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Abstract

Ecotype pairs provide well-suited model systems for study of intraspecific phenotypical
diversification of animals. However, little is still known about the processes that account for
the development of different forms and sizes within a species, particularly in teleosts. Here,
embryos of a normal-growing ‘large’ form and a dwarf form of whitefish Coregonus lavaretus
were incubated at two temperatures that are usually experienced at their own spawning
sites (2°C for the normal and 6°C for the dwarf form). All fish were subjected to similar ther-
mal treatment after hatching. The present data demonstrate for the first time that different
thermal experience in embryonic life has lasting effects on body and muscle growth of this
ecotype pair and contributes to the development of the dwarf form. Thus, juvenile fish of the
regular form are much smaller and have less muscle mass when pre-hatching thermal con-
ditions were similar to those typical for the spawning sites of the dwarf form (6°C) than when
subjected to conditions of their own spawning sites (2°C). Surprisingly, fish of the dwarf form
exhibit a similar pattern of response to thermal history (2°-fish much larger than 6°-fish), indi-
cating that in their case, normal spawning site temperature (6°C) is indeed likely to act as a
growth limiting factor. Results also demonstrate that the hypertrophic and hyperplastic mus-
cle growth modes are similarly affected by thermal history. Immunolabelling experiments for
Pax7, H3P and Mef2 provide evidence that the cellular mechanisms behind the increased
growth rates after cold incubation in both ecotypes are increased proliferation and reduced
differentiation rates of muscle precursor cells. This is of major significance to aspects of eco-
logical and developmental biology and from the evolutionary perspective.

Introduction

Several aquatic habitats around the world are inhabited by teleost ecotype pairs that differ in
habitat utilisation, spawning behaviour and maximum size. Such ecotype pairs provide well-
suited model systems for the study of intraspecific phenotypical diversification (e.g. [1-4]).
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Abbreviations: csa, cross sectional area; DF, dwarf
form; DM, dermomyotome; dph, days post
hatching; H3P, phosphohistone H3; Mef2, myocyte
enhancer factor 2; MPC, muscle precursor cell; NF,
normal-sized form; Pax7, paired box transcription
factor 7; TL, total length.

Just as their North American congeners [5-7], the C. lavaretus populations of several European
lakes have given rise to sympatric ecotype pairs (sometimes also referred to as ‘species’ pairs)
that diverge in life style and ultimate size, usually consisting of a small ‘dwarf form and a larger
‘normal’ form. For ecotype pairs from Swiss lakes it has been shown that genetic similarity is
higher between the dwarf and normal forms within the individual lakes than between equally-
sized forms from neighbouring lakes [1,8]. Recent morphological and genetic data further sug-
gest that such pairs represent endpoints of ‘species’ clines vitally depending on vertical temper-
ature gradients rather than simple dichotome splits [9,10]. While some studies have shown
that behavioural and physiological differences are likely to be involved in the diversification of
forms [10,11], possible effects of early life experiences are as yet unknown.

Such effects, however, are highly likely as substantial evidence has accumulated over the
past 15 years that thermal experience during the embryonic period is able to exert a strong,
lasting influence on teleost body and muscle growth. This means that within an individual spe-
cies, fish that are large at hatching as a result of their early thermal experience, may end up as
small adults, and vice versa (eg. [12]). Effects of such kind have been first described in herring
which were reared at different temperatures and then transferred to ambient conditions [13].
More recent studies have demonstrated that the phenomenon is also present in other teleost
species. Imprinted effects of early thermal experience on muscle development have been dem-
onstrated for Atlantic salmon Salmo salar [12,14-17], halibut Hippoglossus hippoglossus [18],
haddock Melanogrammus aeglefinus [19], sea bass Dicentrarchus labrax [20], zebrafish Danio
rerio [21], pearlfish Rutilus meidingeri [22] and turbot Scophthalmus maximus [23]. Thereby,
body and muscle growth patterns have been shown to be affected in a species-specific manner,
but also appear to depend upon the duration of the imprinting experiment, and the age of the
specimens tested. For example, increasedrates of fast fibre formation in larvae and/or juveniles
may be the result of rearing temperatures in either the lower [12,15,16] or the upper region of
the species’ thermal range [18,19] during the embryonic period. Also, sea bass juveniles that
originate from low temperatures have a higher and longer capacity to recruit new fast fibres
when seawater temperature increases in spring [20].

Only limited information is available on whether such ‘thermal programming’ of muscle
growth plays an essential role in the phenotypic diversification of teleost species—either within
the normal scope of intraspecific variation or after onset of a speciation process. As to the pos-
sible induction of such temperature effects, dwarf forms of C. lavaretus from lake habitats in
Central Europe are known to diverge from their large sized relatives in relation to the thermal
conditions at their spawning sites. Normal forms mainly spawn at shallow sites on gravel
banks of the lake’s river tributaries which are thermally labile and in winter usually cold with
values down to 0.5°-2°C. By contrast, small forms are reported to prefer deeper, thermally
more stable rocky littoral areas which do not cool below 4-6°C [10,24-26]. Additionally, the
dwarf form is likely to spawn over an extended period from autumn to spring, while the nor-
mal form usually only spawns in late November and early December [25]. Thus, embryos of
such forms are thus likely to have strongly diverging thermal histories. This may drive body
and muscle growth potentials in different directions irrespective of whether the larvae eventu-
ally feed in the same superficial waters [27].

Particularly little is known as to how the thermal ‘imprint’ is implemented at the level of
myogenic precursor cell recruitment. That such influence exists is highly probable from stud-
ies on small (dwarf) forms of related salmoniform species Arctic charr Salvelinus alpinus and
Atlantic salmon. These studies provide evidence that the small condition is associated with an
early cease of hyperplasia and, in consequence, with a reduced fibre number in the dominant
fast muscle mass of the adults [28,29].
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Based on this evidence, the present work intended to test the hypothesis whether or not the
size differences of a normal-sized and a dwarf form of an ecotype pair of C. lavaretus from the
Austrian lake Traunsee, are conditioned by the thermal environment at the spawning sites of
the ecotypes. Knowing about this has, in our understanding, most relevant implications, not
only in the evolutionary and ecological contexts (formation of ecotypes in short evolutionary
times, ecotype survival under climate change conditions) but also for fisheries biology, lake/
river management and aquaculture economics.

Materials and methods
Rearing and sampling of fish

Investigations were carried out on developmental stages of two sympatric ecotypes of Corego-
nus lavaretus (Salmonidae) with different adult size. They both occur in the Traunsee, a dilu-
vial lake at the northern rim of the Alps in Austria (47° 52’ N, 13" 48’ O). Parent animals were
caught by professional fishermen at their natural spawning sites in the lake (dwarf form) and
its tributary, the Traun River (normal form) in the winter season. Parent animals of the dwarf
form (15 males, 19 females) had a mean total length (TL) of 21.9 + 1.8 cm and a mean total
mass of 76.5 + 22.2 g. Parent animals of the normal form (12 males, 15 females) were signifi-
cantly larger, with a mean TL of 32.8 + 32.7 cm and weighed 260.1 + 127.8 g. Three batch
crosses of > 4 males and > 5 females per ecotype were produced. Batch crosses of each ecotype
were merged and transferred to Zuger glasses for rearing under controlled conditions. For
thermal imprinting, batches of eggs of each ecotype were kept at two different temperatures
(2°Cand 6°C, £ 0.5°C each) until hatching thus forming a cold-imprinted and a warm-
imprinted study group for each ecotype. Temperatures chosen are within the species’ range of
thermal tolerance during embryogenesis [30] and occur at the natural spawning sites of the
normal form in the river (about 2°C) and the dwarf form in the lake (5-6°C). From hatching
onwards, all fish were kept under the same (season-dependent) water temperatures as prevail-
ing in the water supplies of the Mondsee Institute. Temperatures rose steadily from 7°C in
early larval life (March) to a maximum of 20°C towards the larva/juvenile transition (August),
and fell to 15°C during the following autumn period. Fish were kept under natural photope-
riod and fed ad libitum, initially with non-enriched Artemia nauplii, later switching to a diet of
commercial fish food of appropriate particle size. Rates of water flow and recirculation were
kept equal for all thermal groups at any particular phase of the experiment. Three tank repli-
cates of each thermal group were maintained in all rearing phases. Samples of n>7 per thermal
group and method of analysis (in total > 30 per thermal group) were randomly taken from the
replicate tanks or each ecotype at hatching, and at 80 days post hatching (dph) in the juvenile
stage. All fish were overanaesthetised with MS-222 (3-aminobenzoic acid ethyl ester, Sigma,
Vienna, Austria) to minimize suffering (according to the Directive 2010/63/EU of the Euro-
pean Parliament and of the Council of the European Union, September 22, 2010), and body
lengths were measured (n>54 at 0 dph, and >40 at 80 dph) prior to fixation. Animals at 80
dph were cut into smaller pieces to allow sufficient fixative penetration.

In accordance with the regulations of the Austrian Animal Experiment Act (December 28,
2012) (Tierversuchsrechtsinderungsgesetz, part 1, section 1, §1, point 2), and with the Direc-
tive 2010/63/EU of the European Parliament and of the Council of the European Union (Sep-
tember 22, 2010) on the protection of animals used for scientific purposes (chapter 1, article 1,
point 5a), all fish were reared according to normal agricultural practice, including provision
for appropriate tank size, sufficient rate of waterflow, natural photoperiod, ad libitum food
supply, and temperatures within the species’ thermal tolerance range of 1°-7°C [30]). This
ensured that no pain, suffering, distress or lasting harm was inflicted on the animals, which is
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confirmed by the fact that mortality rates and development of aberrant fish were low and equal
between rearing groups. Based on the legislative provisions above, no ethics approval and no
IACUC protocol is required for the experiment performed.

Light microscopy and morphometry

Specimens intended for light microscopic analysis and morphometry of cellularity on semithin
sections (6-8 animals per thermal group and developmental stage) were immersion-fixed at
4°C using Karnovsky’s paraformaldehyde-glutaraldehyde fixative [31] diluted to half-
concentration with PBS. After postfixation in PBS-buffered 1% osmium tetroxide (3 h, 4°C),
specimens were dehydrated in a graded series of ethanols (70-100%) and embedded into Gly-
cid ether 100 epoxy resin (Serva, Heidelberg, Germany). Transverse semithin sections

(1.5 pm) at anal level were cut on a Reichert Ultracut S microtome and mounted on glass
slides. Amplification of osmium contrast for clearer visualisation of cell borders was per-
formed usingl,4-paraphenylendiamine (Merck-Schuchardt, Hohenbrunn, Germany) [32].
Results were photographed using a Reichert Polyvar microscope.

Total cross-sectional areas (csa) of the slow and fast muscle domains of one epaxial and one
hypaxial trunk quadrant of each fish were digitally measured from the images. For morpho-
metric assessment of cellularity, contours of the slow and fast muscle cells were digitally traced.
In individuals at hatching, this was done for one entire epaxial quadrant without defining slow
and fast muscle subzones (S1 Fig). In juveniles at 80 dph, epaxial quadrants were divided into
distinct subzones according to a body-size dependent schedule. This served to detect possible
local variations of hyperplastic growth in the myotome in the time after hatching. Two sub-
zones (apical, central) in the fast muscle domain and an apical subzone in the slow muscle
domain were defined. The dorsal-most 10% of the quandrant height (h) were assigned to the
apical zone (characterised by stratified hyperplasia), the central third of the fast muscle” dorso-
ventral extension (midline at h/2) to the central zone (cf. [33]). Fibre size measurement in the
central zone was confined to a representative transect (see [22]) (S1 Fig). Fibre numbers were
always determined for the entire quadrant. All measurements were done using an adapted ver-
sion of the Image J software. A few implausibly small values (< 2 um?) presumed to be measur-
ing errors were deleted from the dataset.

Myonuclei counting

The protocol for assessment of myonuclear densities of fast muscle fibres was modified after
that of our colleagues [34]. 5-10 myotomes were dissected from the anal area of fish fixed in
4% paraformaldehyde (PFA) at 4°C for 8 h. The slow fibre layer and the adhering skin were
removed with fine forceps. The remaining fast muscle parts of the myotomes were incubated
in 40% NaOH for 5-10 min, rinsed several times in PBS + 0,1% Tween 20, and pipetted up
and down vigorously to separate individual fibres. Nuclei of muscle fibres were labelled with
10pg/ml Hoechst 33258 (Sigma, Vienna, Austria). The nuclei of 40-50 fast fibres per individ-
ual fish from 6-8 individuals per developmental stage, ecotype and thermal group were
counted. Measurement of fibre lengths and diameters was done using Photoshop CS3. Data
are presented as the ratio of number of myonuclei to muscle fibre volume (1 r* ), briefly termed
nuclei/volume ratio.

Immunolabelling

For analysis of the temperature-dependent variation of the presence of myogenic precursor
cells (MPCs) in the DM and the myotome, immunolabelling experiments using paired
box transcription factor 7 (Pax7+)antisera were performed on transverse cryostat sections.
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Freshly killed animals were coated with cryostat embedding medium (Tissue-Tek O.C.T. com-
pound, Miles, Elkhart, USA) and cryofixed by plunging into isopentane (2-methylbutane)
cooled to near its freezing point (-158°C) by liquid nitrogen. Transverse sections (10 ym) at
the level of the anus were cut on a cryostat as described by [35].

Double labelling was performed to discriminate between mitotically active and differentiat-
ing MPCs subsets. Therefore, the Pax7 antibody was combined with either a marker of mitoti-
cally active cells (phospho-histone H3, H3P) or a marker of differentiating muscle cells
(myogenic enhancer factor 2, MEF2). The following primary antibodies were used: monoclo-
nal mouse anti-chicken Pax7 IgG1 (1:20; DSHB, Iowa, USA, deposited by A. Kawakami), poly-
clonal rabbit anti-H3P (1:100; Upstate, Lake Placid, NY, USA), and polyclonal rabbit anti-rat
MEF?2 (1:100; Santa Cruz Biotechnology, Santa Cruz, California, USA). Alexa 488-conjugated
goat anti-rabbit (1:800) and Alexa 546-conjugated goat anti-mouse IgG1 (1:800; Invitrogen,
Lofer, Austria) were applied as secondary antibodies. For immunolabelling, cryostat sections
were fixed in 4% PFA (5 min), washed in PBS containing 0.1% Tween 20 (PBT) (3x3 min) and
then blocked with PBT containing 2% BSA and 5% goat serum (PBT-B-N; 5 min). This was
followed by primary antibody incubation (1-3 h at room temperature, or overnight at 4°C),
3x3 min washing in PBT, another blocking step in PBT-B-N (5 min), and secondary antibody
incubation (30-60 min at room temperature). After washing in PBT (3x3 min), sections were
counterstained with Hoechst 33258 (1 pg/ml, 3 min) to visualise nuclei, again washed in PBT
(2x3 min) and then mounted with Roti®-Mount Fluor-Care (Roth, Austria). Photographs of
the results were taken on a Reichert Polyvar microscope adapted for fluorescence microscopy.

Quantitative assessment of proliferating (Pax7+/H3P+) and differentiating (Pax7+/Mef2+)
muscle precursors was carried out in the DM area immediately lateral to the slow fibres and in
the lateral fast muscle area immediately medial to the slow fibres. In fish at hatching (6-16
individuals per ecotype and thermal group), these two areas were analysed in the entire epaxial
and hypaxial quadrants (for epaxial quadrants exemplified in S2 Fig). In fish at 80 dph (6-7
individuals per ecotype and thermal group), evaluation was confined to individual somites/
myotomes, i.e. areas delimited by two successive myosepta (cf. [22, 36]) (S2 Fig). Of each indi-
vidual examined, one set of sections (mainly 5 slides with 8 sections each) was used to deter-
mine numbers of Pax7+/H3P— and Pax7+/H3P+ cells (10-20 somites/myotomes per
individual, resulting in a total of about 80 evaluated somites/myotomes from 6-8 individuals
per ecotype, developmental stage and thermal regime). A second set of sections was used to
evaluate numbers of Pax7+/Mef2— and Pax7+/Mef2+ cells within the lateral fast muscle.
Labelled cells were counted on matched images using Adobe Photoshop. Cell numbers are
given per 100 pm of somite/myotome contour length (as measured on 10 um cross sections).
Note that the central areas of the myotomes (mosaic growth zone) were not included into
Pax7+ cell evaluation because, with a very few exceptions, such cells were not detected at these
sites (see also [33,37].

Statistical analysis

The data were tested for equal variance and normality using Levene s test and Kolmogorov-
Smirnov test, respectively (SPSS 24, SPSS Inc., Chicago, Illinois, USA). Because the data did
not satisfy the assumptions of parametric homoscedastic additive models (tests for normal dis-
tribution and homogeneity of variance failed), differences in measured variables between
experimental groups were tested by nonparametric methods. Main effects and interaction
effects between independent variables (temperature, group) and measured response variables
were examined by nonparametric rank-based, 2-way ANOVA type tests using the R package
nparLD [38]. Significance levels were set at P < 0.05.
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Results
Fish growth

Fish reared at warmer temperatures developed faster than those kept under colder thermal
conditions throughout the embryonic period. Thus, embryos hatched at 64 and 122 days post
fertilisation (normal form, NF), and 57 and 109 days post fertilization (dwarf form, DF) in the
6° and 2°C rearing groups, respectively. The combined mean body lengths at this stage were
significantly different between the two forms, being 11.0 £ 0.5 mm for the normal form and
10.5 + 0.7 mm for the dwarf form (P<0.001). Comparison between the thermal groups of each
form further revealed that the temperature, at which fish were kept during the ‘imprinting’
period until hatching only significantly influenced the growth of the normal form. If kept at
2°C, fish of this form were significantly larger than their congeners reared at 6°C (P<0.001)
(Fig 1A). Under the ambient thermal conditions after hatching, cold-imprinted fish of the nor-
mal form exhibited a more pronounced growth than the warm-imprinted fish of this form,
thus being clearly larger than the latter at 80 dph (mean TL at 26.8 + 0.4 mm and 18.9 £ 0.3
mm, respectively). A similar size difference at 80 dph was observed between cold- and warm-
imprinted fish of the dwarf form (mean TL 31.0 + 0.5 mm and 18.0 + 0.2 mm, respectively).
Body size comparison between the fish of the two ecotypes at 80 dph without considering the
imprinting regime did not reveal a significant difference.

Muscle cross section and cellularity

In fish at the hatching stage, the total cross sectional area (csa) of the fast muscle domain
within one half of the trunk did not significantly diverge between thermal groups and ecotypes
(Fig 1B). By contrast, at 80 dph, cold-imprinted fish had larger fast muscle csa than the warm-
imprinted individuals in both ecotypes (P<0.001 each). No such differences occurred between
fish of the normal and dwarf form imprinted at the same thermal conditions. Similar to the
results in fast muscle, slow muscle csa at hatching showed no significant differences between
any of the groups (Fig 1C), and again, the situation changed at 80 dph, showing a higher slow
muscle csa in the cold-imprinted fish of both ecotypes (P<0.001 each). Plotting the ratio of
fast-to-slow muscle csa against total muscle csa demonstrates that cold-reared fish of both eco-
types have lower fast-to-slow muscle ratios than their warm-bred congeners. This is in agree-
ment with the previous finding that cold acclimation favour slow muscle development over
fast muscle development [35].

In regard to fibre numbers at hatching, the cold-imprinted fish of the dwarf form contained
significantly more fast fibres than those of all other study groups (P<0.001) (Fig 2A). By con-
trast, there were no significant differences in slow fibre numbers between thermal groups and
ecotypes at this stage (Fig 2B). More prominent differences in fibre numbers were observed at
80 dph. At this time, the cold-imprinted individuals of both forms exhibited significantly ele-
vated numbers of slow and fast fibres as compared to warm-imprinted individuals (P<0.001
each). The increase in fast fibre number over the investigated period (from hatching to 80
dph), taken as a measure of hyperplastic growth intensity, is 6.9-fold and 8.3-fold in cold-
imprinted fish of the normal and dwarf form, respectively (corresponding to an increase of
14.8 and 18.7 fibres/day, respectively), but only 2.8- and 4.5-fold in the warm-imprinted fish of
the two forms (corresponding to 4.6 and 6.7 fibres/day, respectively). Slow fibre numbers
exhibited similar differences related to imprinting temperature, with a 3.2- and 3.6-fold
increase in cold-imprinted fish, but only an 1.4- and 1.7-fold increase in warm imprinted fish
of the normal and the dwarf form, respectively.

Numbers of large fast muscle fibres > 200 um” within the epaxial quadrant of the trunk
were measured to determine muscle fibre hypertrophy. At hatching, there were no marked

PLOS ONE | https://doi.org/10.1371/journal.pone.0185384  September 25, 2017 6/18


https://doi.org/10.1371/journal.pone.0185384

@' PLOS | ONE

Temperature effects on growth in normal and dwarf whitefish

*
*
407 °
= :
E
Kt 30
‘57 *
c
2
T °
8 207
*
=
0| e o =
77y (78) (72) (71) (41) (66) (102) (91)
(') 8'0
days post hatch (dph)
3 B %
bl *
£
E
& 2
0
[&]
(-4}
©
[72)
=
£
8
|18
—— e O el e
0 I )
days post hatcht (dph)

157

slow muscle c.s.a. (mm?)

057

C

e e

% group

#or->
* #Eor-6
[ [N
BNF-6°

w

00

arouo

T
0

T
80

days post hatch (dph)

_\
Q@

Ratio of fast to slow muscle area

group

* DF-2
* DF-6°
+ NF-2°
* NF-6°
~DF-2°
~~.DF-6°
T NF-2°

T NF-8°

T
-15 -1.0

-5

T
0 5

log total muscle c.s.a.

Fig 1. Development of body lengths and muscle mass. (A) Total body lengths of normal-sized fish (NF, open bars) and dwarf fish (DF,
dashed bars) imprinted at 2 (blue) and 6°C (red) at the end of the imprinting period (0 dph) and in the juvenile stage (80 dph). Values at
bottom of bars provide number of individuals included in length measurement. Total fast (B) and slow (C) muscle csa in one half of the trunk
(8 individuals per thermal group of each ecotype); whiskers indicate s.e., significant differences are assigned at p<0.05 (*). (D) Correlation
of slow muscle relative proportion (fast-to-slow muscle ratio) with fish size as given by total muscle csa; regression line equations: NF-2:
y=7.3x+3.9 (= 0.87), NF-6:y = 12.2x + 7.6 (* = 0.95), DF-2: y = 11.7x + 7.2 (* = 0.94), DF-6: y = 15.9x + 10.3 (r* = 0.97).

https://doi.org/10.1371/journal.pone.0185384.g001

differences in this variable between any of the study groups (Fig 2C). This was changed by
enhanced fast fibre growth during the larval and early juvenile period attendant to cold
imprinting. Thus, at 80 dph, the cold-imprinted fish of both ecotypes contained significantly
more large fast fibres than their warm-imprinted counterparts (P<0.001 each).

Small fast fibres < 50 um” (which were regarded as newly formed) were counted as a means
to specifically examine how thermal imprinting influences stratified and mosaic hyperplastic
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growth. At hatching, thermal groups of the dwarf form diverge significantly in this variable,
with significantly more small fibres in the cold imprinted fish (P<0.001) (Fig 2D); thermal
groups of the normal form do not exhibit this difference. However, when comparison is made
between ecotypes without considering thermal groups, newly hatched fish of the normal type
contain more small fibres than those of the dwarf type. By contrast, more small fast fibres were
present in the normal-sized forms than in the dwarf fish (P = 0.04). In the juvenile fish at 80
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dph, analysis of small fast fibre numbers was restricted to the apical and central zones of the
analysed quadrants, which are known to be representative of stratified and mosaic growth,
respectively. Results demonstrate that cold-imprinted fish at 80 dph, generally possess more
small fibres than warm-imprinted fish, irrespective of ecotype. This is particularly clear for the
central zone of the myotome (difference significant at P<0.001 in each ecotype). A slightly dif-
ferent situation is encountered in the apical zone, for which a significant difference in small
fast fibre numbers between cold- and warm-imprinted fish was only found in the dwarf form
(P<0.001), while there is only a trend towards more such fibres in cold-imprinted fish of the
normal form (P = 0.11). No significant differences of such kind were detected for small slow
fibre numbers (not shown).

Evaluation of myonuclear density demonstrates that at hatching, the fast fibres of warm-
imprinted fish had a lower myonuclei/volume ratio (i.e. larger nuclear domains) than those of
cold-imprinted fish in both ecotypes (Fig 3A). In the normal form, this situation became
inverted during the post-imprinting period, resulting in the lowest fast fibre nuclei/volume
ratio of all study groups in the cold-imprinted fish at 80 dph (Fig 3B). By contrast, no such
change occurred in the dwarf form, in which the fast fibres of the warm-imprinted fish main-
tained a lower nuclei/volume ratio until this point in development.

Muscle precursor cells

Immunohistochemical tracing of MPCs served to reveal how proliferation and differentiation
behaviour of precursor cells correlates with those of the observed temperature-dependent
modulation of muscle cellularity. MPCs were stained using Pax7 antiserum, which is a reliable
and widely applied marker of myogenic precursor cells in vertebrates (eg. [39]). Immunolabel-
ling data are given in relative numbers (labelled Pax7+ cells per 100 pm of myotome cross sec-
tional length). Results show that at hatching, Pax7+ MPCs nearly entirely occurred within the
dermomyotome (DM) which by that time still constitutes an epithelium at the lateral surface
of the myotomes’ slow muscle layer. Most Pax7+ MPCs were detected in the DM of cold-
reared specimens of both ecotypes (P<0.001, each) (Fig 4A). Co-staining for H3P demon-
strates that the DM of the cold-incubated fish of the dwarf form also harbours the largest frac-
tion of proliferating (Pax7+/H3P+) MPCs (7.1% as compared to 2.5% recorded in the warm-
incubated fish) (Fig 4B). Cold-incubated fish of the normal form also had higher numbers of
such cells than their warm-incubated counterparts (7.6% vs. 5.4%), although the difference is
not statistically significant (P = 0.08) (Fig 4B). Regarding the percentage of differentiating
MPCs at hatching (i.e. at the end of the imprinting period), a clear temperature effect was only
found in the dwarf form, in which the cold-incubated fish contained lower numbers of differ-
entiating MPCs than the warm-incubated (32.5% and 39.0% of all MPCs in 2°- and 6°-dwarf
fish, respectively) (P<0.001) (Fig 4C). In contrast to hatching stage, no significant differences
in numbers of Pax7+ MPCs were present at 80 dph between any of the study groups (Fig 4A).
The only difference found at this stage was in regard to the relative percentage of mitotically
active MPCs between the cold- and warm-imprinted fish of the normal form (Fig 4B). In the
warm-imprinted fish of this ecotype, 6.6% of all Pax7+ cells were double-labelled for H3P,
compared to only 2.7% of in the cold-imprinted fish (P<0.001). The highest amounts of differ-
entiating (Mef2+) MPCs were present in the warm-imprinted specimens of both ecotypes

(Fig 4C). A particularly clear difference in this respect was found in the normal form, with
41.0% and 24.7% of all Pax7+ cells being also positive for Mef2 in the warm- and cold-
inprinted fish, respectively (P<0.001). A similar trend was also observed in the dwarf form
(52.2% and 39.7% in warm- and cold-imprinted fish, respectively; P = 0.14).
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https://doi.org/10.1371/journal.pone.0185384.g003
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each in the normal form, and from 8 2°-fish and 6°-fish each in the dwarf form; data at 80 dph derived from 7
individuals in all four groups. (A) Total numbers of Pax7+ cells per 100 um distance within the DM and the
lateral fast muscle. (B,C) Percentages of Pax7+ cells that have entered proliferation (Pax7+/H3P+) (B) or
differentiation (Pax7+/Mgn+) (C). (*) Intergroup differences significant at p<0.05.

https://doi.org/10.1371/journal.pone.0185384.9004

Discussion

The present study demonstrates clearly that thermal experience during early ontogeny exerts a
long-lasting influence on body and muscle growth in whitefish and, even more important, that
fish sharing the same thermal history have similar body and muscle growth, irrespective of
whether they belong to the normal form or to the dwarf form of the ecotype pair. The first line
of evidence in support of this is provided by the body size data. While there is no difference in
body length and muscle mass (csa) between the two thermal groups of each ecotype at hatch-
ing, fish imprinted at 2°C are in both ecotypes significantly larger and have more muscle mass
than fish imprinted at 6°C at 80 dph (Fig 1A-1C). This result is in remarkable agreement with,
and further supports, recent morphological and genetic data interpreted in the way that the
evolutionary diversification of coregonid fishes generates endpoints of ‘species’ clines vitally
depending upon the vertical gradient in depth and water temperature rather than simple
dichotome splits [9,10]. Further work in this direction has already suggested that metabolic
and behavioural adaptations to different thermal microhabitats along the lake s temperature-
depth gradient aid the evolutionary branching of the ancestral population into two distinct
phenotypes [40]. The present data further substantiates this interpretation by demonstrating
that the phenotypic differences within the investigated ecotype pair are substantially influ-
enced by different thermal environments during embryogenesis in that thermal experience in
early life exerts an imprinting effect on the cellular growth mechanisms in post-embryonic life.
This conforms with, and adds to previous evidence of a similar type of imprinting effect
from a variety of teleost species. As in the present experiment, in all such cases, egg incubation
under a warm regime led to larger fish at the end of the embryonic period than incubation
under a cold regime, while it happened very often that the cold-bred fish underwent a signifi-
cant catch-up growth in the period afterwards (eg. [20,23,41]). In Atlantic salmon [12,14,16]
and Atlantic herring [42], such fish were the largest at the end of the experiment. By contrast,
fish of other teleost species, such as halibut, haddock and zebrafish were shown to have
reduced post-embryonic muscle growth in response to cold rearing during the embryonic
period [18,19,21]. This demonstrates that long-term teleost growth responses to embryonic
thermal conditions are not unidirectional and likely dependent upon additional factors. A
more complex and plastic nature of thermal history associated growth responses is supported
by the finding in zebrafish that lasting influence may not only be exerted on final size, but also
on the morphology of various body parts, such as fins, gill covers and lower jaws [43].
Imprinting effects established for body length and muscle csa are clearly reflected at the cel-
lularity level. Also here, effects were hardly visible at the end of the embryonic period, but
became most distinct during the larval and juvenile period until 80 dph. Thus, the hatching
stage was characterized by no or only minor differences in fast and slow fibre numbers
between thermal groups in both ecotypes, while the cold-imprinted fish surpassed the warm-
imprinted fish in all relevant variables afterwards [Fig 2A and 2B]. The analyses of numbers of
small (< 50 um?) and large (> 200 um?) slow and fast fibres, and of myonuclear densities iden-
tify increased rates of hyperplastic and hypertrophic growth in the cold-imprinted fish as a
main reason for the diverging development in the post-embryonic time. Also in this case,
effects were hardly visible at hatching but most prominent in the juvenile period [Figs 2C, 2D,
3A and 3B]. An aspect worth to be considered in more detail is that fast fibre hypertrophy in
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the cold-imprinted fish comes along with larger nuclear domains, as indicated by reduced
myonuclear densities [Fig 3]. Two interpretations remain possible as to this observation: (i)
imprinting at 2°C favours increase in cell volume without requiring uptake of more nuclei
from MPCs; (ii) cold imprinting reduces the availability of MPC derived nuclei for fusion with
growing fibres thus accounting for early nuclear domain expansion. The findings that num-
bers of large fibres do not diverge between temperature groups at hatching while the MPCs of
cold-reared fish have higher proliferation rates but lower differentiation rates [Figs 2C, 4B and
4C] are clearly in support of the latter hypothesis. The response of nuclear domains established
in whitefish bears a striking resemblance to those found in the pearlfish Rutilus meidingeri, a
large-growing Central European cyprinid, in which cold-imprinted fish also had higher
nuclear densities at hatching but reduced densities in the juvenile period [22]. There are also
further similarities in imprinting responses between pearlfish and whitefish, especially with
regard to the fact that slow muscle responds very much like fast muscle in both overall mass
and cellularity, and in variation of the relative proportion of the slow muscle compartment
(fast/slow-ratio).

In contrast to the whitefish, however, cold-imprinted pearlfish had a lower posthatching
body and muscle growth potential indicating that a high nuclear density of the muscle fibres at
hatching does not necessarily reflect the subsequent hypertrophic and/or hyperplastic growth
potential of the muscle. This fits with the wider observation that imprinting effects in whitefish
do not in all aspects correspond to those resulting from similar experimentation in other tem-
perate sea- and freshwater species, eg. Atlantic salmon [44], herring [13], and haddock [19].
While in these species, just as in the pearlfish, cold-imprinting favoured hypertrophy over
hyperplasia, and vice versa warm-imprinting hyperplasia over hypertrophy, there were no such
preferential responses in whitefish. The reason for this phenomenon remains to be clarified.

At the level of molecular regulation, the results from immunostaining for Pax7, H3P and
Mef2 suggest that thermally induced shift of MPC behaviour is a major driving force behind
the observed effects on body growth and muscle cellularity. The relatively higher amounts of
proliferating Pax7+/H3P+ cells in the cold imprinted-fish of both ecotypes at hatching, and to
a lower extent still at 80 dph, together with the relatively higher numbers of differentiating
Mef2+ cells in the warm-imprinted fish [Fig 4B and 4C], provide strong indication that tem-
perature modulates the proliferation/differentiation balance of the MPCs formed during the
embryonic period, leading to an increased accumulation of MPCs under cold conditions. The
thus generated larger pool of MPCs appears to be the cellular basis of the increased hypertro-
phic and hyperplastic posthatching muscle growth of the cold imprinted fish, finally resulting
in larger juveniles. This is very similar to what has been suggested to occur in the pearlfish
[22], although with the difference that the pearlfish study, making comparison between three
thermal regimes within the species’ tolerance range (13° vs. 8.5° and 16°C), found that not the
lowest, but the intermediate temperature led to the highest MPC numbers at hatching. This
was interpreted in the way that the size of the embryonic MPC pool has a species-specific ther-
mal optimum rather that it would simply decrease along a cold-warm gradient [22]. The inter-
pretation is supported by evidence from two studies of Atlantic salmon that densities of MPCs
positive for the development-related receptor tyrosine kinase c-met+ MPCs in juvenile fast
muscle are highest when the embryos were imprinted within an ‘optimum thermal range’,
while colder conditions and heating experiments led to reduced densities [14,15]. Based on the
present data, it may be supposed that the MPC pool optimum of the two whitefish ecotypes is
in each case close to 2°C.

More recently, molecular data from the Senegalese sole (Solea senegalensis) have suggested
an epigenetic mechanism accounting for the temperature-dependent plasticity of teleost mus-
cle growth. It was found that rearing temperature influences the methylation of the promoter

PLOS ONE | https://doi.org/10.1371/journal.pone.0185384  September 25, 2017 13/18


https://doi.org/10.1371/journal.pone.0185384

@° PLOS | ONE

Temperature effects on growth in normal and dwarf whitefish

of myogenin, an important transcription factor that regulates MPC differentiation. Increased
methylation under cold conditions caused a downregulation of myogenin expression [45].
Although the investigated whitefish present an inverted situation compared to the sole, with
increased muscle growth after cold incubation, it may be hypothesised that similar epigenetic
processes are the basis for the temperature-dependency of muscle growth in these fish. Specifi-
cally MPC proliferation rates, according to the present findings a key factor driving phenotypic
diversification in this species, may be regulated by temperature mediated influence on the
methylation degrees of growth factor genes such as IGF or FoxK1. That the expression of such
factors reacts to temperature has already been shown in teleosts, e.g. in pufferfish Takifugu
rubripes and carp Cyprinus carpio [46,47].

Taken together, the findings of the present work demonstrate that both the normal-sized
and the dwarf form of C. lavaretus have equal growth potentials and the exploitation of this
potential depends upon thermal experience during early (embryonic) life. Thus, fish of both
forms are clearly best conditioned for post-hatching growth if the embryos experience low
temperatures, independent of the temperatures at their natural spawning sites. Or, when rea-
soned a contrario, the results indicate that spawning site temperature is a relevant factor in
body size diversification between the two whitefish ecotypes. This pattern of response to cold
imprinting observed in whitefish is remarkably similar to that established for two populations
of Atlantic salmon with different spawning behaviour [14]. Irrespective of whether fish were
upland spawners adapted to lower temperature or lowland spawners adapted to higher tem-
peratures, cold-rearing led to individuals with larger muscle csa and higher numbers of slow
and fast muscle fibres at hatching and at first feeding. Observations made by [28] when com-
paring effects of different (colder/warmer) rearing temperatures on embryos of a large benthic
and a dwarf benthic morph of Arctic charr are also in principle in agreement with the present
results. An enhanced growth potential in response to low embryonic temperature is indicated
by that numbers of fast fibres in cold-reared fry of the dwarf morph do not significantly
diverge from those counted in warmer reared individuals of the large morph, although the lat-
ter possess more muscle fibres as adults. However, further research will be required to examine
whether additional experiences during early life stages that are known to affect fish growth
(e.g. oxygen availability, ammonia and nitrate level, density) also aid in the segregation of tele-
ost ecotype pairs, and to clarify the molecular details of how exactly rearing temperature inter-
feres with stem cell behaviour. Besides strong implications in the phylogenetic and
developmental context, the present data are also important in the climatic context as with
increasing water temperatures at the spawning sites body and muscle growth of such fish will
decrease.

Supporting information

S1 Fig. Images illustrating contour tracing of slow fibres (red) and fast fibres (black). Epax-
ial quadrants of fish at hatching (A) and at 80 dph (B). Zonal subdivision at 80 dph (AZ apical
zone, CZ central zone) is dependent of myotome size (details provided in the Methods sec-
tion). FF fast fibres, h/w height/width of quadrant, ms myoseptum, nc notochord, SF slow
fibres, spc spinal cord. Scale bars: A 50 um, B 100 pum.

(TIF)

S2 Fig. Images of sections immunostained for Pax7 (red) illustrating MPC assessment in
the myotome. Dorsal is to the top. (A) Newly hatched 2°-fish of dwarf form, section co-stained
for H3P (green) to test for mitotically active Pax7+ cells (white arrowhead). All Pax7+ cells are
exclusively located in the area of the previous DM. (B) Newly hatched 6°-fish of normal sized-
form, section co-stained for MEF2 (green) to test for Pax7+ cells entering myogenic
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differentiation (white arrowheads). (C) 6°-fish of dwarf form at 80 dph, section co-labelled for
H3P (green). Pax7+ cells and mitotically active Pax7+/H3P+ cells generally occur in both the
area of the previous DM and in the lateral fast muscle (white arrowhead indicates Pax7+/H3P
+ cell). (D) 2°-fish of normal-sized form at 80 dph, section co-stained for MEF2 (green).
White arrowheads indicate double-labelled cells. Nuclei are counterstained with Hoechst
33258. FF fast fibres, ms myoseptum, nc notochord, SF slow fibres. Scale bars: 100 pm.
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