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Reproductive performance traits have been extensively studied, in particular to determine the factors a ecting
them. Regarding teleost sh, high reproductive performances encompass both the number of eggs produced pel
female (absolute fecundity and relative fecundity when expressed per units of weight) and the proportion of high
quality eggs withispawrt. High quality eggs are eggs that present high fertilization rate, high survivability at
the di erent critical stage (eyeing, hatching and rst feeding) and that generatewigi@g 2. e intrinsic
characteristics of the egg itself, namely its genes, its maternal mMRNA transcripts and the composition of the yolk,
determine itjuality2. Embryos rely on egg yolk to perform their developments untiferstling. us, yolk
composition that derives from maternal sources (nutrients and hormones are incorporated during the growth
of the oocytes), directly in uences progadgvelopmerit An adequate nutrition of female broodstock is thus
recognized as one of the most important determining factors to maintain high reproductive performances and
to produce high qualitgametes

e relationship between the maternal nutrition and reproduction has been particularly explored and more
speci cally on farmed species that have an econanportancé. On that subject, a particular attention was
paid to lipid sources and to the consequences of unbalanced fatty acids (FA) pro les in brabetd@ntent
of essential fatty acid is considered as the most important nutritional factors a ecting reproductive performance
in sh®. In contrast, concerning species that belong to higher trophic levels, because broodstock do not have
speci ¢ requirement for dietargarbohydrate far less studies have been dedicated to this nutrient. Nevertheless,
to promote sustainability of aquaculture production, plant-derived carbohydrates must be increasingly added
in their diets to replace the traditional protein-righmeal’. en, the issue of carbohydrates in broodstock
aguafeed should also be considered.

Only two studies in rainbow trout have explored the consequences of the lowering of the protein-to-carbo
hydrate ratio in maternadiet®®. e rst study has demonstrated that lowering protein-to-carbohydrate ratio
in female broodstock ratio surprisingly increased relative fecundity, hatching rate and survival of their progeny

A eTfrec—f Tt f— f- tEe foe tf Z0 t'—"af et bedesk Tt Z& $Ay Wemail: T4
Z—..<taef "fetfZ;ce"fra"”

<Fe—<co .,

| ' 12022) 12:16726 | S——'¢d T'ca‘"% wvawvy~ szw{e*~avxxaxww ~ {natareportfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-022-21185-5&domain=pdf

www.nature.com/scientificreports/

at the eyed stage, but the factors contributing to this improvement have nateeted®. On the opposite,

the most recent study calls into question some of these results. Although reproductive performances were main-
tained and the biochemical composition of the eggs was not a ected, the survival of the progeny was high but not
improved. In the latter, the number of females used for the experiment was limited while a massive variability in
reproductive performances is usually observed within trout fepudelations®, hiding some potential e ects.

e present study aims to deepen the exploration of the consequences of a maternal high carbohydrate nutri-
tion on their reproductive performances but also on the embryo and fry development. An understanding of the
consequences of such a maternal diet is absolutely necessary before increasing the proportion of plant-base
carbohydrates in farming practice. To do so, 3-year old female trout were fed either a control diet formulated
with shmeal that contains no carbohydrate (named ‘control diet’) or a diet formulated with plant-derived
carbohydrates containing 32.5% carbohydrate, namely '"HC diet, for an entire reproductive cycle. In order to
have two isoenergetic experimental diets, the ‘HC diet’ had a lower protein content (42.9%), which is still in
line with known nutritional requirements. e reproductive performances, the quality of the unfertilized eggs,
determined with a new and robust phenotypicall'® and the development of the progeny (at the embryo and
at the yolk-sac fry stages) were carefully monitored.

te—7—o

FefzZt "''te—'.. e %Aerthe1S-#nonth nutrition trial, spawns obtained from 13 control females
and 15 females fed the "HC’ diet (namely 'HC females’) were sampled. Broodstock female fed the "HC’ diet hac
a similar mean body mass, length and K index as females fed the control diet (Fig. 1a).

't — . —<TF T e fe ted o f ™ e ToaSsgdsfthe e-eltscof the . matérnal HC nutri-
tion on reproductive performances, spawns produced by the control females and 'HC females’ were weighted
and analysed in order to control egg viability. Spawns produced by 'HC females’ had the same mass (total, coe
lomic uid and eggs mass) than spawns produced by the control femalelb)igor the control females, the
spawn mass was strongly correlated with their total lefiRfth 0.74, p-value < 0.001) and their total n{R3s:
0.54, p-value = 0.005). Such correlation was not found for the females fed the(RC=d=09 andR?= 0.17 for
length and mass, respectively, p-values > 0.08,dyige average absolute fecundity (number of eggs produced
by female) of '"HC females’ was similar to the one of control females. e average relative fecundity (number of
eggs produced per unit of female weight) was signi cantly increased in 'HC’ females (+ 24.1%, p-value = 0.05,
Fig.1d). With the exception of one '"HC spawn’ containing 25.1% of non-viable eggs, all other produced spawns
were of high quality as less than 2.5% of the eggs they contained were non-viable, regardless of the maternal di

"t —«Z<coett F% %o ... Sefhirfing inti*spawn vamsability, the surface of the eggs produced

was signi cantly di erent from one spawns to another, independent of the maternal nutritional history (p-value
< 0.001). But, in average, females fed the HC diet produced eggs which had a similar surface to those produce
by the control females (p-value = 0.26, Tdhldn average, the coe cient of variation (CV) of 'HC eggs* sur
face (i.e. eggs produced by females fed the HC diet) was signi cantly higher than control eggs’ (p-value = 0.02
Table 1).

e average mass (wet and dry) of control’ and '"HC eggs’ were not signi cantly di erent (TablelC
eggs’ had a signi cantly higher percentage of dry matter, lipid and total glucose (including glycogen and free
glucose) than ‘control eggs’ (Tal)e In term of absolute content, '"HC’ and ‘control eggs’ had, on average, the
same protein and lipid amount (Taklg Finally, the cortisol content did not di er between control and 'HC
eggs’ (p-value = 0.43, Talije

Eggs fatty acid pro le di ered between 'HC’ and ‘control eggs’ (T3bM/hile '"HC eggs’ had a higher pro
portion of saturated (+ 2.4%, p-value = 0.05) and mono-unsaturated FA (+ 8%, p-value < 0.001), they had a
signi cantly lower proportion of omega 3 polyunsaturated fatty acids (PUFA) ( 10.5%, p-value < 0.001). More
precisely, alpha-linolenic acid (ALA, 18:3 n-3), eicosapentaenoic acid (EPA, 20:5 n-3) and docosahexaenoic aci
(DHA, 22:6 n-3) proportions were signi cantly lower in 'HC eggs’ in comparison to control ones. Even though
no di erences were recorded regarding omega 6 PUFA, linoleic acid (LA, 18:2 n-6) proportion was signi cantly
lowered ( 12.5%, p-value = 0.05) and arachidonic acid (AA, 20:4 n-6) proportion was signi cantly increased
(+ 8.6%, p-value < 0.05). e absolute content of saturated, mono-unsaturated and omega 6 PUFA were nally
not signi cantly di erent between '"HC’ and ‘control eggs. Omega 3 PUFA content was signi cantly decreased
in '"HC eggs’ ( 12.4%, p-value = 0.05). While EPA content was signi cantly decreased in '"HC eggs’ ( 22.8%,
p-value<0.001), DHA content was not signi cantly di erent. Finally, while AA/EPA, AA/DHA ratios were sig
ni cantly increased, EPA/DHA was signi cantly decreased in '"HC eggs’ (p-values < 0.01).

«,">" T17 17" «1 +Shéispawns per condition were fertilized with milts sampled from six maes (n
6 crossing per condition). Embryos development was daily monitored. Fertilization did not succeed for one of
the ‘control spawn), whatever the milts used and was removed from the statistical analyses. While fertilization,
hatching and survival (at both eyed stage and at hatching) rates were highly di erent from one female to another
(p-values<0.01), these parameters were not in uenced by male identi cation. On average, fertilization rates of
"HC eggs’ tended to be lowered compared to the ones of the control ones ( 6.2%Bva8)e e survival of
"HC eggs’ were signi cantly decreased at eyed stage ( 9.9%, p=0al3). eir hatching rates were however
similar to those of the control ones. Finally, the survival of 'HC embryo’ at hatching tended to be reduced in
comparison to the control ones ( 8.4%, p-vak@07).
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Figure 1. Reproductive performances) @rowth performances of females fed the control diet or the high
carbohydrate diet (HC diet) a er the 11-month nutrition trial)) (Botal spawning mass, which includes

coelomic uid mass and egg mass, of control spawn’ (i.e. spawn produced by females fed the control diet) in
light grey and 'HC spawn’ (i.e. spawn produced by females fed the high carbohydrate diet) in dark grey and
estimated number of eggs in each ‘control spawn’ (circle) and in each 'HC spawn’ (trigrigteye(ation

between the spawn mass and the female total length and total mass. e control females are represented by
circles (solid line) and the '"HC’ ones by triangles (dashed line), which are coloured according to the value of
the coe cient of variability (CV) of eggs diameter. Spawns with a low CV in eggs diameter are coloured in blue
while spawns with large CV are coloured in reyl. édaverage absolute fecundity (number of eggs produced

by female) and the relative fecundity (number of eggs produced per unit of weight) of females fed the control
diet and the HC diet (in bold, the signi cant di erences between the two condition).

w<Fe—co.. | 71(2022) 12:16726 | S——'e8 T'cA4'""% wWVAWVy~ ezw{s~aVXxxaxww ~ {ngtareportfolio



Nutritional history Statistical analyses
Control (n=2999) | HC (n=3710) | F df p-value
Eggs surfacgnm?) 21.29+2.95 20.08+2.79 |1.34 [1.00 |0.26
Nutritional history Statistical analyses
Control (n=11) HC (n=12) t df p-value
Coe cient variation (surface) 6.47+0.98 8.67+2.76 2.59 |13.97 | 0.02
Nutritional history Statistical analyses
Control (n=13) ‘ HC (n=15) t ‘ df ‘ p-value
Proportion
Dry matter (DM, %) 36.09+1.15 37.38+1.36 2.72 | 26.00 | 0.01
Protein content (%) 25.71+1.17 26.48+1.03 1.82 | 24.02 | 0.08
Lipid content (%) 9.69+0.58 10.10+0.47 2.06 |22.83 | 0.05
Cholesterol (%) 0.34+0.03 0.34+0.03 0.31|25.47 | 0.76
Glycogen + free glucose (%) 1.02+0.22 1.31+0.22 3.45 | 24.74 | 0.00
Energy (kJ/g) 26.70+0.18 26.73+0.28 0.34 | 20.34 | 0.74
Nutritional history Statistical analyses
Control (n=11) ‘ HC (n=12) t ‘ df p-value
Absolute content in egg
Mean egg mass () 0.07+0.01 0.06+0.01 1.25 |17.24 | 0.23
Mean dry egg mass (g) 0.02+0.00 0.02+0.00 0.54 |21.02 | 0.59
Protein content (mg per egg) 17.90+3.12 17.01+2.49 0.76 |19.13 | 0.46
Lipid content (mg per egg) 6.71+1.19 6.59+0.98 0.26 |19.51 | 0.80
Glycogen-free glucose (mg per egg) 0.68+0.19 0.83+0.18 1.93 |20.72 | 0.07
Energy (kJ per egg) 1.87+0.34 1.71+£0.26 1.26 |18.46 | 0.22
Cortisol (ng per egg) 1.15+0.43 1.01+0.50 0.80 |24.86 |0.43

Table 1. Eggs characteristics. Surface, coe cient of variation of the surface among each spawn, average mass,
average dry mass and biochemical composition of ‘control eggs’ (i.e. eggs produced by females fed the control
diet) and 'HC eggs'’ (i.e. eggs produced by females fed the high carbohydrate diet). In bold, the parameters for
which a signi cant di erence was detected between the two conditions. (DM, dry matter).

e fertilization rate, the survival at eyed-stage and at hatching were negatively signi cantly correlated with
AA proportion (%), AA/EPA and AA/DHA ratio in eggs and positively correlated with EPA proportion (%) and
EPA absolute content (Supplementary Fig. S1).

Rates of malformation were not signi cantly di erent between the control and the 'HC fry’ (1.40 1.39%
versus 1.32 1.39%, TaB)e

”

> T171Z" « 1 A-eidhatching, yolk-sac fry development and growth were assessed thanks te a mor
phological analysis. On average, the size of the fry born from females fed the HC diet (hamely 'HC fry’) and the
size of their yolk-sac were similar to the ones of the control fry (@pbtowever, the relative eye diameter was

signi cantly higher in the 'HC fry’ (+ 4.2%, p-value = 0.05).

(e . —eoec'e
In the future years, the traditionally protein-rich aquafeed must evolve in aquaculture practice, and a possible
incorporation of plant-derived carbohydrates will lower the protein-to-carbohydast. It is now acknowl
edged that maternal nutrition has drastic outcomes on gregeny! and the consequences of high carbohydrate
diet in sh must be explored.

First, female trout broodstock can grow normally throughout an entire reproductive cycle when fed a diet
in which more than 30% of the traditionally included shmeal is replaced by plant-derived carbohydrates. We
have further con rmed here that the glucose intolerance phenotypes attributed to teleost sh species belonging
to higher trophideveld? seems in fact highly dependent on their life stage and that female broodstock trout are
better able to use such nutrient thjameniles®. e aquaculture sector could take advantage of these di erences
to improve the sustainability of their broodstock aquafeed.

Regarding reproductive performances which include the total number of eggs and proportion of viable
eggs within spawns, the results were more contrasted. In one hand, whatever the diet given to the females, th
number of viable eggs within spawn was high and corresponds to what is generally found under normal rearing
conditions“. Only one spawn produced by a female fed a high carbohydrate nutrition, had a high proportion of
white eggs, i.e. eggs with a weak vitelline membrane that breaks during the egg water-segénidge year
high carbohydrate nutrition had even increased the relative fecundity (+ 24.1%), con rming results obtained in
one of the previous studies investigating the e ects of such nutritiboutf. Such augmentation may in fact
hide a decrease in average egg size, as a trade-o exist between the number of eggs produced and the eggs
(i.e. sh with lower fecundity typically produce larger eggs and vice Yernsaprder to evaluate the quality
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(a) (b) (c)

Nutritional history Statistical analyses Nutritional history Statistical analyses  Diet %

Control (n = 13) HC (n =15) t df  p-value Control (n=13) HC (n=15) t df  p-value
Saturated
14:0 1.88 + 0.19 212+ 020 -326 2568 <0.01 0.13 + 0.02 0.14 + 0.02 -1.45 20.78 ns -17.36
16:0 15.67 + 0.57 15.89 + 0.64 -0.94 2596 ns 1.06 + 0.20 1.04 £+ 0.16 021 19.36 ns -9.77
18:0 487 + 0.38 499 + 047 -0.77 2599 ns 0.33 + 0.07 0.33 + 0.04 -0.17 15.43 ns -4.80
Y saturated 22.93 + 0.67 23.48 + 0.75 -202 2593 0.05 1.54 + 0.29 154 + 0.22 0.01 18.34 ns -10.28
Mono-unsaturated
16:1 5.49 + 0.48 7.61 + 0.68 -9.72 2590 <0.001 0.36 + 0.07 0.51 + 0.10 -4.30 19.47 <0.001 -16.92
18:1 2471 = 0.95 2593 + 1.20 -3.00 2588 <0.01 1.65 + 0.32 1783 £+ 0.32 -0.55 20.86 ns -17.88
20:1 238 + 0.26 192 + 022 495 2480 <0.001 0.16 + 0.03 0.13 + 0.02 277 18.63 <0.05 -69.05
> mono-unsaturated 33.03 + 1.15 35.74 + 1.67 -5.08 2500 <0.001 2.20 + 0.41 2.38 + 0.43 -1.02 20.97 ns -40.32
Poly-unsaturated FA
omega 6
18:2 n-6 (LA) 3.85 + 0.71 337 + 045 211 2032 0.05 0.27 + 0.07 022 + 0.04 186 1594 ns -48.36
18:3 n-6 0.19 + 0.08 0.14 + 0.05 203 2363 0.05 0.01 + 0.01 0.01 =+ 0.00 2.83 1254 <0.05 -0.01
20:2 n-6 0.73 + 0.10 0.70 + 0.10 084 2597 ns 0.05 + 0.01 0.05 + 0.01 048 20.52 ns -32.91
20:3 n-6 0.76 + 0.17 098 + 0.19 -324 2540 <0.01 0.05 + 0.02 0.06 + 0.01 -1.38 17.94 ns 4.56
20:4 n-6 (AA) 1.86 + 0.15 2.02 + 022 -240 25.17 <0.05 0.13 + 0.03 0.13 + 0.02 -0.40 19.30 ns 19.32
Yomega-6 7.71 + 0.92 7.65 + 0.77 0.16 23.41 ns 0.53 + 0.13 0.50 + 0.08 0.72 17.09 ns -27.00
omega 3
18:3 n-3 (ALA) 0.73 + 0.16 0.57 + 0.11 313 2215 <0.01 0.05 + 0.01 0.04 + 0.01 2.67 18.68 <0.05 -26.33
18:4 n-3 0.35 + 0.08 022 + 0.05 486 2211 <0.001 0.02 + 0.01 0.01 =+ 0.00 4.47 12,67 <0.001 -53.43
20:3n-3 0.16 + 0.03 0.14 + 0.03 1.30 26.00 ns 0.01 + 0.00 0.01 + 0.00 0.53 19.67 ns -39.63
20:4 n-3 0.63 + 0.12 0.49 + 0.10 328 2496 <0.01 0.04 + 0.01 0.03 + 0.01 250 20.15 <0.05 -25.43
20:5 n-3 (EPA) 5.25 + 0.45 422 + 041 632 2560 <0.001 0.35 + 0.06 0.27 + 0.05 3.48 20.32 <0.001 -19.25
21:5n-3 0.18 + 0.02 0.19 + 0.02 -194 2035 0.07 0.01 + 0.00 0.01 0.00 -1.28 20.63 ns -19.36
22:5n-3 (DPA) 1.83 + 0.28 1.74 £+ 0.3) 0.81 25.87 ns 0.12 + 0.02 0.12 0.03 0.24 20.23 ns 12.69
22:6 n-3 (DHA) 2442 + 1.28 2243 + 1.03 450 23.63 <0.001 1.63 + 0.29 1.47 + 0.16 1.69 15.66 ns -25.88
> omega-3 33.64 + 0.91 30.11 =+ 1.26 857 2495 <0.001 2.25 + 0.36 197 + 025 212 1766 0.05 -24.48
AGLPI n-3 3248 + 0.97 29.23 + 1.21 789 2574 <0.001 217 0.35 191 024 200 1753 0.06 -21.68
ratio AAJEPA 0.36 + 0.05 0.48 + 0.01 -5.74 2495 <0.001
ratio AA/DHA 0.08 + 0.01 0.09 + 0.01 -466 25.14 <0.001
ratio EPA/DHA 0.22 + 0.03 0.19 + 0.02 307 2210 <0.01
Sat/PUFA 0.54 + 0.02 0.61 + 0.03 -642 2500 <0.001
n3/n6 442 + 0.56 396 + 0.36 255 19.96 <0.05
Somme AG 98.28 + 0.35 97.91 + 0.63 192 2237 0.07
Index Insat 246.35 + 4.25 230.48 + 6.31 790 24.64 <0.001

Table 2. Major eggs fatty acid pro le. Fatty acid composition of ‘control eggs’ (i.e. eggs produced by females
fed the control diet) and 'HC eggs’ (i.e. eggs produced by females fed the high carbohydrate diet), expressed
(a) either as a percentage of total FA (%), (b) or as an absolute quantity per eggs (mg/eggs). In bold, the fatty
acids for which a signi cant di erence was detected between the two conditions. (c) Di erence in fatty acid
composition between the control diet and the 'HC’ diet. Data are expressed as a percentage (%), with in green
the fatty acids present in higher quantity in the HC diet and in red those present in lesser quantity in the HC

diet.

Nutritional history Statistical analyses

Control (n=30) HC (n=36) F df p-value
Fertilization rate (%) 90.8+6.1 85.1+6.3 4.48 9.00 0.06
Survival at eyed stage (%) 83.7+6.2 75.4+7.4 6.26 9.00 0.03
Hatchability rate (%) 91.8+5.8 93.1+3.5 ns
Survival at hatching (%) 76.7+6.5 70.3+7.6 4.29 9.00 0.07
Malformation rate (%) 1.40+1.39 1.32+1.38 ns

Table 3. Embryos development. Fertilization, survival (at both eyed stages and at hatching) and hatching
rates were monitored for ‘control embryo>(6 crossings) and 'HC embryo’X6 crossings). In bold, the
parameters for which a signi cant di erence was detected between the two conditions.

of a spawn, the joint consideration of these last two parameters is therefore essential. However, in the preser
study, the size of the produced eggs was, in average, not a ected by the maternal high carbohydrate nutrition, in
accordance with previous resutlstained.

Nevertheless, in the other hand, the size of the sh and spawn weight, known to be highly correlated in
trout?!, were not correlated when female were fed the high carbohydrate diet. erefore, di erent strategies to
cope with the high carbohydrate nutrition seem to have been implemented by females. More precisely, among
the population, one heavier and longer female has produced less eggs than expected and seems to have theref
selected the body maintenance over their reproduction IFitnterestingly, most of the sampled females seem
to have sacri ced somatic tissues to ensure the production of the eggs, and had therefore a high relative fecundity
However, for these ones, even though the average eggs size remained una ected, the intra-spawn variability i
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Condition Statistical analyses

"Control fry’ | 'HC fry’ t ‘ df p-value
Size
Length (cm) 1.72+0.08 | 1.70+0.06 0.67| 20.79 | ns
Height (cm) 0.51+0.06 | 0.53+0.05| 1.00 | 19.68 |ns
Whole body areécm?) 0.50+0.05 | 0.48+0.05 1.04| 20.96 | ns
Head morphology
Head length (cm) 0.35+0.03 | 0.33+0.02| 1.77|20.33 | 0.09
Relative head length (%) 20.15+1.38 | 19.36+0.97 1.58|18.11 | 0.13
Eye diameter (cm) 0.14+0.01 0.15+0.01| 1.48 |18.81 |0.16

Relative eye diameter (%) | 8.26+0.29 | 8.61+0.50| 2.09 |17.92 | 0.05
Yolk sac morphology

Yolk sac length (cm) 0.71+0.06 | 0.69+0.05 0.64| 20.54 | ns
Relative yolk sac length (%) 40.75+3.14 |40.85+2.47| 0.09 | 18.97 |ns
Yolk sac height (cm) 0.41+0.06 | 0.42+0.03| 0.55|16.26 | ns
Relative yolk sac height (%)| 79.62+6.02 | 78.29+4.37| 0.68| 16.97 |ns
Yolk sac areecn?) 0.23+0.04 | 0.22+0.03 0.96| 20.90 | ns
Relative yolk sac area (%) | 46.08+4.27 |45.37+3.95| 0.41|20.42 |ns
Volume yolk sa¢cm?®) 0.06+0.02 | 0.06+0.01| 0.10 | 16.91 |ns

Table 4. Fry development. Whole body morphologies, head morphologies and yolk-sac morphologies were
assessed for fry born from the ‘control females’ and fry born from females fed the high carbohydrate diet
('HC). In bold, the parameters for which a signi cant di erence was detected between the two conditions.

eggs size was particularly high (Rlgindicating a disruption of vitellogenesis induced by the high carbohydrate
nutrition. Only one female fed the high carbohydrate diet has produced a spawn of quality (low variability in
eggs size) but has displayed the lowest relative fecundit§)(Fig.

Vitellogenesis is a multifactorial and complex process, and several hypotheses can be considered to explai
the disruption observed for some female fed the high carbohydrate diet. First, it could be hypothesized that
such nutrition does not fully meet the female nutritional requirements. e mobilization of nutrient reserves
might be insu cient to allow the correct development of all eggs. Second, dietary carbohydrates modulate the
level of insulin-like growth factor-I irsh '8, which, in turn, is known to a ect the production of reproductive
hormoned’!8. erefore, it could be also hypothesised that one year high carbohydrate nutrition might impact
the vitellogenesis process by misregulating hormonal system. Finally, in rainbow trout, a stress applied during
vitellogenesis is known to increase heterogeneity within spawns, due to the maintenance of some eggs an
the atresia of thethers®?, A stress, other than nutritional, might also impact the correct development of the
entire spawn. Both the variability of the strategies established by the females and the variability within the same
spawn regarding eggs size could be considered as aws for aquaculture production that seeks to maximize th
homogeneity in their population.

Because egg matter composition is one of the most important factors determining the proper development
of theembryd, it is essential to also consider this parameter when assessing maternal high carbohydrate nutri
tion. Such maternal nutrition increased lipid, total glucose content, and in lesser extent protein, in eggs, due to
the increased of dry matter. e absolute content (in mg per eggs), which is available for the embryo to develop,
remained in average unchanged by the maternal nutrition suggesting that one year high carbohydrate nutrition
allows the production of eggs whose biochemical quality is maintained as predéonshstrated®. However,
as yolk is the major component of thgg? the variation observed in 'HC eggs’ size could therefore indicate
a variation in eggs biochemical composition within spawns and in the amount of energy available for embryo
development. Such a heterogeneity would therefore also be a weakness for the production.

A particular importance should also be paid to lipids and more particularly to both the absolute amount of
essential FA and their balance. First, FA are a major energy source for embryo development. Docosahexaeno
acid (DHA) and eicosapentaenoic acid (EPA) also play an important structural role as key components of cell
membranes and ensure their correct physiolodinadtions®. In addition to having an essential structural role,

EPA and arachidonic acid (AA) are the precursors of eicosanoids (prostaglandin and leukotriene), which have
been demonstrated to have an action on nal maturation, ovulation and spawningoasséaose three FA

are necessary to ensure a proper reproduction (i.e. oocyte maturation, ovulation, spawning and fertilization)
and the correct development of the embryo, as demonstrated in variosgeshes?>22

Fatty acid pro le di ered between the diet formulated with shmeal and the one formulated with plant-
derived carbohydrates, especially regarding the absolute content in AA which is 19.3% higher and EPA which
is 19.3% lower (Fi@b and Table), due to the di erent inclusion of sh oil. Eggs fatty acid pro le is known to
partly re ect the maternal diet and 74% of the studied FA contained in the eggs had their proportion a ected
(Table2). In line with the maternal diet composition, an increase in AA proportion and AA/EPA ratios and a
decrease in 20:1 proportion were the most notable changes observed. More importantly, the one year high carbo
hydrate nutrition signi cantly decreased both DHA and EPA proportions and EPA content in eggs. DHA and, in
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Figure 2. (a) Experimental design. Jlaiet composition and fatty acid pro le (in mg/g diet). Broodstock

females were fasted a er spawn from 10 to 23 December. en, they were fed for one year either the control

diet or a diet formulated with plant-derived carbohydrates, a high carbohydrate diet C(HC diet’). From the 15

of October to the 3 of November, sh were fasted again. Control and 'HC’ spawns were sampled in order to
assess the reproductive performances and the quality of the unfertilized eggs. Fertilizations were carried out to
obtained control progeny and 'HC progeny. e development of the progeny were carefully monitored until the

rst feeding.
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a lesser extent EPA, are normally selectively mobilized and incorporated into the eggs during vitellogenesis at th

expense of other tissue composition if they are lacking iti¢tf€**. 1 year high carbohydrate nutrition is there-

fore too drastic to allow the su cient mobilization of both DHA and EPA to reach their expected levels in eggs.
Fertilization and survival at eyed-stage rate, and to a lesser extent at hatching, were correlated to some exter

with AA (negative correlation) and EPA (positive correlation) levels, but not DHA. Although these results need

to be con rmed with a larger number of samples, it suggests that both the increase in AA and the decrease in

EPA in eggs are part of the factors causing the decrease in fertilization and survival at eyed-stage when femal

were fed the high carbohydrate nutrition. e importance of these two fatty acids for the correct development

of the embryo has already been demonstrated in gilthedulesse>2%and in european sémss’. As described

above, the reserves of the females fed the high carbohydrate nutrition were not uniformly allocated to the eggs

Even though the size of the eggs do not correlate with the survival taiat#?®, it could not be excluded

that smaller eggs could have not store enough nutrient and are thus unable to develop properly, reducing thus

the average survival rate. is hypothesis would explain why no di erence was found later in the growth and

morphology of the fry.

‘o Z—ece

Decreasing of the protein-to-carbohydrate ratio in aquafeed for sh female broodstock belonging to high trophic
level has, in average, not impaired sh growth and has no drastic negative consequences on the quality of pro
duced spawns. Replacement of traditional protein-rich shmeal by plant-derived carbohydrates, available in
larger quantities and at lower cost, is therefore feasible for trout. Nevertheless, the replacement of 30% of thi
protein supply by shmeal increased the variability of eggs size within spawns. Some eggs were smaller than oth
ers and had, in average, a modi ed fatty acid pro le, probably less suitable for embryonic development. ese two
elements could explain the observed reduced survival of their progeny. Adjustment of feed formulation is needed
(e.g. diminution of carbohydrate proportion to 20%), before it could be applied in aquaculture practice. e
remaining eggs produced quality o spring, whose growth and morphology were not impaired in the short term.

1-S'1.

Tttte—t e J"EEtcoe%o feoT F3'I7 <o Feeyfaf ol fermaléorabow trout (Oncorhynchus
mykis$ were distributed into two 813 tanks at an initial density of 22 ktf. e experiment was conducted at
the INRAE Lées-Athas experimental sh farm facility and reared under a natural photoperiod at 8 °C. Fish were
rst fasted for 13 days a er the second reproductive event and were then fed with either a control diet devoid of
carbohydrate (0.6% carbohydrate) or an experimental high carbohydrate (HC, 32.5%) diet (Fig. 2a).

e two experimental diets have been previously described by Favaliet®t ese two diets were for

mulated to be isoenergetic and were prepared in our own facilities (INRAE, Donzacq, France) as extruded
pellets (9 mm pellets, BC45 BisVis Clextral, France). In both diets, sh oil was included as the lipid sources. In
the control diet, shmeal was used as the protein source. In the HC diet, shmeal was also used as the protein
source and carbohydrates were provided as gelatinized starcBb{Figish were fed at 1% of body weight (at
this percent all diet were consumed in the rearing conditions applied here) to ensure that the feed intake was the
same between tanks. e feeding experiment lasted 11 months, until the next third reproduction.

fe'Z<o%o feoT ~1"—<Burtgfihe spa@ning period, sh feeding was stopped and sh were closely
monitored in order to detect ovulating females. At the spawning peak (17 days a er the detection of rst ovula-
tion), 13 control ovulating females and 15 ovulating females fed the HC diet were sampled. To do that, females
were sedated by immersion in MS-222 solution (50 mg/L) and were then measured (in cm), weighed, (in g) and
manually stripped. Whole spawn (eggs and coelomic uid) and eggs alone were weighed. Approximatively 20 g
of unfertilized eggs (per female) were sampled to assess the quality of the reproductive performances (detalil
below). Moreover, in order to characterize eggs composition, 8 g of unfertilized eggs (per female) were also sam
pled and stored at 20 °C until further analyses (details below).

Before fertilization, six 3-year old male trout, fed during 11 months with the control diet, were stripped. Two

ml of milt (per male) were pre-diluted in the StorFish solution (IMV technologies, LAigle, France) and stored at
4 °C until utilization. Among the previously sampled females, six control females and six females fed the HC diet
were used for both pool fertilization and individual fertilization (Supplementary Fig. S2). For individual fertiliza-
tion, eggs recovered for each female (9 g per female) were equally distributed into 6 batches (36 control batche
and 36 'HC batches’). Each batch was individually cross-fertilized with 500 pL of the diluted milts previously
collected and blended with the Acti sh solution (sperm motility activating saline solution, IMV technologies,
LAigle, France). A er the removing of the Acti sh solution, the 72 batches containing fertilized egg were trans-
ferred into individual incubators. For pool fertilization, eggs recovered (10 g per female) were fertilized with a
pool of diluted milt (1 mL of diluted milt per male) and were then blended with the Acti sh solution. A er the
removing of the Acti sh solution, the two batches of fertilized eggs (control and HC batches) were transferred
into two large incubators. Incubators were maintained at the INRAE Lées-Athas experimental sh farm facility
at 8 °C and were daily monitored.

Pt — . —<TF 7T e fe . fed o f ™o |norBef tofestimate’number. af eggs per spawn,
proportion of non-viable eggs (white eggs) per spawn and size of the eggs, approximatively 20 g of unfertilized
eggs sampled were precisely weighed and stored in 150 mL containers with water in order for the eggs to hydrate
A er 24 h, pictures of hydrated eggs were performed and processed using the ViSEGG tool, which allow a rapid
and automatic measurement of di erent spawns variables (number and size of the eggs and white egg percent
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age}’. Absolute fecundity (per female), i.e., total number of eggs produced by female, was automatically esti-
mated by VisEGG. Relative fecundity (per female) was calculated as follows:

@

%o %oe ,<'..Stec.. f z .. Ego’s' bioehemidal composition was determined, as described in Callet
et al’. Briey, eggs were counted, crushed, weighted and then freeze dried. A er the lyophilization process,
eggs were weighed again to calculate average dry matter content (DM, in %) and average dry eggs mass (in ¢
e gross energy was measured on dried eggs in an adiabatic bomb calorimeter (IKA, Heitersheim Gribeimer,
Germany). Crude protein (N x 6.25) was determined on dried eggs by the Kjeldahl method a er acid digestion.
Average eggs protein content was estimated as follows:

@
©)

e total glucose content was determined by a hydrolysis technique previously described by Go¥d et al.
Total lipid content was determined using dichloromethane/methanol (2:1, v/v), according to Foféhlapil.
content was estimated as follows:

“

In order to analyze egg fatty acid (FA) pro le, fatty acid methyl esters (FAME) were prepared by acid-catalyzed
transmethylation, using boron tri uoride according to Shantha Asdmar®®. FAME were then analyzed in a
Varian gas chromatograph and FA were identi ed with reference to a known standard mixture (Sigma, St Louis,
MO, USA) and peaks were integrated using Varian Star Chromatography So ware (Star So ware, version 5). e
results for individual FA were expressed as percentage of total identi ed FAME and FA contents were estimated
as described in Callet etal.

®)

o, feot >eef.. "> t171ZDéactembiyos were daily removed and recorded. At eyed-
stage, embryos held in individual incubators were counted. e exact number of fertilized eggs were then deter
mined by adding the count of eyed-stage embryos to the number dead embryos in the course of the experiment

Fertilization rates were then estimated per female as follows:

(6

e survival at eyed-stage was estimated per female, as follows:

(7)
Just a er hatching, yolk-sac fry held in individual incubators were counted and survival and hatchability
were estimated per female, as follows:

®
©

Finally, 12 yolk-sac fry per condition were sampled in the pool incubators, anesthetized in a benzocaine
bath (30 mg/L, n = 12 per condition) and then euthanized in a benzocaine bath at a concentration of 60 mg/L.
A picture of each yolk-sac fry was taken in order to characterize fry body morphologies.

Body and yolk-sac measurements were performed for each fry by two di erent people using the so ware
ImageJ (https://imagej. nih.gov/ij/index accessed on 1 March 2020), as previously described by Callet et al.
To characterize fry body morphologies, the fork length (L), the body depth (D), the head length (HL), the eye
diameter (ED) and the whole-body area (WBA) were measured. e relative head length (HLr) and relative eye
diameter (EDr) were calculated by dividing HL and ED by fry length. To describe fry yolk-sac morphologies,
the yolk-sac length (YSL), height (YSH), and area (YSA) were measured. en, the relative yolk-sac area (YSAr),
height (YSHTr), and length (YSLr) were calculated by dividing YSA, YSH, and YSL by WBA, D, and L, respectively.
e yolk-sac volume (YSV) was also estimated as follows:

(10)

Malformation rates (spinal cord torsion, head or caudal n malformations) were recorded in yolk-sac fry
from individual incubators at the end of the trial.

—f—<co—c.. f z fAdIftI%maiist&al analyses were performed using R So ware (version 3.2.5). Either
linear mixed-e ects models or Student’s T-tests were used to test the e ects of the female broodstock nutritional
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history on the di erent parameters recorded (with a signi cance threshold set at p~alE). An arcsine
transformation on proportion data was rst applied. Concerning female zootechnical performances, spawn
characteristics and eggs biochemical composition Student’s T-tests were used. Concerning egg size, obtaine
with VISEGG, the package 'Ime4’ from R so ware was used to run linear mixed models. Female identi cation
was treated as random e ects to take into account the intra-female variability (biological replicate, approxima-
tively 200 eggs measured/female). e best model was then selected using the Akaike Information Criterion.
Parameters regarding embryo/yolk-sac fry development were monitored in batches obtained from individual
fertilization (n=6 batch/female and=6 batch/male). e e ect of the female broodstock nutritional history

was assessed using linear mixed models and the female and male identi cation were then treated as randor
e ects to take into account both the intra-female and intra-male variability (biological replicate) and the vari-
ability between batches (technical replicates).Yolk-sac fry morphologies were measured in fry obtained from
pooled fertilization and Student’s T-tests were used to assess the e ect of female broodstock nutritional history.
Finally, correlations were estimated using a Pearson test (cut-o p=0.05).

—S«<...fZ - f +estigatiéns were conducted according to the guiding principles for the use and
care of laboratory animals and in compliance with French and European regulations on animal welfare (Décret
2001-464, 29 May 2001 and Directive 2010/63/EU, respectively). is protocol and the project as a whole were
approved by the French National Consultative Ethics Committee (reference numbers 2019090210165534-v3)
All methods are reported in accordance with ARRIVE guidelines.

f=f [ f<Zf,<Z<>
e datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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