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Abstract. Maternal provisioning is particularly important in
invertebrates with abbreviated development because large en-
ergy reserves must be provided for the developing embryo. In
this context, the objective of the present study was to analyze
in an aquatic invertebrate with direct development the effect of
temperature on female biochemical composition and reserve
allocation to maturing ovaries, which determine egg quality.
A decapod crustacean, the freshwater shrimp Neocaridina da-
vidi, was used as experimental model. Newly hatched juve-
niles were exposed to 28 7C or 33 7C. Females showed mature
ovaries and spawned at 28 7C (control ovigerous females), but
no ovigerous female was found at 33 7C. After a 200-day pe-
riod, half of the females at 33 7C were transferred to 28 7C,

where they rapidly showed mature ovaries and spawned (trans-
ferred ovigerous females). Ovigerous females and females that
did not spawn at 28 7C (control non-ovigerous females) and at
33 7C (high-temperature non-ovigerous females) were sacri-
ficed to determine their biochemical composition. The num-
ber, volume, weight, and biochemical composition of the eggs
from transferred and control ovigerous females were also an-
alyzed as indicators of their quality. Female biochemical com-
position was not influenced by temperature, because control
and high-temperature non-ovigerous females had similar lipid,
protein, and glycogen contents. However, ovarian maturation
and spawning were inhibited at 33 7C, which indicates a neg-
ative effect of this temperature on nutrient transfer to the oo-
cytes. This effect was rapidly reversed after females were
moved to 28 7C; the eggs from control and transferred ovi-
gerous females were of similar quality, except for a lower
protein content in the latter. The present results provide valu-
able information on reserve allocation to reproduction under
thermal stress.

Introduction

Ovarian maturation, which involves yolk synthesis and
storage in the oocytes, is an energetically costly process, es-
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pecially in those species with abbreviated development, be-
cause large energy reserves must be provided for the devel-
oping embryo (Herring, 1974). Yolk is mainly composed of
proteins, lipids, and carbohydrates. Proteins play a funda-
mental role as structural components of embryonic tissue
and, under certain conditions, as fuel. Lipids are used by
the developing embryo both as a substrate for energy metab-
olism and as structural components of cell membranes. Car-
bohydrates act as an energy source and are also essential for
the synthesis of specific compounds, such as chitin (Gabbot
and Bayne, 1973; Gardner, 2001; García Guerrero et al.,
2003; Rosa et al., 2005; Dridi et al., 2007). The mobilization
of these biochemical reserves to maturing oocytes may deter-
mine egg quality, which is related to the ability of an egg to
undergo development (Holcomb et al., 2004). In this sense,
several studies in marine and freshwater invertebrates have
reported an association between egg lipid content and the
percentage of fertile eggs, embryonic development, and hatch-
ing success (Helm et al., 1973; Besnard et al., 1988; Ruiz et al.,
1992; Cahu et al., 1995; Wickins et al., 1995; Cavalli et al.,
1999; Wouters et al., 1999; Martínez et al., 2000a).

One of the factors that may affect nutrient allocation to the
ovary—and, ultimately, egg and larval quality—is the meta-
bolic use and accumulation of proteins, lipids, and glycogen.
Reserve mobilization from somatic tissues to the gonads has
been reported for several mollusc species (Martínez et al.,
2000b; Dridi et al., 2007) and crustacean species (Rosa
and Nunes, 2003; Rodríguez González et al., 2006; Buckup
et al., 2008). Indeed, shrimp females may transfer as much
as 60% of their lipid reserves in the hepatopancreas to the
maturing ovary (Herring, 1973; Palacios et al., 2000). Of
particular significance are polyunsaturated fatty acids, which
accumulate in the ovaries at advanced maturation stages
(Harrison, 1990). The use of biochemical reserves has been
shown to be positively correlated with water temperature in
decapod crustaceans (Thomas et al., 2000; Stumpf and Ló-
pez Greco, 2015), scallops (Martínez et al., 2000a, b), and
fish (Tidwell et al., 1999). As a consequence, high tempera-
tures may also affect vitellogenesis and reproductive perfor-
mance in aquatic invertebrates.

In a previous study on Neocaridina davidi (Bouvier,
1904), a caridean freshwater shrimp with direct develop-
ment, Tropea et al. (2015) showed that females exposed to
32 7C had mature ovaries and spawned, but fertile eggs ab-
normally detached from female pleopods soon afterward (i.e.,
all the eggs were lost). However, eggs were able to complete
the incubation period attached to pleopods (i.e., there was no
egg loss) when females were exposed to 32 7C after reaching
sexual maturity and spawning at 28 7C (Tropea et al., 2015).
These results suggest a potentially stressful effect of high tem-
perature on reserve mobilization to the ovary rather than on em-
bryonic development. To our knowledge, no previous research
has addressed this issue in aquatic invertebrates with direct de-

velopment. Hence, the objective of the present study was to
evaluate the effect of temperature on the biochemical compo-
sition of N. davidi females and on reserve allocation to matur-
ing ovaries. We tested the hypothesis that a temperature higher
than the optimum affects the accumulation of biochemical
reserves in females and their transfer to maturing oocytes,
which influences egg quality.

Materials and Methods

Animals

Juveniles of Neocaridina davidi (Bouvier, 1904) used in
the present study were obtained from a reproductive stock
provided by a commercial supplier (Acuamanus, Buenos
Aires, Argentina). The stock was placed in plastic aquaria
measuring 33.5 cm � 25 cm � 19 cm, with 8 liters of de-
chlorinated tap water under continuous aeration (pH 7.5,
hardness 80 mg l21 as CaCO3 equivalents) and at a constant
temperature of 27 7C ± 1 7C. The light/dark photoperiod was
14L∶10D. Each aquarium was provided with Java moss (Ve-
sicularia sp.) as shelter. Shrimps were fed daily ad libitum
commercial-balanced food for tropical fish (Tetracolor, Tetra,
Melle, Germany), with the following approximate composi-
tion: minimum crude protein 47.5%, minimum crude fat 6.5%,
maximumcrudefiber 2.0%,maximummoisture 6.0%,minimum
phosphorus 1.5%, and minimum ascorbic acid 100 mg kg21.
The fatty acid profile of this diet is shown in Table 1. The re-
productive stock was visually inspected once daily to detect
the presence of ovigerous females. When detected, they were
placed in other plastic aquaria of 33.5 cm � 25 cm � 19 cm,
under the same experimental conditions as described above,
until juveniles hatched.

Experimental design

Newly hatched juveniles were randomly assigned to plas-
tic aquaria measuring 33.5 cm � 25 cm � 19 cm, in one of
the following treatments: control temperature: 28 7C ± 1 7C,
a temperature under which the species reaches an optimal
combination of growth and reproduction rates under labora-
tory conditions (Tropea et al., 2015), and high temperature:
33 7C ± 1 7C.

Each aquarium was a replicate, and five replicates were
used per treatment. In each aquarium, we placed 75 juveniles
from 10 different females (938 shrimps m22). Juveniles from
each brood were equally represented in all replicates. They
were maintained under the same conditions of water quality,
photoperiod, and feeding, as described above, for the entire
experimental period, which lasted 308 days. Once a week,
all aquaria were cleaned, and water was completely replaced.
From the day female ovaries became visible through the ceph-
alothorax (around day 30 of the experimental period), aquaria
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were visually searched once a day for ovigerous females.
No ovigerous females were observed at 33 7C, even after a
200-day exposure period, which is 4 times the period previ-
ously reported for the species to reach sexual maturity at the
optimum temperature (Tropea et al., 2015). Hence, at day
200 of the experiment, 10 females per replicate were trans-
ferred to 5 other aquaria set at 28 7C (transfer treatment), along
with males that had been maintained at the optimum temper-
ature from hatching. The weight of these females ranged be-

tween 60 and 70 mg, which is above the lowest weight re-
ported at first spawning (Tropea et al., 2015; Fig. 1).

Once detected, ovigerous females reared at 28 7C (control
ovigerous females [COFs]) and those that had been trans-
ferred from 33 7C to 28 7C (transferred ovigerous females
[TOFs]) were removed from the aquaria, and eggs were gently
detached from their pleopods. The total number of eggs was
recorded for each brood to calculate relative realized fecundity
as number of eggs per brood per female weight. They were

Table 1

Fatty acid composition (mass percent of total fatty acids ± SE) of Neocaridina davidi females maintained at 28 7C ± 1 7C from hatching to spawning
(COF), females maintained at 33 7C ± 1 7C from hatching and transferred to 28 7C ± 1 7C after a 200-day period (TOF), recently spawned eggs
from COF, and the diet provided to shrimps during the experiment (Tetracolor)

Fatty acid

Control ovigerous females (COFs) Transferred ovigerous females (TOFs)

COF COF eggs Diet (Tetracolor)Cephalothorax Pleon Cephalothorax Pleon

C10:0 0.44 ± 0.05 0.10 ± 0.01 0.24 ± 0.05 0.11 ± 0.04 0.27 ± 0.06 0.12 ± 0.01 . . .
C12:0 0.86 ± 0.06 0.28 ± 0.03 0.52 ± 0.06 0.18 ± 0.01 0.57 ± 0.10 0.13 ± 0.00 0.06 ± 0.00
C14:0 1.51 ± 0,26 0.88 ± 0.08 1.19 ± 0.26 0.77 ± 0.05 1.20 ± 0.16 1.19 ± 0.02 1.88 ± 0.02
C14:1 0.34 ± 0.04 0.18 ± 0.02 0.81 ± 0.04 0.31 ± 0.04 0.26 ± 0.03 0.68 ± 0.03 . . .
C15:0 0.50 ± 0.04 0.47 ± 0.01 0.56 ± 0.04 0.57 ± 0.01 0.49 ± 0.02 0.54 ± 0.01 0.14 ± 0.00
C15:1 0.12 ± 0.01 0.07 ± 0.00 0.11 ± 0.01 0.11 ± 0.02 0.10 ± 0.01 0.25 ± 0.09 . . .
C16:0 18.89 ± 0.82 23.28 ± 0.24 17.13 ± 0.82 21.59 ± 0.65 21.08 ± 0.83 23.02 ± 0.30 15.18 ± 0.00
C16:1 2.12 ± 0.19 2.44 ± 0.13 2.53 ± 0.19 2.83 ± 0.32 2.28 ± 0.12 6.43 ± 0.25 2.70 ± 0.04
C17:0 2.19 ± 0.22 1.61 ± 0.10 1.87 ± 0.22 1.61 ± 0.01 1.90 ± 0.15 0.60 ± 0.03 0.13 ± 0.00
C17:1 1.97 ± 0.17 0.12 ± 0.02 1.25 ± 0.17 0.29 ± 0.07 1.04 ± 0.32 0.38 ± 0.02 0.33 ± 0.00
C18:0 4.70 ± 0.12 6.27 ± 0.09 4.90 ± 0.12 6.37 ± 0.13 5.48 ± 0.27 5.44 ± 0.26 2.47 ± 0.01
C18:1n9* 13.16 ± 0.24 17.93 ± 0.16 13.17 ± 0.24 18.17 ± 0.24 15.55 ± 0.81 25.56 ± 0.72 23.38 ± 0.00
C18:1n7 3.28 ± 0.10 4.00 ± 0.04 3.63 ± 0.10 4.41 ± 0.24 3.64 ± 0.13 4.14 ± 0.12 1.62 ± 0.01
C18:1n11 0.12 ± 0.01 0.09 ± 0.00 0.13 ± 0.01 0.15 ± 0.03 0.11 ± 0.01 0.16 ± 0.01 . . .
C18:2n6* 12.66 ± 0.74 14.13 ± 0.35 13.68 ± 0.74 14.98 ± 0.47 13.40 ± 0.46 20.89 ± 0.71 35.18 ± 0.02
C18:3n6 0.61 ± 0.20 0.66 ± 0.02 0.62 ± 0.02 0.71 ± 0.06 0.63 ± 0.01 1.24 ± 0.04 3.25 ± 0.01
C18:4n3 0.10 ± 0.04 0.04 ± 0.01 0.08 ± 0.04 0.09 ± 0.00 0.07 ± 0.02 0.11 ± 0.00 0.58 ± 0.01
C20:1 . . . . . . 0.42 ± 0.00 . . . . . . 0.17 ± 0.01 0.18 ± 0.00
C18:3n3 0.38 ± 0.08 0.27 ± 0.04 0.23 ± 0.08 0.19 ± 0.04 0.32 ± 0.05 0.32 ± 0.02 0.80 ± 0.00
C20:0 . . . . . . . . . . . . . . . . . . 0.06 ± 0.00
C21:0 1.21 ± 0.21 0.95 ± 0.12 1.14 ± 0.21 0.85 ± 0.03 1.08 ± 0.12 0.29 ± 0.04 0.11 ± 0.00
C22:0 7.12 ± 0.57 6.24 ± 0.33 8.85 ± 0.57 7.16 ± 0.57 6.68 ± 0.34 1.00 ± 0.06 0.40 ± 0.01
C20:3n6 . . . . . . . . . . . . . . . 0.04 ± 0.00 0.19 ± 0.00
C22:1n11 0.21 ± 0.03 0.11 ± 0.02 0.77 ± 0.03 0.11 ± 0.02 0.16 ± 0.02 0.09 ± 0.01 0.27 ± 0.01
C22:1n9 13.83 ± 0.97 13.78 ± 0.28 14.20 ± 0.97 13.39 ± 1.28 13.81 ± 0.48 3.66 ± 0.33 . . .
C24:0 . . . . . . . . . . . . . . . 0.11 ± 0.01 0.15 ± 0.01
C20:4n6 0.98 ± 0.21 0.37 ± 0.06 1.89 ± 0.21 0.62 ± 0.11 0.67 ± 0.15 . . . 0.18 ± 0.03
C22:5n3 . . . . . . . . . . . . . . . . . . 0.70 ± 0.01
C20:5n3 (EPA) 4.14 ± 1.49 2.11 ± 0.44 0.53 ± 1.49 0.40 ± 0.12 3.13 ± 0.81 0.38 ± 0.02 4.6 ± 0.02
C22:6n3 (DHA) 8.55 ± 0.15 3.61 ± 0.10 9.56 ± 0.15 4.02 ± 0.33 6.08 ± 0.83 3.15 ± 0.21 4.53 ± 0.00
Σ Saturated 37.43 ± 0.55 40.08 ± 0.25 36.40 ± 0.55 39.21 ± 0.41 38.76 ± 0.53 32.45 ± 0.51 20.58 ± 0.06
Σ Monounsaturated 35.15 ± 0.95 38.73 ± 0.27 37.01 ± 0.95 39.78 ± 0.45 36.94 ± 0.76 41.52 ± 0.45 28.48 ± 0.05
Σ Polyunsaturated 13.66 ± 0.68 15.06 ± 0.34 14.53 ± 0.68 15.89 ± 0.57 14.36 ± 0.43 22.45 ± 0.74 39.42 ± 0.03
Σ Highly unsaturated 13.76 ± 1.29 6.13 ± 0.41 12.05 ± 1.29 5.12 ± 0.37 9.94 ± 1.42 3.63 ± 0.21 10.59 ± 0.06
Σ n3 13.16 ± 1.56 6.03 ± 0.48 10.40 ± 1.56 4.69 ± 0.24 9.60 ± 1.42 3.95 ± 0.19 6.68 ± 0.04
Σ n6 14.25 ± 0.96 15.16 ± 0.40 16.19 ± 0.96 16.32 ± 0.52 14.70 ± 0.51 22.17 ± 0.75 3.62 ± 0.03
n3/n6 0.97 ± 0.19 0.40 ± 0.04 0.65 ± 0.19 0.29 ± 0.01 0.69 ± 0.13 0.18 ± 0.00 1.85 ± 0.07
DHA/EPA 3.40 ± 1.13 2.66 ± 1.20 19.72 ± 1.13 12.50 ± 4.00 3.03 ± 0.78 8.51 ± 0.82 0.98 ± 0.02

DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid.
* Cis and trans configurations.
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then weighed (wet weight, precision 0.1 mg), and 30% of the
eggs from each brood were measured along the major and mi-
nor axes using a stereomicroscope. Egg volumewas calculated
using the formula for an ellipsoid: 4/3 � r1 � r2 � r2,
where r1 and r2 are the radii of the major and minor axes, re-
spectively (Clarke, 1993). A mean value of egg weight and
volume was calculated for all the broods obtained in each
aquarium. Finally, the eggs were stored at 270 7C for bio-
chemical analyses.

Following egg removal, females were weighed (wet weight,
precision 0.1 mg) and sacrificed after being cold-
anesthetized at220 7C for 15 min. The cephalothorax of each
female was detached from the pleon, and both were weighed
(wet weight, precision 0.1 mg) and stored at 270 7C for bio-
chemical analyses. Some nutrients are differentially depos-
ited in the body: lipids are mainly stored in the hepatopan-
creas, which is located in the cephalothorax, while proteins
are mainly stored in the muscle, which is mostly located in
the pleon. Hence, the cephalothorax and pleon of females were
analyzed separately to determine whether they consume lipids,
proteins, and glycogen from a specific body part during vitel-
logenesis.

In addition to the procedure described above, 5 females
with a weight above 50 mg that never spawned throughout
the experimental period were removed from each replicate
set at 28 7C (control non-ovigerous females [CNOs]) and
33 7C (high-temperature non-ovigerous females [HTNOs]).

They were sacrificed, and the pleon and cephalothorax of
each female were weighed and stored as previously described
for ovigerous females (Fig. 1).

Biochemical analyses

Protein, lipid, and glycogen concentrations (expressed in
mg mg21) were determined spectrophotometrically in ho-
mogenates of eggs, pleons, and cephalothoraxes from all fe-
males of a replicate (i.e., aquarium), according to the meth-
ods described by Bradford (1976), Folch et al. (1957), and
Van Handel (1965), respectively, and modified for the spe-
cies by Tropea et al. (2015). In general, five replicates were
used for biochemical determinations, except in some cases in
which two (for CNO pleon and cephalothorax samples) or
three (for TOF egg samples) of the five original replicates
had to be grouped together in order to reach the minimum
mass required for biochemical protocols. In those cases,
three and four replicates were used, respectively. Calcula-
tions were performed on a wet weight basis.

For protein determination, samples weighing 15–25 mg
were homogenized in 4∶1 volume : weight of 50 mmol l21

Tris-HCl buffer, pH 7.5, and centrifuged at 10,000 � g for
30 min in a refrigerated centrifuge (4 7C). Total proteins were
estimated in the supernatant by the Coomassie blue dye
method, with bovine serum albumin as standard (concentra-

Figure 1. Scheme of the experimental design. Newly hatched juveniles of the freshwater shrimp Neocaridina
davidi were randomly assigned to control (28 7C ± 1 7C) or high temperature (33 7C ± 1 7C) treatment. Ovigerous
females were found in all replicates at 28 7C ± 1 7C (COFs) but not at 33 7C ± 1 7C. After a 200-day period, 10 fe-
males per replicate at 33 7C ± 1 7C were transferred to the control temperature (TOFs). Ovigerous females were
sacrificed following spawning. In addition, five non-ovigerous females per replicate at 28 7C ± 1 7C (CNOs) and
33 7C ± 1 7C (HTNOs) were sacrificed after reaching a weight of 50 mg. The experimental groups obtained at each
temperature treatment are shown at the right of the scheme. The experimental period lasted 308 days.
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tion 1 mg ml21). Absorbance was read at 595 nm. For lipid
determination, samples weighing 60–75 mg were homoge-
nized in 20∶1 volume∶weight of a mixture of chloroform
and methanol (2∶1, v/v), then mixed with 0.9% NaCl and
centrifuged to separate the lipid fraction. Total lipids were
quantified by the sulfo-phospho-vanillin method, with extra
virgin olive oil diluted with absolute ethanol as standard (con-
centrations 5 mg ml21 for egg analysis and 1 mg ml21 for
pleon and cephalothorax analyses). Absorbance was read at
530 nm. For glycogen determination, samples weighing 25–
35mgwere boiled with 4∶1 volume∶weight of KOH30%dur-
ing 30 min for egg samples and 60 min for pleon and cepha-
lothorax samples. After cooling, 75 ml of saturated Na2SO4

and 1875 ml of absolute ethanol were added to each sample,
and glycogen was precipitated with centrifugation at 2000 �
g for 10 min. The precipitate was then dissolved in 250 ml
of distilled water, and glycogen was measured by the
anthrone-reagent method. Rabbit liver (Fluka, Sigma-Aldrich,
St. Louis,MO)was used as standard (concentration 1mgml21),
and absorbance was read at 620nm.The total energy content (ex-
pressed in J mg21) of each egg, pleon, and cephalothorax sam-
ple was calculated from its biochemical composition, using
the following conversion factors: 23.42 J mg21 for proteins,
39.31 J mg21 for lipids, and 17.14 J mg21 for carbohydrates
(Winberg, 1971).

Fatty acids (FAs) were determined in homogenates of ple-
ons and cephalothoraxes from all ovigerous females (COFs
and TOFs) of a replicate and in homogenates of COF eggs us-
ing gas chromatography (GC) after FA transesterification to
fatty acid methyl esters (FAMEs). Procedures for FA methyl-
ation were based on those described by Dowd (2012), with
some modifications. Briefly, lipid samples weighing 60 mg
were vigorously mixed for 1 min with 2 ml of hexane and
0.3ml of amixture of KOH andMeOH. Theyweremixed again
for another minute after the addition of 2ml of NaCl and 2ml of
hexane. Samples were allowed to stand for 5 min, and then the
upper hexane layer was removed and transferred to a clean
tube. Fatty acidmethyl estersweredetermined using a gas chro-
matograph (Shimadzu GC-2010, Koyoto, Japan) equipped
with a flame ionization detector (260 7C) and capillary column
(30 m � 0.32 mm; 0.25 mm film thickness; Omegawax 320,
Sigma-Adrich). Gas chromatography parameters were set as
follows: split rate 50, injector temperature 250 7C, column
temperature 120 7C, and carrier gas nitrogen. The oven tem-
perature was increased to 240 7C at a rate of 5 7C min21

and held for 5 min. A sample volume of 1 ml was manually
injected in duplicate, and FA peaks were identified by com-
parison of their retention times with those of external refer-
ence standards (Supelco FAME Mix C4-C24 1 PUFA No. 1
Marine Source, Sigma-Aldrich). Retention times and peak ar-
eas were processed by Shimadzu GC Solution software. The
relative amount of each FA in the sample is expressed as the
percentage of individual peak areas relative to the sum of all
FA peak areas.

Statistical analyses

The relative realized fecundity, weight, volume, biochem-
ical composition, and energy content of eggs were compared
between COFs and TOFs using one-way ANOVA. The bio-
chemical composition and energy content of female pleons
and cephalothoraxes were analyzed with two-way ANOVA.
“Temperature combined with female reproductive condition”
was one fixed factor with four levels (COF, TOF, CNO, and
HTNO), while “part of female body” was the other fixed fac-
tor with two levels (pleon and cephalothorax). General linear
mixed-effect models were used for those variables that did not
meet the assumption of homoscedasticity. In all cases, the Di
Rienzo, Guzmán, and Casanoves (DGC) test was applied
when significant differences were found. A principal compo-
nent analysis (PCA) was used to determine the differences in
FA composition between COF pleon, COF cephalothorax,
TOF pleon, and TOF cephalothorax, and between COFs and
their eggs, with the software Past 2.17c (Hammer et al.,
2001). The outcome was plotted in two dimensions, with prin-
cipal components (PC1, PC2) explaining the most variation.
Results are presented as mean ± standard error. All tests were
carried out at the 95% significance level, with Infostat 2016
software (Infostat Group, Facultad de Ciencias Agropecua-
rias, Universidad Nacional de Córdoba, Córdoba, Argentina)
(Di Rienzo et al., 2002).

Results

Egg quality

No significant differences were observed in relative realized
fecundity (F1, 8 5 0.69, P 5 0.430) and egg volume (F1, 8 5
3.09, P5 0.117) between COFs and TOFs. Mean values were
0.50 ± 0.01 eggs per brood mg female21 and 0.25 ± 0.01 mm3

for COFs and 0.53 ± 0.04 eggs per brood mg female21 and
0.26 ± 0.01mm3 for TOFs.Wetweightwas significantly higher
(F1, 85 8.87, P5 0.018) in eggs from TOFs than in those from
COFs (Fig. 2). Biochemical composition analyses showed
no differences in glycogen (F1, 6 5 1.69, P 5 0.251; means
3.37 ± 0.24 mg mg21 for COF eggs and 2.77 ± 0.39 mg mg21

for TOF eggs) and lipid (F1, 65 4.80� 1024,P5 0.983;means
66.11 ± 6.76 mg mg21 for COF eggs and 65.87 ± 8.73 mg mg21

for TOF eggs) contents between COF and TOF eggs, but pro-
tein content was significantly lower (F1, 65 42.37,P5 0.000)
in the latter. In all cases, lipid was the major biochemical com-
ponent, followed by proteins and glycogen. No differences
(F1, 5 5 0.03, P 5 0.876) were found in total energy content
between eggs from both experimental groups;mean valueswere
2.84 ± 0.30 J mg21 for COF eggs and 2.75 ± 0.48 J mg21 for
TOF eggs (Fig. 3).

Female biochemical composition

Because the interaction between factors was not signifi-
cant in the statistical analysis of lipid (F3, 30 5 1.14, P 5
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0.349), protein (F3, 28 5 2.43, P 5 0.086), and glycogen
(F3, 27 5 1.87, P 5 0.159) contents in females, each was an-
alyzed separately. Lipid concentration was significantly higher
(F3, 30 5 6.53, P 5 0.002; DGC test, P < 0.05) in CNOs,
HTNOs, and TOFs as compared to COFs. Protein concentration
was highest in non-ovigerous females (CNOs and HTNOs),
intermediate in TOFs, and lowest in COFs (F3, 28 5 18.87,
P 5 0.000; DGC test, P < 0.05). Glycogen concentration

was highest in non-ovigerous females (CNOs and HTNOs)
and lowest in ovigerous females (COFs and TOFs) (F3, 27 5
16.28, P5 0.000; DGC test, P < 0.05). These results were in-
dependent of female body part (cephalothorax and pleon). On
the other hand, female cephalothoraxes had a significantly
higher (F1, 305 3.98, P5 0.045) lipid content than pleons, in-
dependent of female reproductive condition and exposure
temperature. No statistical differences were found in protein
(F1, 28 5 0.09, P 5 0.771) and glycogen (F1, 27 5 1.24, P 5
0.275) contents between female pleons and cephalothoraxes
(Fig. 4).

Because the interaction between factors was statistically
significant (F3, 25 5 5.02, P 5 0.007) in the analysis of fe-
male energy content, they were analyzed together. The pleon
had energy content similar to that of the cephalothorax in
COFs, TOFs, and HTNOs (DGC test, P < 0.05). However,
this variable was significantly higher in the pleon than in
the cephalothorax in CNOs (DGC test, P < 0.05). On the
other hand, the comparison between experimental groups
showed that pleon energy content was highest in CNOs, lowest
in COFs, and intermediate in TOFs and HTNOs (DGC test,
P < 0.05). Cephalothorax energy content showed the highest
values in HTNOs and similar values among COFs, TOFs, and
CNOs (DGC test, P < 0.05) (Fig. 5).

Fatty acid profiles

Table 1 shows the FA profiles of COF and TOF pleons and
cephalothoraxes and of COF eggs. In all cases, there was a
higher proportion of saturated (SFAs) and monounsaturated
(MUFAs) fatty acids than polyunsaturated (PUFAs) and highly
unsaturated (HUFAs) fatty acids. The main FAs in females and
eggs were palmitic acid (C16:0), oleic acid (C18:1n9), and lin-
oleic acid (LIN, C18:2n6); erucic acid (C22:1n9) was also pre-
dominant in females. The percentage of C18:0, C22:0, eicosa-
pentaenoic acid (EPA, C20:5n3), and docosahexaenoic acid
(DHA, C22:6n3) was intermediate in females.

A PCA biplot of FA profile data showed a distinction be-
tween COF pleon, COF cephalothorax, TOF pleon, and TOF
cephalothorax. PC1 and PC2 explained 84.6% and 14.7%
of total variation in data, respectively. Considering loadings
above 0.5, palmitic acid, oleic acid, and DHA contributed
the most to group differentiation along PC1. Pleons had more
palmitic and oleic acids than cephalothoraxes, while the latter
had more DHA than the former, both in COFs and in TOFs.
On the other hand, EPA was responsible for group differenti-
ation along PC2, with COFs having more EPA than TOFs,
both in the pleon and in the cephalothorax (Table 2; Fig. 6).

Regarding COFs and their eggs, most SFAs were more
abundant in females than in eggs, while the opposite pattern
was observed for MUFAs. Within PUFAs, the percentage of
LIN was higher in eggs than in females. All the HUFAs de-
tected (EPA and DHA) were much higher in COFs than in
their eggs (Table 1). A PCA biplot of FA profile data showed

Figure 2. Relative realized fecundity (eggs per brood mg female21),
egg volume (mm3), and egg weight (mg) for Neocaridina davidi females.
The number (a), volume (b), and weight (c) of eggs (mean ± SE) from fe-
males maintained at 28 7C ± 1 7C from hatching to spawning (COFs) and
females maintained at 33 7C ± 1 7C from hatching and transferred to 28 7C ±
1 7C after a 200-day period (TOFs) were determined immediately after being
spawned. Different capital letters above bars indicate statistically significant
differences between the two experimental groups (P < 0.05). COF, control
ovigerous female; TOF, transferred ovigerous female.
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a distinction between COF pleon, COF cephalothorax, and
COF eggs. PC1 and PC2 explained 90.6% and 9.5% of total
variation in data, respectively. Considering loadings above
0.5, oleic and erucic acids were the most important FAs for
group differentiation along PC1. Oleic acid was more abun-
dant in eggs, and erucic acid was more abundant in COFs.
On the other hand, palmitic acid and DHA were the most im-
portant FAs for group differentiation along PC2. COF pleons
had more palmitic and erucic acids, while COF cephalotho-
raxes had more DHA (Table 2; Fig. 7).

Discussion

The objective of the present study was to evaluate the
effect of temperature on the biochemical composition of
Neocaridina davidi females and on reserve allocation to ma-
turing oocytes, which determine egg quality. Ovarian matu-
ration and spawning were observed in females at control tem-
perature (28 7C) but not in those at high temperature (33 7C),
indicating a clear effect of the latter on nutrient transfer to the
ovary. The present results partially differ from those previ-
ously reported by Tropea et al. (2015), who found ovigerous
females at the highest temperature tested (32 7C), though in a
lower proportion than at 28 7C (14% vs. 100%). The high

temperature applied in our study and that by Tropea et al.
(2015) differed by only one degree, a small but significant
difference, given the respective findings. It is possible that
33 7C accentuated the already observed trend toward the in-
hibition of ovarian maturation and spawning at 32 7C. In this
context, the small difference in high temperatures seems to
be responsible for the transition from low spawning probabil-
ity to no spawning at all. However, we cannot discard other
possible causes for the different results obtained in our study
and that by Tropea et al. (2015), such as the distinct source of
experimental shrimps, because they were provided by differ-
ent commercial suppliers. It is known that some genotypes
are less influenced than others by environmental stress (Ca-
low, 1989).

Ovarian maturation involves the mobilization and accumu-
lation of organic reserves in the ovary, previously stored in
other organs, such as the hepatopancreas in crustaceans (Pa-
lacios et al., 2000; Cavalli et al., 2001) and the digestive
gland and adductor muscle in bivalves (Gabbot and Bayne,
1973; Martínez et al., 2000b; Dridi et al., 2007). It seems
from our results that the higher energy demand resulting from
metabolic rate increase with temperature (Reynolds, 2002)
led to the accumulation of insufficient reserves for ovarian
maturation and spawning. The exposure of the scallop Argo-

Figure 3. Biochemical composition and energy content of eggs from Neocaridina davidi females. Lipid (a),
protein (b), glycogen (c), and energy (d) contents (mean ± SE) were determined in newly spawned eggs from fe-
males maintained at 28 7C ± 1 7C from hatching to spawning (COFs) and females maintained at 33 7C ± 1 7C from
hatching and transferred to 28 7C ± 1 7C after a 200-day period (TOFs). Different capital letters above bars indicate
statistically significant differences between the two experimental groups (P < 0.05). COF, control ovigerous fe-
male; TOF, transferred origerous female.
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pecten purpuratus to high temperatures likely led to the de-
pletion of muscle reserves and a lower content of biochemical
compounds in the gonad (Martínez et al., 2000a, b). How-
ever, the comparison in our study between CNOs andHTNOs
showed that female biochemical composition was not affected
by high temperature, because both groups had similar lipid,
protein, and glycogen contents. Altogether, the present results
show that the difference between the two temperatures tested
was large enough to affect nutrient allocation to the ovary but
not reserve storage in female tissues other than the ovary. In
other words, high temperature inhibited reproduction with-

out affecting the storage of biochemical reserves in females,
which were able to cover their metabolic demands and even
grow. The high-protein diet provided to females may have al-
lowed them to obtain all protein requirements from food, with
no need to consume internal reserves despite their accelerated
metabolism.

Although reproduction is particularly costly in crustacean
species with abbreviated development (Herring, 1974), few
studies have addressed its impact on female biochemical com-
position (e.g., Buckup et al., 2008; Tropea and López Greco,
2015), and no distinct analysis for female hepatopancreas and

Figure 4. Biochemical composition ofNeocaridina davidi females. Lipid (a, d), protein (b, e), and glycogen (c, f)
contents (mean ± SE) were determined in the pleon and cephalothorax of females maintained at 28 7C ± 1 7C from
hatching to spawning (COFs), females maintained at 33 7C ± 1 7C from hatching and transferred to 28 7C ± 1 7C after
a 200-day period (TOFs), non-ovigerous femalesmaintained at 28 7C± 1 7C fromhatching (CNOs), and non-ovigerous
females maintained at 33 7C ± 1 7C from hatching (HTNOs). Females were sacrificed immediately after spawning
(COFs and TOFs) or after reaching a weight of 50 mg (CNOs and HTNOs). Different capital letters above bars in-
dicate statistically significant differences among the experimental groups, averaging pleon and cephalothorax values
(a, b, c), and between female body parts, averaging COF, TOF, CNO, and HTNO values (d, e, f) (P < 0.05). CNO,
control non-ovigerous female; COF, control ovigerous female; HTNO, high-temperature non-ovigerous female;
TOF, transferred ovigerous female.
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muscle (themain sites of lipid and protein storage, respectively)
has yet been reported in caridean shrimps. The present re-
sults show a clear impact of reproduction on the biochemical
composition of females, as evidenced by the lower lipid, pro-
tein, and glycogen contents in ovigerous females at 28 7C than
in non-ovigerous ones. This was true for both the cephalotho-
rax and the pleon of experimental females. Tropea and López
Greco (2015) have already shown a decrease in lipid and en-
ergy contents in reproductive females as compared to virgin
females; however, in that study, biochemical composition was
determined in whole animals. Even though lipids are mainly
stored in the hepatopancreas, which is located in the cephalo-
thorax (Vogt et al., 1985; Muriana et al., 1993; García et al.,
2002), and proteins are stored in the muscle, which is mostly
located in the pleon (Rosa and Nunes, 2003), the present re-
sults show for the first time that the lipids and proteins used
by females for vitellogenesis come from both body parts.

Some physiological processes, such as growth, storage, or
reproduction, cease if the available energy flux covers only
basal maintenance costs, but they resume under more favor-
able conditions (Kooijman, 2010). In the present study, a fast
“recovery” of female reproductive physiology was observed
after the transfer of females from 33 7C to 28 7C; some of them
showed mature ovaries and even spawned after only 9 days
at this temperature. Moreover, higher protein and lipid con-
tents were found in TOFs in comparison to COFs. Taking
into account that TOF eggs had a lower protein concentration
than COF eggs, it is probable that the higher protein content
in TOFs resulted from a lower protein transfer to the ovary.
Proteins have been found to act as an energy source during
prolonged stressful situations (Anger, 2001). On this basis,
females exposed to high temperature for so long (200 days)
may have “prioritized” the accumulation of protein reserves
for themselves over their transfer to maturing oocytes, even
after being moved to an optimum water temperature. On the
other hand, TOFs had higher lipid content than COFs, al-

though they allocated the same amount of total lipids to
the ovary, as shown by the similar lipid concentration in eggs
from both female groups. These results suggest that TOFs ac-
cumulated more lipid reserves than COFs before being trans-
ferred to 28 7C and spawning. However, the fact that non-
ovigerous females at 33 7C had the same lipid content as
non-ovigerous females at 28 7C indicates that the difference
in lipid content between TOFs and COFs may have arisen in
the interval between female transfer to 28 7C and spawning.
It is possible that the metabolic rate of females decreased
when they were moved from 33 7C to 28 7C (Childress
et al., 1990), leading to a higher energetic efficiency caused
by lower metabolic expenditure, as has been proposed for
other decapod crustaceans after their exposure to stressful sit-
uations (Stumpf and López Greco, 2015). Taking into ac-
count that lipid levels can be rapidly restored following a
stress period (Stumpf and López Greco, 2015), the higher en-
ergetic efficiency at the optimum temperature may explain
the fast accumulation of more lipid reserves in TOFs before
mating and spawning. This may explain, in turn, the higher
energy content in both TOF pleons and TOF cephalothoraxes
as compared to those in COFs, considering that lipids are the
main energy source in decapod crustaceans (Holland, 1978).

Interestingly, thermal stress had no apparent effect on egg
production, with TOFs and COFs showing similar values of
relative realized fecundity. However, maternal investment in
yolk synthesis differed between control and transferred fe-
males, because protein content was lower in TOF eggs than
in COF eggs. In crustaceans and fishes, proteins are a source
of amino acids and a reservoir of materials used during the
many biosynthetic activities that take place in early stages
of embryogenesis. They can also be used as fuel in the final
stages of development, when lipid reserves decrease (Brooks
et al., 1997; García Guerrero et al., 2003). Hence, the lower
protein content in TOF eggs could have led to possible defi-
ciencies in tissue structure formation and energy use during

Figure 5. Energy content of Neocaridina davidi females. The energy content (mean ± SE) was calculated for
the pleon and cephalothorax of females maintained at 28 7C ± 1 7C from hatching to spawning (COFs), females
maintained at 33 7C ± 1 7C from hatching and transferred to 28 7C ± 1 7C after a 200-day period (TOFs), non-
ovigerous females maintained at 28 7C ± 1 7C from hatching (CNOs), and non-ovigerous females maintained at
33 7C ± 1 7C from hatching (HTNOs). Different capital letters above bars indicate statistically significant differ-
ences between female body parts for each experimental group (a) and among experimental groups for each female
body part (b) (P < 0.05). CNO, control non-ovigerous female; COF, control ovigerous female; HTNO, high-
temperature non-ovigerous female; TOF, transferred ovigerous female.
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embryonic development. Future studies are necessary to de-
termine whether the apparent physiological recovery of trans-
ferred females has no consequences for the quality of embryos
and hatched juveniles. Despite the biochemical difference in
proteins, total energy content did not vary between COF and
TOF eggs. This was probably a consequence of their similar
lipid concentration, because lipids are the main yolk compo-
nent in N. davidi eggs (Tropea and López Greco, 2015) and
also the main energy source for the developing embryo (Her-
ring, 1974). TOF eggs had a wet weight slightly higher than
and a volume similar to that of COF eggs, regardless of their
lower protein content. This unexpected result may be attrib-
uted to higher post-spawning hydration of TOF eggs or differ-
ences in nutrient composition. The analysis in future studies

of lipid and amino acid profiles, along with water content in
each group of eggs, may shed some light on this issue.

With respect to FA profiles, a clear dominance of SFAs
andMUFAs over PUFAs andHUFAswas found for bothCOFs
and TOFs, a logical result when considering that C14:0, C16:0,
C18:1, and C18:0 are the main FAs in the ovary and hepato-
pancreas of decapod crustaceans. The main function of these
FAs is to provide energy (Gonzalez Baro and Pollero, 1988;
Catacutan, 1991; Ying et al., 2006). The pleon had more
C16:0 and C18:1n9 than the cephalothorax, both in COFs
and in TOFs. These FAs had been described as typical in
other freshwater and marine crustaceans, but with no distinc-
tion in their location between the pleon and the cephalothorax
(Clarke, 1979; Farkas, 1979; Bragagnolo and Rodriguez-
Amaya, 2001).

On the other hand, HUFAs of the n6 series (C18:2n6,
LIN) were more abundant than those of the n3 series (EPA
and DHA), which coincides with previous results on other
freshwater decapods (Chanmungam et al., 1983). Marine
crustaceans usually show the opposite relationship between
n6 and n3 series and have higher levels of EPA and DHA
than freshwater decapods (Gonzalez Baro and Pollero, 1988).
This suggests that the function of EPA and DHA may be re-
placed in the latter by n6 PUFAs, such as LIN (Cheng et al.,
1998), whose essential role has been demonstrated in juveniles
(Reigh and Stickney, 1989; D’Abramo and Sheen, 1993). Al-
though not predominant, EPA and DHA still stand out in the
FA profile of ovigerous females due to their relative abundance.
In particular, DHA levels were higher in the cephalothorax
than in the pleon, indicating that DHAmay be stored in the he-
patopancreas, probably as a source of metabolic energy. It is
unlikely that DHA reserves were then transferred to maturing
oocytes in the studied species, because their levels were very
low in COF eggs. DHAwas found to be the most used FA dur-
ing embryonic development of the freshwater prawn Macro-
brachium rosenbergii (de Man, 1879), with 62.5% of its initial
content being consumed as an energy source (Clarke et al.,
1990; Cavalli et al., 1999). Moreover, DHA was proposed to
play an important role in hatching success and nervous system
formation in embryos of marine decapods; it also functions as
a structural component of cell membranes (Xu et al., 1994;
Wen et al., 2002; Chang et al., 2017). Considering the high
levels of LIN in COF eggs, it is possible thatN. davidi females
derived great amounts of this FA during vitellogenesis for its
use as a DHA precursor by embryos. The fact that LIN has
been proposed to act as a precursor of n6 FAs inM. rosenber-
gii eggs (Reigh and Stickney, 1989) and the fact that freshwa-
ter fishes are able to elongate 18-carbon omega-3 and omega-6
FAs to 20- and 22-carbon FAs (Bell and Tocher, 2009) sup-
port our hypothesis.

Although the transfer treatment affected the percentage of
some specific FAs (e.g., EPA), the relative abundance of to-
tal SFAs, MUFAs, and PUFAs was similar between COFs
and TOFs. This suggests that the effect of high temperature
on lipid profile, if any, was almost completely reversed after

Table 2

Loadings, eigenvalues, and percentage of total variance accounted for the
first (PC1) and second (PC2) principal components (covariance matrix)
of fatty acid composition in Neocaridina davidi females and their eggs

Fatty acid

Principal components

COFs and TOFs COFs and their eggs

PC1 PC2 PC1 PC2

C10:0 0.0241 20.0385 20.0119 0.0397
C12:0 0.0470 20.0775 20.0297 0.0594
C14:0 0.0541 20.0771 20.0082 0.0858
C14:1 0.0399 0.0776 0.0194 0.0407
C15:0 0.0020 0.0182 0.0024 0.0066
C15:1 0.0028 0.0011 0.0073 0.0138
C16:0 20.5018 20.3010 0.1536 20.5122
C16:1 20.0288 0.1097 0.2152 0.1427
C17:0 0.0433 20.0643 20.0735 0.0208
C17:1 0.1481 20.1435 20.0571 0.2226
C18:0 20.1631 0.0864 0.0174 20.2163
C18:1n9* 20.5294 0.1682 0.5696 20.2013
C18:1n7 20.0769 0.1149 0.0345 20.0758
C18:1n11 0.0009 0.0067 0.0024 0.0066
C18:2n6* 20.1388 0.2808 0.3999 0.1359
C18:3n6 20.0073 0.0081 0.0314 0.0203
C18:4n3 0.0028 0.0004 0.0013 0.0100
C20:1 0.0259 0.0617 0.0087 0.0076
C18:3n3 0.0067 20.0335 20.0016 0.0148
C21:0 0.0289 20.0283 20.0435 0.0000
C22:0 0.1568 0.3223 20.3001 20.1349
C20:3n6 0.0000 0.0000 0.0020 0.0018
C22:1n11 0.0454 0.0793 20.0048 0.0105
C22:1n9 0.0476 0.0130 20.5170 20.4487
C24:0 0.0000 0.0000 0.0056 0.0049
C20:4n6 0.1100 0.1412 20.0420 0.0529
C20:5n3 (EPA) 0.0824 20.7662 20.1652 0.1538
C22:6n3 (DHA) 0.5786 0.0433 20.2112 0.5426
Eigenvalues 27.8847 4.8579 119.0210 12.4148
% Variance 84.5720 14.7340 90.5540 9.4456

COF, control ovigerous females, females maintained at 28 7C ± 1 7C from
hatching to spawning; DHA, docosahexaenoic acid; EPA, eicosapentaenoic
acid; TOF, transferred origerous females, females maintained at 33 7C ± 1 7C
from hatching and transferred to 28 7C ± 1 7C after a 200-day period.

* Cis and trans configurations.
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females were moved to the optimum temperature. The high
percentage of palmitic acid (C16:0), oleic acid (C18:1n9),
erucic acid (C22:1n9), and LIN (C18:2n6) found in ovig-
erous females (independent of temperature regime and body
part) clearly matches their relative abundance in the diet pro-
vided to females (see Table 1). Therefore, it seems that these
FAs were mostly incorporated with food and poorly synthe-
sized by females, particularly in the case of LIN, which was

the main component (35%) of the diet. This is an essential
PUFA in most aquatic animals that, consequently, cannot
be synthesized de novo (D’Abramo and Sheen, 1993).

As in ovigerous females, SFAs and MUFAs were more
abundant than PUFAs and HUFAs in COF eggs, where they
may also serve as a source of energy during embryogenesis
(Clarke et al., 1990). The most abundant FAs in N. davidi
eggs were palmitic acid, oleic acid, and LIN. Palmitic and

Figure 6. Principal components analysis biplot of fatty acid composition in the pleon and cephalothorax of
Neocaridina davidi ovigerous females. The first and second principal components were plotted in an x-y plane
and accounted for 84.6% and 14.7%, respectively, of total variance. COF, control ovigerous females, females
maintained at 28 7C ± 1 7C from hatching to spawning; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid;
TOF, transferred ovigerous females, females maintained at 33 7C ± 1 7C from hatching and transferred to 28 7C ±
1 7C after a 200-day period.

Figure 7. Principal components analysis biplot of fatty acid composition in the cephalothorax and pleon
of Neocaridina davidi ovigerous females and in their eggs. The first and second principal components were plot-
ted in an x-y plane and accounted for 90.6% and 9.5%, respectively, of total variance. COF, control ovigerous
females, females maintained at 28 7C ± 1 7C from hatching to spawning; DHA, docosahexaenoic acid; EPA,
eicosapentaenoic acid.
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oleic acid predominance is a general trend in eggs of deca-
pod shrimps with indirect development (Clarke et al., 1990;
Graeve and Wehrtmann, 2003; Chang et al., 2017). Of the
above-mentioned species, high levels of LIN were reported
only in newly extruded eggs of the crab Eriocheir sinensis
(Chang et al., 2017). Although these FAs have been proposed
to act as fuel during embryonic development (Clarke et al.,
1990), their function has not yet been clearly determined.

In summary, the present results show a clear negative effect
of high temperature on reserve mobilization to the matur-
ing ovary in an aquatic invertebrate with direct development,
inhibiting ovarian maturation and spawning. This effect was
rapidly and almost completely reversed after females were
transferred to the optimum temperature, with the consequent
production of eggs resembling that of control females in both
number and size. Moreover, the mobilization of lipids (the
main yolk component and energy source for embryonic devel-
opment) and glycogen to thematuring oocyteswas not altered.
Even though high temperature had consequences on maternal
provisioning, it did not affect the storage of biochemical re-
serves in female tissues. The present results partially support
our initial hypothesis (stating that a temperature higher than
the optimum affects female biochemical composition and nu-
trient transfer tomaturing oocytes) and provide valuable infor-
mation on reserve allocation to reproduction under environ-
mentally stressful conditions.
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