approximately 16 days post hatch. Non-challenged control groups had the highest survival 624 

rates (Mean ± s.d.; 83.0% ± 32.2; Figure 7). The injection itself decreased survival of 625 

juveniles by at least 10% in all salinity treatments combined, regardless whether seawater 626 

(66.9% ± 38.2), Vibrio evolved at 15 PSU (73.0% ± 36.8) or 7 PSU (66.7% ± 38.6) was 627 

administered. Vibrio strains evolved at 15 PSU caused a higher mortality in juveniles from 628 

high origin salinity regardless of acclimation salinity compared to juveniles from low origin 629 

salinity with low parental acclimation salinity (origin salinity x acclimation salinity x 630 

treatment, GLM, χ2
 1 = 13.0, p = 0.005; S 11; Tukey HSD; LLv15 - HHv15: z = -3.4, p = 631 

0.046; LLv15 - HLv15: z = -3.5, p = 0.038). When fathers from low origin salinity were 632 

exposed to high acclimation salinity these positive effects on offspring survival were lost 633 

(Tukey’s HSD, LHv15 - HHv15 z = -1.5, p = 0.971). This suggests that mis-matching 634 

salinity levels between the parental and juvenile generation can lead to reduced survival 635 

rates and that juveniles of fathers from low salinity levels have higher survival rates 636 

compared to juveniles of fathers from high salinity.  637 

Juvenile survival was in general higher in high developmental salinity conditions 638 

(71.1% ± 36.7) compared to low developmental salinity conditions (58.6% ± 36.7) (GLM, 639 

developmental salinity, χ2
 1 = 40.2, p = 0.031) suggesting that low salinity levels are a stressful 640 

environment for pipefish development. An adaptation to low salinity may result in an 641 

increased fitness as juveniles from low origin salinity fathers (69.8% ± 40.1) had in general 642 

a higher survival rate compared to juveniles from high origin salinity fathers (60.6% ±37.7). 643 

An effect of sampling site nested in origin salinity (GLM, χ2
 4 = 39.5, p < 0.001; S 11) 644 
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indicates that survival patterns for each sampling site within the origin salinity categories 645 

are diverse. The statistical diversity may be a result of the high variation in survival rates 646 

within a single treatment, which sometimes ranged from 0 - 100%. Combining the survival 647 

rates of all three sample sites of one origin salinity resulted in more robust and conclusive 648 

results.  649 

 650 

Figure 7: Juvenile survival six days post infection 651 
Juvenile survival six days post infection is plotted on the y-axis. The x-axis indicates the 652 
developmental salinity (h - high/15 PSU, l - low/7PSU). Italic letters and colors specify the origin 653 
salinity of the parental generation (H: 15 PSU, black & dark blue; L: 7 PSU blue & light blue). The 654 
2nd letter and colors indicate the acclimation salinity in the lab (H: 15 PSU, black and blue; L: 7 PSU, 655 
dark & light blue). Each treatment is represented by one panel, i.e. control (c) or injection with 656 
seawater (sw), Vibrio strain evolved at 15 PSU (v15), or at 7 PSU (v7).  657 
 658 
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3.2.7 Matching parental acclimation and juvenile developmental salinity results in 660 
similar juvenile gene expression patterns of adaptive immune genes  661 

 662 
An origin salinity effect indicates that gene expression of juvenile differs depending 663 

on the salinity they originate from (PERMANOVA, all genes; origin salinity F1,523 = 4.2, p 664 

= 0.003). Such signs of genetic adaptation were found in genes associated with the innate 665 

immune system (PERMANOVA, innate, F1,523 = 9.2, p = 0.001) and with osmoregulation 666 

(PERMANOVA, osmo, F1,523 = 4.1, p = 0.003; Figure 8, Table 2). Single ANOVAs 667 

suggested that this effect was driven by five genes. Whereas the pathogen reception 668 

recognition gene lectin protein type II (lectpt2) was higher expressed in parents from low 669 

origin salinity, the expression of the following genes was upregulated in juveniles from high 670 

origin salinity parents: immunoglobulin light chain (IgM; pathogen recognition), heat shock 671 

protein 70 kDa (hsp70; osmotic stress response); voltage gated potassium channel (kcnh8; 672 

cell volume regulation), prolactin (prl; ion uptake promotion and ion secretion inhibition). 673 

The genetically induced upregulation of osmoregulatory genes suggests an adaptation to low 674 

salinity levels. 675 

Juvenile gene expression did not provide further evidence for genetic adaptation, 676 

tested as an interaction between origin salinity and acclimation salinity (PERMANOVA, all 677 

genes F1,523 = 0.5, P = 0.858). Trans-generational plasticity could also not be detected in the 678 

interaction between acclimation salinity and developmental salinity (PERMANOVA, all 679 

genes F1,523 = 0.6, P = 0.730). 680 

 681 

 682 
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 683 

Figure 8: Gene expression patterns of juveniles 684 

A: Non-hierarchical gene expression heatmap for genes showing differential expression (-ΔΔCt) in 685 
response to origin salinity, acclimation salinity or developmental salinity. Genes are sorted by gene 686 
groups which are assigned with different colors (purple: innate immune system, blue: complement 687 
system, turquoise: osmoregulation, green: metabolism). 688 
B: Principal component analysis (PC1: 43.3%; PC2: 17.4%) of adaptive immune genes for 689 
significant interaction between parental acclimation salinity (H – high (15 PSU), L – low (7 PSU)) 690 
and developmental salinity (h, l). Four out of seven adaptive immune gene were upregulated (S 4), 691 
when parental acclimation salinity and juvenile developmental salinity did not match, i.e. Hl and Lh, 692 
compared to a matching acclimation and developmental salinity, i.e. Hh and Ll (PERMANOVA, 693 

adaptive F1,523 = 2.6, p = 0.034).  694 
The confidence ellipse explains 20 % of the variability. 695 
C: Principal component analysis (PC1: 31.7%; PC2: 15.2%) of gene expression patterns caused by 696 
juvenile treatment, i.e. injection with Vibrio alginolyticus evolved at 15 PSU (v15, orange), V. 697 
alginolyticus evolved at 7 PSU (v7, brown), sham injection with seawater (sw, bluegreen) or 698 

untreated control (c, black). The confidence ellipse explains 20 % of the variability 699 

d = 0.5 All Genes [44], Treatment

c 

v15 

v7 
sw 

d = 0.2 Adaptive immue genes , Sal_ParxSal_Juv 

 Hh

Hl 
Lh 

Ll

Adaptive Immune Genes

All genes

Origin salinity

lectp2

IgM

hsp70

kcnh8

prl

High Low Ubi

PRL

KCNH8

HSP70

C9

IgM

lectp2

TNF
groups
adaptive
innate
complement
osmo
metabolism

−0.5

0

0.50.5

0

-0.5

High
Low

HDAC1

ASH

g6DPH

C9

C3

tyroprot

aif
groups
innate
complement
metabolism
epigenetic

−0.2

−0.1

0

0.1

0.2

0.3

c3

c9

H  L

H   L

High Low HDAC1

ASH

g6DPH

C9

C3

tyroprot

aif
groups
innate
complement
metabolism
epigenetic

−0.2

−0.1

0

0.1

0.2

0.30.3

0

-0.3

H
igh

Low

Ubi

PRL

KCNH8

HSP70

C9

IgM

lectp2

TNF
groups
adaptive
innate
complement
osmo
metabolism
epigenetic

−0.5

0

0.5
Gene groups

h   l

High Low HDAC1

ASH

g6DPH

C9

C3

tyroprot

aif
groups
innate
complement
metabolism
epigenetic

−0.2

−0.1

0

0.1

0.2

0.30.4

0

-0.4

c3

prl

apoa1

g6DPH

ptgis

ripop

Acclimation salinity

Developmental salinity

High
Low

No66

ripop

ptgis

g6DPH

apoa1

PRL

C3

il10
groups
innate
complement
osmo
metabolism
epigenetic

−0.4

−0.2

0

0.2

0.4

-ΔΔct

-ΔΔct

-ΔΔct

High
Low

PRL

KCNH8

HSP70

IgM

lectp2

groups
innate
osmo

−0.5

0

0.5

B

C

A

innate immune
complement
osmoregulation
metabolism

43.3%

17
.4

%

31.7%

15
.2

%

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 12, 2020. ; https://doi.org/10.1101/2020.11.12.379305doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.12.379305
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
Table 2: PERMANOVA results of juvenile gene expression: A PERMANOVA was applied to gene expression (-∆Ct values) of all 558 
samples for all genes (47), immune genes comprised of the innate, adaptive and complement genes, as well as genes involved in metabolism, 
osmoregulation and epigenetics, e.g. methylation or histone modification. Results are based on Euclidian distance matrices with 1000 
permutations. Significant p-values are in bold.  

 
 

 

  All genes Immune Innate Adaptive Complement Metabolism Osmoreg Epigentics 

 
df F 

Model Pf(>F) F 
Model Pf(>F) F 

Model Pf(>F) F 
Model Pf(>F) F 

Model Pf(>F) F 
Model Pf(>F) F 

Model Pf(>F) F 
Model Pf(>F) 

Origin salinity (Origin sal) 1 4.2 0.003* 5.2 0.001* 9.2 0.001* 1.4 0.21 2.3 0.098 1.5 0.203 4.1 0.003* 0.7 0.508 
Acclimation salinity Acclim sal) 1 1.5 0.15 1.6 0.129 1.2 0.277 0.5 0.715 4.6 0.014* 1.1 0.326 1 0.411 2.6 0.578 
Developmental salinity (Devo sal) 1 3.2 0.005* 2.5 0.034* 1.7 0.136 1.3 0.234 3.3 0.028* 4.2 0.020* 6.4 0.001* 1.2 0.298 
Treatment (Treat) 3 11.3 0.001* 13.9 0.001 17.5 0.001* 16.8 0.001* 6.3 0.001* 2.5 0.025* 9.1 0.001* 3.2 0.005* 
Origin sal:Acclim sal 1 0.5 0.858 0.4 0.93 0.3 0.91 0.7 0.582 0.6 0.535 0.2 0.908 0.8 0.525 1.6 0.182 
Origin sal:Devo sal 1 0.6 0.73 0.6 0.783 0.6 0.663 0.6 0.642 0.3 0.74 0.3 0.798 1.2 0.265 0.5 0.672 
Acclim sal:Devo sal 1 1.6 0.141 1.8 0.088 2.1 0.639 2.6 0.034* 1.3 0.26 0.8 0.436 1.2 0.311 2.2 0.093 
Origin sal:Treat 3 1.1 0.289 1.2 0.255 0.9 0.502 0.6 0.782 1.5 0.19 2.1 0.037* 0.7 0.796 0.6 0.762 
Acclim sal:Treat 3 0.6 0.933 0.4 0.995 0.3 0.999 0.8 0.633 0.3 0.947 0.9 0.503 0.9 0.526 0.5 0.881 
Devo sal:Treat 3 0.8 0.675 0.9 0.603 0.8 0.671 1.1 0.336 0.6 0.722 0.9 0.453 0.8 0.678 0.6 0.815 
Origin sal:sampling site 4 2.9 0.001* 3.1 0.001* 3.5 0.001* 3.2 0.001* 2.2 0.036* 2.3 0.023* 2.1 0.005* 3.7 0.003* 
Origin sal:Acclim sal:Devo sal 1 1.2 0.251 1 0.372 1.3 0.221 1.1 0.354 0.3 0.809 1.4 0.214 0.7 0.633 2.2 0.089 
Origin sal:Acclim sal:Treat 3 0.8 0.725 0.8 0.705 0.7 0.805 0.9 0.513 1 0.42 0.9 0.498 0.8 0.669 0.9 0.482 
Origin sal:Devo sal:Treat 3 0.9 0.604 0.6 0.877 0.5 0.917 0.4 0.953 0.6 0.72 1.2 0.28 1.1 0.307 0.9 0.465 
Acclim sal:Devo sal:Treat 3 0.9 0.534 0.9 0.582 0.8 0.618 1.3 0.202 1.1 0.37 0.7 0.628 0.8 0.665 0.9 0.541 
Origin sal:Aacclim sal:Devo sal: 
Treat 3 0.6 0.933 0.5 0.983 0.5 0.956 0.5 0.912 0.4 0.918 0.6 0.718 0.9 0.507 0.7 0.664 

Residuals 523                 
Total 558                 
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Exposing parents to low acclimation salinity led to an expression induction of two genes in 700 

juveniles (PERMANOVA, complement; acclimation salinity F1,523 = 4.6, p = 0.014). Both 701 

genes are associated with the complement system: Complement component 3 (c3, 702 

complement system activation) and Complement component 9 (c9, membrane attack 703 

complex). In addition to this parental effect a trans-generational effect was observed as a 704 

parental acclimation salinity : developmental salinity interaction effect on adaptive immune 705 

gene expression (PERMANOVA, adaptive F1,523 = 2.6, p = 0.034). Gene expression was 706 

lower in four out of seven adaptive immune genes when acclimation salinity and 707 

developmental salinity were matching compared to non-matching conditions (S 12): Human 708 

immunodeficiency virus type l enhancer 2 (hivep2, transcription factor, MHC enhancer 709 

binding) and 3 (hivep3; transcription factor, MHC enhancer binding), B-cell receptor-710 

associated protein (becell.rap31, T- and B-cell regulation activity) and immunoglobulin 711 

light chain (igM; antigen/pathogen recognition). The reduction in gene expression of 712 

immune genes can hint at a reduced stress level in offspring fish when parents are acclimated 713 

to the same salinity as their offspring. 714 

Developmental plasticity allows juveniles to quickly respond to present salinity 715 

levels. Low developmental salinity resulted in higher expression of six gens. Complement 716 

component 3 (c3) is involved in the complement system (PERMANOVA, comple; 717 

developmental salinity F1,523 = 4.6, p = 0.014; Figure 8, Table 2), prolactin (prl, ion uptake 718 

promotion and ion secretion inhibition) is associated with osmoregulation (PERMANOVA, 719 

osmo; developmental salinity F1,523 = 3.3, p = 0.028) and apolipoprotein A1 (apoa1, 720 

antimicrobial activity), glucose 6 phosphate dehydrogenase (g6DPH, pentose phosphate 721 

pathway), prostaglandin I2 Synthase (ptgis, Lipid and fatty acid metabolism), ribosomal 722 

protein (ripop, Translation process) are related to the metabolism (PERMANOVA, meta; 723 

developmental salinity F1,523 = 4.6, p = 0.014). 724 
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Finally, we wanted to test whether genetic background, i.e. origin salinity, 725 

acclimation salinity of the parents and the developmental salinity influenced the ability of 726 

juveniles to cope with infections of the opportunistic pathogen V. alginolyticus, which 727 

evolved in the lab at either 15 or 7 PSU. However, we found no interaction between any 728 

salinity regime of parents or juveniles interacting with gene expression after juvenile 729 

infection. An injection, regardless of the component, i.e. autoclaved seawater, V. 730 

alginolyticus evolved at 15 PSU or 7 PSU caused similar changes in gene expression patterns 731 

that could only be differentiated from the untreated control group. In 24 genes injections 732 

caused a higher gene expression (PERMANOVA, all genes; F3,523 = 11.3, p = 0.001; S 13), 733 

including genes from all groups. In five genes, injections caused a lower gene expression 734 

compare to the control group. Using post-hoc tests on ANOVAs of single genes, we found 735 

no differences in gene expression between the three injection treatments.  736 

 737 
4. Discussion 738 

In the present study we investigated the role of genetic adaptation and phenotypic 739 

plasticity as well as their interaction on the ability of the broad-nosed pipefish Syngnathus 740 

typhle to cope with changes in salinity levels. S. typhle is a marine teleost, which originally 741 

invaded from the North Sea into the Baltic Sea (Wilson and Veraguth 2010). The brackish 742 

salinity environment in the Baltic Sea imposes osmoregulatory stress on marine animals and 743 

is thus assumed to be an important driver for genetic divergence and adaptation to local 744 

condition (Berg, Jentoft et al. 2015, Guo, DeFaveri et al. 2015, Johannesson, Le Moan et al. 745 

2020). Here, we focused on six pipefish populations from the Baltic Sea, out of which three 746 

originated from a rather high saline environment (14 - 17 PSU), and three from a low saline 747 

environment (7 - 11 PSU). By taking the two salinity regimes into account, our experiment 748 

permitted to test both for local adaptation and for phenotypic plastic acclimation to different 749 

salinities.  750 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 12, 2020. ; https://doi.org/10.1101/2020.11.12.379305doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.12.379305
http://creativecommons.org/licenses/by-nc-nd/4.0/


| 35  
 

S. typhle caught in the Baltic Sea high salinity environments (14 - 17 PSU) were 751 

smaller (14.2 cm) than those populating the marine realm with more than 28 PSU (mean 752 

size animals caught between 28 and 36 PSU: 18.7 cm (Rispoli and Wilson 2008) or 15.5 cm 753 

(Gurkan and Taskavak 2007), but larger than those sampled in Baltic Sea low salinity 754 

environments (mean size in this study: 12.8 cm; pipefish sampled at 5.5 PSU around Askö 755 

(Sweden): 14.5 cm (Rispoli and Wilson 2008). This suggests that osmoregulation is costly 756 

(Rolfe and Brown 1997, Boeuf and Payan 2001) and that the negative impact of low salinity 757 

can potentially not be fully compensated through local adaptation This implies that trade-758 

offs for osmoregulation reduce growth rates, which ultimately correspond to a decreased 759 

fitness. Studies of other marine teleosts that originated from fully marine environments, e.g. 760 

sticklebacks and cod, suggested that high growth rates at intermediate salinity levels (10 - 761 

20 PSU) are possible, especially when close or slightly above isosmotic levels (Dutil, 762 

Lambert et al. 1997, Imsland, Foss et al. 2001, Heckwolf, Meyer et al. 2018). 763 

 In this and a previous study (Nygard, Kvarnemo et al. 2019), the parental phenotype 764 

correlated with the body weight or length of the offspring. The heritability of morphological 765 

traits was suggested to be lower for ectotherms than for endotherms (Mousseau and Roff 766 

1987). However, body size of pipefish females is known to correlate with egg size, and 767 

larger fathers were shown to give birth to embryos of an induced size (Nygard, Kvarnemo 768 

et al. 2019). To this end, both the parental body size and a resource-allocation trade off 769 

imposed by an increased energy demand for osmoregulation can explain the reduced 770 

embryonal growth in the low saline environment (Boeuf and Payan 2001). In the here 771 

presented survival experiment, juveniles from low origin salinity parents survived better 772 

compared to high origin salinity parents, independent of the parental acclimation salinity, 773 

developmental salinity and exposure to Vibrio bacteria. We thus suggest two alternative 774 

parental care strategies: large broad-nosed pipefish parents can invest in larger clutch and 775 
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offspring size, while small parents may rather invest in survival (Nygard, Kvarnemo et al. 776 

2019) via genetically determined gene expression patterns. 777 

  Such genetically determined gene expression patterns that are inherited from 778 

generation to generation, can be indicative signs for local adaptation (Larsen, Schulte et al. 779 

2011, Fraser 2013, Heckwolf, Meyer et al. 2020). Females from high origin salinity had an 780 

induced baseline innate immune gene expression compared to females originating from low 781 

salinity environment. This induced innate immune gene expression pattern was inherited to 782 

their offspring: juveniles from animals caught from high saline environments generally had 783 

an induced expression of innate immune genes. We suggest that the observed induction of 784 

innate immune genes in pipefish originating from high saline origins is indicative for the 785 

existence of sufficient resources allowing to keep the innate immune response at a high 786 

baseline level. This can result in a faster and stronger and eventually more effective immune 787 

response. In contrast, pipefish from low origin salinity may rather suffer stress induced by 788 

the above stated resource allocation trade-off, which decreases the resources available for 789 

the innate immune system. 790 

Under stress, animals are more susceptible to infections with pathogens, which may 791 

turn opportunistic pathogens into causative agents of deadly diseases (Boyett, Bourne et al. 792 

2007, Poirier, Listmann et al. 2017, Sullivan and Neigel 2018). Furthermore, low saline 793 

environments have been suggested to select for increased pathogenic virulence, e.g. due to 794 

changes in gene expression (Hase and Barquera 2001) and biofilm formation (Dayma, Raval 795 

et al. 2015). This is in line with the observed brood pouch infections during pregnancy that 796 

massively impacted fathers adapted to a high origin salinity but exposed to low acclimation 797 

salinity. Their clutch sizes at birth were reduced and their offspring were smaller. Fathers 798 

caught at low origin salinity (LL & LH) did not show signs of brood pouch infection, which 799 

gives support for our hypothesis that these animals were locally adapt to low saline 800 
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environments and the associated pathogens. An adaptation to potentially more virulent 801 

infections at low saline conditions was also found in our experiment: juveniles infected with 802 

Vibrio bacteria survived better when the parents were caught at low originated from low 803 

saline environments.  804 

Juveniles are expected to have advantages when exposed to the same environment 805 

as their parents (Sunday, Calosi et al. 2014, Roth, Beemelmanns et al. 2018). An interaction 806 

of the parental acclimation salinity and the juvenile developmental salinity is generally 807 

interpreted as an indicator for trans-generational plasticity (Uller, Nakagawa et al. 2013, 808 

Heckwolf, Meyer et al. 2018). In contrast to previous experiments focusing on trans-809 

generational plasticity and immune priming in pipefish (Beemelmanns and Roth 2016, 810 

Beemelmanns and Roth 2017, Roth and Landis 2017), the adaptive trans-generational plastic 811 

effects identified in this study were limited. Even though survival of juveniles was higher in 812 

matching parental acclimation and developmental salinity, the effect was driven by the 813 

genetic adaptation and not the parental acclimation. The same applied for juvenile growth, 814 

which was imposed both by origin salinity and by the developmental salinity, but not by 815 

acclimation salinity. However, parental acclimation shifted expression of genes involved in 816 

complement and adaptive immune systems. As such, parental acclimation to low salinity 817 

(main effect) induced the expression of genes of the complement system. Non-matching 818 

parental acclimation and developmental salinity (interaction) upregulated genes of the 819 

adaptive immune system compared to matching parental acclimation and developmental 820 

salinity. In contrast to the above discussed upregulation of innate immune genes, an 821 

upregulation of the complement and adaptive immune system is indicative for a clear 822 

response towards prevailing parasites and pathogens, due to the specificity of the adaptive 823 

immune system (Janeway 2005). The complement system links the innate to the specific 824 

adaptive immune system. Their joint induction could give evidence for a shift in the 825 
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microbial pathogen community in non-matching environments to which the specific arm of 826 

the immune system has to react. However, final support would enquire the genotyping of 827 

the microbial pipefish gut community.  828 

The limited presence of trans-generational plasticity gives only partial support for 829 

our hypotheses and is in strong contrast to previous experiments performed with the same 830 

model system, where the genetic background was mostly ignored and experiments focused 831 

only on one population (Roth, Keller et al. 2012, Beemelmanns and Roth 2016, 832 

Beemelmanns and Roth 2017, Roth and Landis 2017). The here performed experiment 833 

allows us to at least partially disentangle genetic adaptation and trans-generational plasticity 834 

and suggests that selection imposed by genetic adaptation is a lot stronger than the impact 835 

of trans-generational plasticity. To this end, the unexpected limited identification of trans-836 

generational plastic effects could indicate that we are generally overestimating trans-837 

generational plasticity in experiments that ignore genetic background, as genetic adaptation 838 

is intermingled with the phenotypic plastic components. Alternatively, we have potentially 839 

not identified all present signs of trans-generational plasticity in this experiment as the 840 

populations are too distinct due to their history of genetic adaptation hindering the 841 

identification of trans-generational plastic effects. By taking the genetic adaptation into 842 

account, we suggest that the probability to identify existing phenotypic plastic effects is 843 

lower, as the impact of phenotypic plastic effects is weaker than the impact of genetic 844 

differences among populations.  845 

Populations that invaded a new habitat are under strong selection for genetic 846 

adaptation towards the novel environmental condition. They go through a bottleneck, which 847 

results in populations that are diverged from their ancestral populations (Johannesson, Le 848 

Moan et al. 2020) and are characterized by a reduced genetic diversity (Johannesson and 849 

Andre 2006). In another study this reduced genetic diversity as a consequence of genetic 850 
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adaptation negatively impacted the individual phenotypic plasticity of sticklebacks 851 

populating low salinity regions of the Baltic Sea (DeFaveri and Merila 2014, Hasan, 852 

DeFaveri et al. 2017). In a stable salinity environment, we would thus expect that genetic 853 

adaptation had resulted in reduced phenotypic plasticity and lower performance in the 854 

ancestral environment (DeWitt, Sih et al. 1998, Schneider and Meyer 2017). In contrast to 855 

our expectation, juvenile survival of parents from low salinity origins was not reduced at 856 

high developmental salinity suggesting that genetic adaptation towards low salinity 857 

conditions did not result in a reduction of phenotypic plasticity. Along the same line, the 858 

smaller size of juveniles from parents originating from low salinity environments is no 859 

indicator for reduced plasticity either. The smaller phenotype (at the same age) was more 860 

likely a result of the reduced parental size (Nygard, Kvarnemo et al. 2019), which can be an 861 

adaptation to low salinities caused by shifts in allele frequencies (McGuigan, Nishimura et 862 

al. 2011). The strong salinity fluctuations in the coastal environments across the Baltic Sea 863 

(Bock and Lieberum 2017) most likely selected against the loss of phenotypic plasticity.  864 

The isosmotic level of many marine fish is equivalent to around 12 PSU 865 

(Schaarschmidt, Meyer et al. 1999) or a couple of units higher, depending on the ambient 866 

salinity conditions (Quast and Howe 1980, Partridge, Shardo et al. 2007). This suggests that 867 

the here applied high salinity treatment is rather hyper- to isosmotic, whereas the low salinity 868 

treatment is hypoosmotic. The hormone prolactin is involved in many metabolic pathways 869 

in vertebrates and highly relevant for fish in hypoosmotic conditions as it prevents the loss 870 

of ions and the uptake of water. Both mechanisms are crucial in hypoosmotic conditions to 871 

maintain homeostasis (McCormick 2001, Manzon 2002, Breves, McCormick et al. 2014). 872 

In our study, prolactin (prl) was the gene with the strongest upregulation in juveniles at low 873 

developmental salinity conditions underlining the ability of pipefish to quickly respond to 874 

prevailing salinity conditions. Similar patterns in the upregulation of prolactin in marine fish 875 
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have been identified in black porgy Acanthopagrus schlegelii (Tomy et al. 2009) and 876 

rainbow trout Oncorhynchus mykiss (Prunet et al. 1990). This implies that higher prl 877 

expression under low salinity conditions could be indicative for adaptive developmental 878 

plasticity and suggest that juvenile fish are able to cope with short term salinity changes.  879 

Some strains of the species Vibrio alginolyticus have been shown to become more 880 

virulent under low saline conditions (Dayma, Raval et al. 2015, Poirier, Listmann et al. 881 

2017). Drivers for this increased virulence can be trade-offs in the host (Birrer, Reusch et al. 882 

2012, Poirier, Listmann et al. 2017), a phenotypic response of the bacteria (Hase and 883 

Barquera 2001, Dayma, Raval et al. 2015) or a genetic adaptation of the bacteria to low 884 

salinity (Brown, Cornforth et al. 2012). Under low saline condition, we thus expected strong 885 

selection for immunological adaptation towards the prevailing pathogens that potentially 886 

resulted in a higher tolerance or a more effective immune defense against Vibrio bacteria. In 887 

line with this expectation, we found that pipefish offspring from parents caught at low 888 

salinity origin survived better when exposed to Vibrio bacteria than offspring from parents 889 

caught at high saline origins. This suggests that local adaptation to low saline conditions 890 

allows pipefish to allocate sufficient resources towards their immune system for fighting 891 

Vibrio infections. To this end, we found support for our hypothesis that increased Vibrio 892 

virulence in marine host organism can result from resource allocation tradeoffs towards 893 

osmoregulation, impairing the host’s immune system (Birrer, Reusch et al. 2012). 894 

The bacteria used in this experiment were previously evolved at the respective high 895 

(V15: 15 PSU) or low (V7: 7 PSU) Baltic Sea salinity condition. If genetic adaptation of 896 

bacteria to low salinity induces their virulence, we would have expected that the bacteria 897 

evolved at 7 PSU (V7) are more virulent, in particular for the pipefish offspring from parents 898 

originating from high saline locations. In contrast to our expectation, we have identified that 899 

v15 caused a higher mortality in juveniles originating from a high saline environment than 900 
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in juveniles coming from low salinity origin and low parental salinity acclimation, while the 901 

impact of v7 was not differentiable across all groups. Gene expression measurements were 902 

not appropriate to answer the question of induced virulence and a corresponding stronger 903 

host immune response against bacteria evolved at low or high salinity depending on pipefish 904 

local salinity adaptation. Instead, the injury imposed by the injection had the strongest 905 

impact on the gene expression pattern. As such, gene expression of sham-injected animals 906 

was not distinguishable from those injected either with v7 or v15. This is an unexpected 907 

limitation of our study, however, given that impact of Vibrio bacteria on pipefish mortality 908 

could have been identified, we are assuming that we have not chosen the time point when 909 

reactions towards Vibrio infection would have been best mirrored in the gene expression 910 

patterns but rather the timepoint when inflammation or stress upon the injection could be 911 

assessed. Bearing these limitations in mind, we suggest that the increased virulence of the 912 

V. alginolyticus strain is mainly driven by trade-offs impairing the pipefish’s immune 913 

system. A deficiency that can potentially be overcome by local adaptation.  914 

The here identified patterns have to be interpreted with care. Due to the unintended 915 

brood pouch infection that negatively affected 47% of the pregnant males originating from 916 

high saline conditions and parentally acclimated at low saline conditions, we are dealing 917 

with distinct selection intensities on the different treatment groups (Roth, Beemelmanns et 918 

al. 2018). In the treatment affected by the brood pouch fungus (Origin Salinity: H, 919 

Acclimation salinity: L) multiple clutches have at least been partially lost and potentially all 920 

infected fathers were suffering stress levels that can seriously confound the results from this 921 

study. The brood pouch fungus has severely impacted offspring development such that only 922 

the strongest will have survived. Addressing life history traits in the offspring and their gene 923 

expression will thus in the HL group only be done in the strongest animals, which does not 924 

resemble the original cohort, and makes interpretation of the data in the offspring generation 925 
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difficult. We are aware of this limitation and have been taking this into account when 926 

interpreting our data.  927 

 928 

4.6 | Conclusion 929 
 930 

After the last glacial maximum, broad-nosed pipefish have successfully populated 931 

the low salinity areas of the Baltic Sea. The results of our study suggest that the components 932 

of this success story are a mixture of genetic adaptation and the maintenance of a high degree 933 

of phenotypic plasticity of locally adapted pipefish enabling them to deal with present and 934 

ancestral salinity levels and even with re-occurring salinity fluctuations. Pipefish individuals 935 

with suitable alleles for low salinity conditions can inhabit low saline environments. The 936 

adaptation and adjustment of life history strategies to lower salinity also enable pipefish to 937 

cope with prevailing pathogens such as Vibrio bacteria or aquatic fungi. Pipefish of the 938 

species S. typhle inhabiting the Baltic Sea are thus expected to be well prepared for predicted 939 

further drops in salinity, which is also underlined by the fact that already now they inhabit 940 

areas in the northern part of the Baltic Sea with salinity levels below 5 PSU. 941 

	  942 
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