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ABSTRACT
The present work aimed to evaluate the effects promoted by a phase of compensatory
growth on metabolic turnover rate, digestive enzyme activity, and bacterial biota of
the Pacific white shrimp Litopenaeus vannamei kept under different feeding regimes.
Three treatments were evaluated as follows: 70% feed restriction during 3 (T3) and 6
(T6) days, followed by a period of feeding to satiety, and a control treatment without
restriction periods. The results showed a full compensatory growth in treatments T3
and T6 by day 35 of the bioassay. A significant increase in trypsin and lipase (T6)
activities was observed during compensatory growth, whereas specific amylase
activity was significantly lower in treatment T6 compared to T3 but not significantly
different from the control group. To determine the metabolic turnover rate of
nitrogen in muscle tissue, an analysis of nitrogen isotope values (δ15N) at natural
abundance levels was performed. At the end of the experimental period, shrimp
under feed restriction had lower metabolic turnover rates and longer nitrogen
residence times (t50) in muscle tissue, as compared to individuals in the control
treatment. Regarding the changes in the bacterial communities in shrimp gut, no
significant differences were observed at the phylum level, with Proteobacteria being
the most abundant bacteria, followed by Actinobacteria. At family taxa level,
Rhodobacteraceae presented the highest relative abundance in all treatments, whereas
a decrease in Vibrionaceae was observed in treatments T3 and T6 when compared to
control shrimps during compensatory growth. At the genus level, a decrease in
Celeribacter, Catenococcus, and Epibacterium, and an increase in Ruegeria and
Shimia, were identified in shrimp subjected to feed restriction when compared to
control organisms during compensatory growth (day 14). At the end of the
experimental period, the evaluated parameters showed similar results as those
observed in the control treatment, suggesting a normalization of the metabolism and
the physiological state. The present findings contribute to a better understanding on
the physiological effects produced during compensatory growth in shrimp, which in
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turn could assist in the development of improved feeding strategies in benefit of the
aquaculture industry.

Subjects Aquaculture, Fisheries and Fish Science, Biochemistry, Food Science and Technology,
Microbiology, Molecular Biology
Keywords Compensatory growth, Shrimp feeding, Digestive enzymes, Metabolic turnover,
Bacterial community

INTRODUCTION
Crustaceans represent 12.3% of the total world aquaculture production, in which the white
shrimp Litopenaeus vannamei contributed with more than 5 million metric tons in
2019 (FAO, 2021). One of the main challenges for the expansion of shrimp culture is
securing the supply of balanced feeds, which in turn can represent more than 50% of the
production costs (Cummins et al., 2013; Jatobá et al., 2014). In this regard, different
strategies of feed management have been proposed to reduce the production costs,
including the use of trays (Casillas-Hernández et al., 2007), variations on feed frequency
(Pontes, De Lima & Arruda, 2008; Ullman, Rhodes & Davis, 2019), and temporary feed
restriction (Py, Elizondo-González & Peña-Rodríguez, 2022). In this regard, temporary feed
restriction may promote an increased growth rate when optimal feeding conditions are
restored (including decapod crustaceans); this biological response has been called
compensatory growth. The compensatory response after refeeding is linked to the duration
and severity of the previous feed restriction, and the length time of the refeeding period.
The physiological response can lead to full, partial, or overcompensation of growth;
nevertheless, if the restriction is very severe, the organism can reach a point of no return,
characterized by an absence of growth compensation (Ali, Nicieza & Wootton, 2003).
In this respect, Jobling (2010) describes that a recovery growth is a convergence between
the compensatory growth and a catch-up growth. Moreover, feed restriction combined
with other factors such as stocking density or temperature can also affect the compensatory
response (Stumpf et al., 2019; Liu et al., 2022; Prates et al., 2023).

In farmed shrimp, feed restriction has been evaluated at different degrees of restriction
and time periods, where shrimp has showed full compensatory growth with a concomitant
significant reduction on feed utilization (Maciel, Francisco & Miranda-Filho, 2018; Liu
et al., 2022), and in other cases with partial growth recovery (Yildirim & Aktaş, 2019; Rocha
et al., 2019). Furthermore, other benefit of the use of this strategy is the reduction in
nitrogen and phosphorous residual compounds in the farm effluents and environment
(Zhu et al., 2016; Lucas, Southgate & Tucker, 2019). On the other hand, during feed
restriction, the decreased nutrient intake can alter the metabolic rate of organisms, forcing
them to recycle the available nutrients for their elementary physiological processes, thus
limiting their growth (Gamboa-Delgado et al., 2011). In crustaceans, a decrease in digestive
enzymes activities is often observed during starvation, affecting the energy supply to the
organism (Charron et al., 2014; Sacristán et al., 2016). In this regard, the energetic
compounds can be differentially mobilized (Sacristán et al., 2017; Calvo et al., 2018) and
the preference to obtain energy can also be modified, as shown in L. vannamei shrimp, in
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which glucose, glycogen, and lipids in the hepatopancreas decrease after a short period of
starvation (Sánchez-Paz et al., 2007). Nevertheless, some other studies have not reported
negative effects on digestive enzymes activities after cyclic periods of feeding and fasting, as
observed in Cherax quadricarinatus juveniles (Stumpf, Tropea & Greco, 2014). Moreover,
feed restriction strategies can affect the bacterial community structure in the digestive tract
of organisms (Sacristán et al., 2016; Eslamloo et al., 2017), which could, in turn, have an
impact on the immune response of the host, by increasing the risk of diseases caused by
pathogenic bacteria (Brown et al., 2012; Foysal et al., 2020).

During compensatory growth, and after returning to favorable feeding conditions, new
physiological adaptations occur, and these include metabolic adjustments promoting
elevated growth efficiencies, as described for different farmed fish and crustacean species
(Py, Elizondo-González & Peña-Rodríguez, 2022). The increase of feed intake allows the
reactivation of digestive enzymatic activities that enhance digestion and absorption of
nutrients (Rocha et al., 2019; Zaefarian et al., 2020). This adaptation usually reflects
hyperphagia and improvement of feed conversion efficiency, revealing a restoration of
energy reserves used during feed restriction (Furné et al., 2012; Won & Borski, 2013).
At the microbiome level, some studies in fish have described changes in the bacterial
digestive structure after re-feeding, suggesting a beneficial relationship with physiological
processes associated to metabolism and immune system (Liu et al., 2020; Sakyi et al., 2020).

The promotion of compensatory growth to reduce operating costs during animal
production is a well-documented strategy (Py, Elizondo-González & Peña-Rodríguez,
2022); nevertheless, there is still relevant information to disclose on the physiological
effects occurring in the white shrimp L. vannamei. In this context, the present study aims
to provide new insights on the physiological responses occurring during compensatory
growth, by evaluating the metabolic turnover rate of nitrogen in muscle, by measuring the
digestive enzyme activities and changes in the bacterial communities of the digestive tract
of juvenile L. vannamei.

MATERIALS AND METHODS
Experimental feeds and shrimp pre-conditioning
Two experimental diets were formulated: (a) a pre-conditioning diet and (b) a reference
diet (Table 1). The pre-conditioning diet was manufactured with poultry by-product meal
(55%) to promote a specific isotopic signature in shrimp before the feed restriction assay.
The reference diet was based on fish meal as main ingredient (56%) having a different
isotopic signature for nitrogen. In this way, the dietary shift had the objective of promoting
clear, exponential isotopic changes that eventually allowed estimating the metabolic
turnover rate of nitrogen. The formulation and manufacture of the experimental diets was
done as described in Peña-Rodríguez et al. (2020), using a 1.5 L mixer and a meat grinder to
produce pellets through a 2-mm die. The chemical proximal composition of the
experimental diets was analyzed according to AOAC (2005) methods for moisture
(Method 930.15), lipids (Method 2003.05), crude fiber (Method 978.10), ash (Method
942.05), and crude protein by Dumas method (Ebeling, 1968).
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Pacific white shrimp L. vannamei having an average weight of 45 ± 8 mg were donated
by a commercial facility (Larvas Gran Mar, SA de CV, Baja California Sur, MX). Shrimp
were received at the Aquaculture Nutrition Laboratory at CIBNOR, and acclimated for 30
days in a 800-L fiber glass tank under controlled conditions (28.1 ± 0.4 �C, pH 8.1 ± 0.2, D.
O. > 4.5 mg L−1, photoperiod of 12 h:12 h light:dark). The system had 60% daily water
exchange and marine water (37 UPS) was treated through a 1-mmmesh and sterilized with
UV light. During the acclimation period, shrimp were fed to satiety twice a day (09:00 and
15:00 h) with the pre-conditioning diet, formulated to confer a known isotopic baseline in
shrimp muscle tissue before the compensatory growth experiment.

Experimental design of the compensatory growth trial
After the acclimation period, three different dietary treatments were evaluated for 35 days:
(a) Control treatment: feed to satiety, (b) T3: 3 days of 70% feed restriction with respect to
control group, and (c) T6: 6 days of 70% feed restriction with respect to control group.
Four replicates per treatment were placed in day 1, and at day 28 after sampling, shrimps in
the 4th replicate of each treatment were homogeneously redistributed to the rest of
replicates to maintain similar shrimp density as in the beginning of the experiment.
All shrimp were fed with the reference diet. For each replicate, a fiber glass tank of 60-L

Table 1 Ingredient composition (g kg−1 diet) and proximate analysis (% as is) of experimental diets.

Experimental diets

Ingredients Pre-conditioning Reference

Fish meala 160 560

Poultry by-product mealb 550 0

Corn starchc 254 344

Fish oila 20 10

Soy lecithind 0 70

Alginic acidc 10 10

Vitamin-mineral premixf 5 5

Vitamin Cg 1 1

Proximate composition

Moisture 9.2 ± 0.07 9.3 ± 0.01

Protein 36.8 ± 0.08 35.6 ± 0.07

Lipids 9.2 ± 0.04 9.7 ± 0.05

Crude fiber 0.23 ± 0.01 0.12 ± 0.01

Ash 14.5 ± 0.04 12.4 ± 0.07

NFEh 30.01 32.85

Notes:
a PMA S.A. de C.V., Jalisco, MX.
b CYGA de México, CDMX, MX.
c Sigma Aldrich, St. Louis, MO, US.
d Suministros AZ, Baja California Sur, MX.
e Sigma Aldrich, St. Louis, MO, US.
f Vitamin-mineral premix: detailed content in Peña-Rodríguez et al. (2020)
g Prilabsa, Sinaloa, MX.
h Nitrogen-free extract (estimated by subtracting the percentages of crude protein, lipids, crude fiber, and ash from
100%).
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capacity was used to hold 12 shrimp (440 ± 30 mg, initial avg. wt.) randomly distributed in
each tank. The Control group was initially fed at 7% of the biomass, and after the second
experimental day, feeding was adjusted according to observed feed consumption. In the
case of T3 and T6, shrimp were fed to satiety after the restriction period. All groups were
fed their respective feed amount divided in two rations (09:00 h and 15:00 h). Every day
(08:00 h) all the experimental tanks underwent a 60% water exchange, removing feed
residues, molts and feces by siphoning. During the experimental period, shrimp
performance was estimated in terms of final weight (FW), weight gain (WG (%) = 100 ×
(FW − Initial weight)/Initial weight), specific growth rate (SGR (% day−1) = 100 × (ln FW −

ln Initial weight)/days), feed intake (FI (g) = Total of feed provided per shrimp during the
feeding trial), feed conversion ratio (FCR = FI/(FW − Initial weight)) and survival (S
(%) = final number of shrimp/initial number shrimp without considering those sampled ×
100).

In order to obtain an indirect estimation of the metabolic turnover rate of nitrogen in
muscle tissue, stable isotope analysis was applied to samples collected at different times
(Gamboa-Delgado et al., 2020). During the acclimation period, shrimp received a diet
having a known nitrogen isotope value and this diet established an isotopic baseline in
shrimp before feeding treatments were applied. It was expected that the dietary shift would
elicit exponential isotopic changes, to enable the ensuing metabolic calculations.
At experimental day 0, six shrimp were sampled and afterwards three shrimp per
treatment were randomly sampled on experimental days 3, 6, 9, 14, 21, 28, and 35. Shrimp
were euthanized in an ice/water slurry, and the abdominal muscle was dissected and kept
at −80 �C until pretreatment for isotopic analysis. In the case of digestive enzymes activity,
the hepatopancreas of four shrimp per treatment was sampled at days 9, 14, and 35, and
preserved at −80 �C until use. For the high-throughput 16S rRNA gene analysis applied to
evaluate bacterial communities, the digestive tract (stomach and intestine) of four shrimp
per treatment were aseptically sampled at days 14 and 35, then kept in vials with 90%
ethanol at −20 �C until DNA extraction.

Stable isotope analysis of shrimp muscle
Muscle tissue samples from shrimp under different treatments were desiccated at 55 �C
until constant weight and ground in a mortar until a fine homogenous powder was
obtained (Gamboa-Delgado et al., 2011). For elemental and isotopic analyses (δ15N),
between 900 and 1,100 µg of each sample were packed in tin microcapsules (041077;
Costech Analytical Technologies Inc, Valencia, CA, USA), and sent to the Stable Isotope
Facility (University of California-Davis, Davis, USA). Samples were analyzed in a PDZ
Europa ANCA-GSL elemental analyzer interfaced to a PDZ Europa 20-20 isotope ratio
mass spectrometer (Sercon Ltd., Cheshire, UK). Isotopic results are expressed in delta
notation (δ), which is defined as parts per thousand (‰) deviations from the δ15N values
of the international standard (atmospheric nitrogen).

For the estimation of nitrogen turnover rate and residence half-time (i.e., the time
period necessary to replace 50% of the muscle nitrogen with the “new” dietary nitrogen,
t50), isotopic changes in shrimp muscle were monitored throughout the experimental
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period after the dietary switch from the pre-conditioning feed to the feed supplied after
treatments were diversified. The metabolic nitrogen turnover rate (m) in shrimp muscle
tissue was estimated by incorporating the isotopic values of nitrogen (δ15N), and the variable
time, into an exponential model describing isotopic change (C = Cn + (C0 − Cn)e

−(k+m)t)
(Hesslein, Hallard & Ramlal, 1993). Values of k were obtained by fitting an exponential
growth model to observed weights, k = log (final weight/initial weight)/time (days).
The coefficients of this model indicate the relative magnitude of isotopic change in relation
to growth (k) and metabolic turnover (m). Parameter m is unknown and it was estimated
using iterative non-linear regression. In the equation, C0 is the isotopic value at the
beginning of the experimental period, Cn represents the isotopic value of the consuming
animal at equilibrium with the new feed, and C the isotopic value at time t. The k and
m coefficients were used to estimate the nitrogen residence time in muscle tissue
(t50 = In2/m + k) (MacAvoy, Macko & Arneson, 2005). The estimated values were based on
the growth observed after the feeding restriction periods.

Digestive enzyme activities
To determine the digestive enzyme activities, the hepatopancreas of shrimps sampled from
their respective treatments, were individually weighed and homogenized in distilled water
(1:4 w/v ratio) using a Fastprep-24 homogenizer (MP Biomedicals, Irvine, CA, USA).
Then, samples were centrifuged at 15,000 g for 15 min at 4 �C (Schleder et al., 2018).
The supernatant was recovered and stored at −80 �C until the quantification of enzymatic
activities using a multimode microplate reader Varioskan Flash (Thermo Fisher Scientific,
Waltham, MA, USA).

Total protein was quantified according to Bradford (1976), at 595 nm absorbance, using
bovine albumin as standard. The digestive enzyme activities in the shrimp hepatopancreas
were expressed in units per milligram of protein (U mg protein−1). Trypsin activity was
evaluated according to Toledo-Cuevas et al. (2011) using Boc-Gln-Ala-Arg-7-amido-
4-methylcoumarin hydrochloride as substrate (B4153; Sigma-Aldrich, St. Louis, MO,
USA). The activity was read at 460 nm (excited at 355 nm) each 30 s for 30 min. Lipase was
evaluated according to Gilannejad et al. (2020), using 4-methylumbelliferyl butyrate as
substrate (19362; Sigma-Aldrich, St. Louis, MO, USA). The fluorescence was measured at
450/365 nm (emission/excitation). Amylase activity was determined spectrophotometrically
at 570 nm by the method described by Vega-Villasante, Nolasco & Civera (1993) using
starch as a substrate. All activities were evaluated per quadruplicate and, during handling,
samples were kept in ice to prevent enzyme degradation.

16s rRNA gene analysis
The DNA was extracted from the shrimp digestive tracts using a DNeasy Blood & Tissue
kit (Qiagen, Hilden, Germany). The DNA’s quality and quantity were determined by
electrophoresis in agarose gels and with a Qubit� 3.0 fluorometer (Thermo Fisher
Scientific, Waltham, MA, US), respectively. The hypervariable regions V3 and V4 of the
16S rRNA gene on each sample (n = 4, per treatment/time) were amplified with primers
proposed Klindworth et al. (2013): Forward Primer 5′ (TCGTCGGCAGCGTCAGATGTG
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TATAAGAGACAGCCTACGGGNGGCWGCAG) and Reverse Primer 5′ (GTCTCG
TGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC).
A second PCR was performed to attach dual indices and Illumina sequencing adapters in
all PCR fragments using Nextera index kit v2 (FC-121-1011; Illumina, San Diego, CA, US).
For both PCRs, the amplicons were purified using AMPure XP (A63881; Beckman
Coulter, Brea, CA, US). The library was sequenced at CIBNOR using an Illumina MiSeq
system and MiSeq reagent V3 (600 cycle) kit, following the manufacturer’s protocol
(Illumina, San Diego, CA, USA).

Sequences were processed using MOTHUR v1.41.3 software (Schloss et al., 2009),
following the workflow described by Kozich et al. (2013). Reads with quality of Q > 25,
length > 250 bp, and ambiguous nucleotides were discarded. Paired-end reads were aligned
to assign OTUs (phylum to genus taxa levels when possible) using the SILVA v138
database at 97% confidence (Quast et al., 2013). Alpha diversity was estimated using the
Shannon diversity index and the Chao1 richness estimator. In addition, the R package
DESeq2 (Love, Huber & Anders, 2014) was employed for differential abundance analysis
within taxa levels. Raw sequences were deposited at the NCBI under BioProject
PRJNA880846.

Statistical analysis
A one-way ANOVA was used to compare the determined zootechnical parameters, k, m,
and t50 values, and enzymatic digestive activities. Data were then analyzed by Tukey
multiple comparison test, if applicable. Tests were conducted with a significant criterion
set at p < 0.05. All statistical analyses were performed using R v1.417.

RESULTS
Shrimp growth performance
Survival of shrimp during the experimental trial was higher than 90% for all treatments.
After 7 and 14 days of the experimental period, shrimp under 70% feed restriction during
3 (T3) and 6 (T6) days showed significantly lower growth compared to the control group
(F2,11 = 198.03, p < 0.001 and F2,11 = 134.68, p < 0.001 respectively) (Fig. 1). In this regard,
day 7 marked the end of the restriction period for shrimp under T6, meanwhile shrimp
under T3 were 3 days feeding to a favorable condition. In contrast, on day 14, shrimps
under regimes T6 and T3 were fed to satiety for 7 and 10 days, respectively. On day 21 and
28, a significant lower weight was observed in T6 shrimp and Control treatment
(F2,11 = 14.56, p = 0.002 and F2,11 = 15.05, p = 0.001 respectively). Finally, on experimental
day 35, shrimp under T3 treatment showed the highest final weight (3.47 ± 0.13 g)
compared to Control (3.38 ± 0.14 g) and T6 (3.23 ± 0.04) treatments; nevertheless, no
statistical differences were observed (F2,8 = 3.27, p = 0.11), as well as for weight gain and
specific growth rate (SGR) parameters (p > 0.05) (Table 2).

Considering the shrimp growth between days 1 and 7, the SGR was significantly higher
for shrimp in the Control treatment compared to feed-restricted shrimps (F2,8 = 129.66,
p < 0.001) (Fig. 2a). Nevertheless, during the recovery period without feed restrictions
(from day 7 to 28), the SGR was significantly higher for T3 and T6 treatments compared to

Quintino-Rivera et al. (2023), PeerJ, DOI 10.7717/peerj.14747 7/25

http://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA880846
http://dx.doi.org/10.7717/peerj.14747
https://peerj.com/


Control (F2,8 = 46.20, p < 0.001) (Fig. 2b), reflecting a compensatory growth with a full
recovery of growth at day 35. Final feed intake (FI) and FCR were significantly lower for
the restricted organisms when compared to Control shrimps (F2,8 = 72.32, p < 0.001 and
F2,8 = 7.06, p = 0.027 respectively). In this regard, during the refeeding period, hyperphagia

Figure 1 Growth of shrimp fed without restrictions (Control) and subjected to a 70% feed restriction
during 3 (T3) and 6 days (T6). Different letters indicate significant difference (p < 0.05) among treat-
ments in the same time period determined by Tukey’s test. Full-size DOI: 10.7717/peerj.14747/fig-1

Table 2 Shrimp L. vannamei performance and survival after 35 days of feeding on different regimes.

Treatments WG (%) SGR
(% day−1)

FI (g) FCR Survival (%)

Control 668 ± 32 5.82 ± 0.12 3.91 ± 0.08c 1.32 ± 0.05b 100 ± 0

T3 676 ± 28 5.86 ± 0.10 3.70 ± 0.02b 1.23 ± 0.05a 97 ± 6

T6 640 ± 11 5.72 ± 0.04 3.44 ± 0.02a 1.23 ± 0.02a 93 ± 12

Note:
Mean initial weight: 0.44 ± 0.03 g. Control: shrimps without feed restriction, T3: 3 days of 70% feed restriction as
compared to Control, and T6: 6 days of 70% of feed restriction as compared to Control. Values are given as mean ± SD
(n = 3). Different letters indicate significant differences (p < 0.05) among treatments in the same column determined by
Tukey’s test.

Figure 2 Specific growth rate (SGR, % day−1) from day 1 to 7 (A), and 7 to 28 (B), of shrimp
L. vannamei fed without restrictions (Control) and subjected to a 70% feed restriction during
3 (T3) and 6 days (T6). Different letters indicate significant difference (p < 0.05) among treatments
in the same time period determined by Tukey’s test. Full-size DOI: 10.7717/peerj.14747/fig-2
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was evident in shrimp under the restricted treatments, specifically from the end of the
restriction until day 14 (Fig. 3), where a mean daily feed consumption equivalent to 11% of
shrimp biomass was observed in the control treatment, in contrast to 13% and 14% in
treatments T3 and T6 respectively (F2,9 = 132.33, p < 0.001).

Isotopic analysis and nitrogen turnover rate
Shrimp muscle tissue at the beginning of the feed restriction experiment had a δ15N value
of 8.53‰ ± 0.1‰, which was established by the pre-conditioning diet. At the end of the
35-days experiment, all treatments caused an isotopic balance between the δ15N values of
the diet and muscle tissue. An asymptotic δ15N value of 14.31‰ ± 0.26‰ indicated
the end of the exponential isotopic shift. The isotopic changes observed during the
experimental period, and the contribution of the metabolic turnover rate (m) and growth
rate (k) to the overall isotopic changes are shown in Fig. 4. Table 3 shows the estimated
nitrogen turnover rate and half-time residence (F2,8 = 76.0, p < 0.001) in shrimp muscle
tissue after feeding restriction (during compensatory response). Growth rate was higher for
shrimp under T6 treatment, followed by T3 and finally the Control (F2,8 = 46.5, p < 0.001).
Estimated nitrogen metabolic turnover rates ranged from 0.008 to 0.033 day−1 and values
determined in shrimp under the Control treatment were higher when compared to T3 and
T6 (F2,8 = 239.6, p < 0.001). The contribution of growth (tissue accretion) to the isotopic
change was higher for T6 (88%) and T3 (76%) than for shrimp under the Control
treatment (61%). In the same way, longer half-time residence times of nitrogen in tissue
were observed in muscle tissue of animals kept under treatments T3 and T6, as compared
to the Control shrimp.

Digestive enzyme activity
The digestive enzyme activities measured in the shrimp’s hepatopancreas are shown in
Fig. 5. The trypsin activity at day 9, during compensatory response, showed a significantly
higher activity in shrimps belonging to T3 and T6, as compared to values observed in

Figure 3 Mean weekly feeding rate according to biomass (%) of shrimp fed without restrictions
(Control) and subjected to a 70% feed restriction during 3 (T3) and 6 days (T6). Different letters
indicate significant difference (p < 0.05) among treatments in the same time period determined by
Tukey’s test. Full-size DOI: 10.7717/peerj.14747/fig-3
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shrimp in the Control treatment (F2,11 = 9.24, p = 0.007). Nevertheless, after day 14, no
significant differences were shown among treatments (p > 0.05). In the case of amylase at
day 9, shrimp under the T6 regime showed significantly lower activity than T3
(F2,11 = 7.65, p = 0.011), but activity values were not significantly different from the
Control. Lipase activity showed higher activity in treatment T6 at day 9, as compared to the

Figure 4 Isotopic changes in muscle tissue conferred by the diet in shrimp L. vannamei fed without
restrictions (A) and subjected to a 70% feed restriction during 3 (B) and 6 days (C). Blue rhombi
represent observed δ15N values over the experimental period. Orange squares represent δ15N predicted
values indicated by the model of Hesslein, Hallard & Ramlal (1993). This equation allows estimating the
relative contributions of growth and the metabolic turnover rate (k +m) to the observed isotopic change.
Green triangles show the isotopic change attributed to growth only (k).

Full-size DOI: 10.7717/peerj.14747/fig-4
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Table 3 Growth rates (k), estimated nitrogen metabolic turnover rates (m), and half-times (t50) in muscle tissue of shrimp L. vannamei fed
without restrictions (Control) and subjected to a 70% feed restriction during 3 (T3) and 6 days (T6). Estimations were applied from data
observed from experimental day 7 to 35.

Treatments k (day−1) *m (day−1) k m contribution to isotopic change (%) t50 (days)

Control
T3
T6

0.051 ± 0.0013a

0.057 ± 0.0014b

0.061 ± 0.0015c

0.033 ± 0.0012a

0.018 ± 0.0017b

0.008 ± 0.0015c

61 – 39
76 – 24
88 – 12

8.3 ± 0.11a

9.2 ± 0.17b

10.0 ± 0.20c

Note:
*m values were estimated using iterative non-linear regression from the equation of isotopic exponential change proposed byHesslein, Hallard & Ramlal (1993). Different
letters indicate significant difference (p < 0.05) among treatments in the same column determined by Tukey’s test.

Figure 5 Enzymatic digestive activity of trypsin, amylase, and lipase in shrimp L. vannamei fed
without restrictions (Control) and subjected to a 70% feed restriction during 3 (T3) and 6 days
(T6) (n = 4). Different letters indicate significant differences (p < 0.05) among treatments in the same
time period determined by Tukey’s test. Full-size DOI: 10.7717/peerj.14747/fig-5
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rest of treatments (F2,11 = 5.96, p = 0.023). After day 14, trypsin, amylase, and lipase
activities did not show significant differences among treatments.

Bacterial digestive biota
All replicate samples showed an average of 95,367 sequences assigned to 455 different
OTUs. According to alpha-diversity in terms of Chao and Shannon indexes, the shrimp
bacterial community in the digestive tract of shrimp were statistically similar (p > 0.05)
among treatments and between sampling days (14 and 35) (Fig. 6). At phylum level, the
digestive tract of shrimp did not show significant difference among treatments at both
sampling times. A high dominance of Proteobacteria (>85%), followed by Actinobacteria
(up to 10%) and reduced abundance of Bacteriodetes and Firmicutes (<2%) were observed
for all samples (Fig. 7).

For the family taxa level, Rhodobacteraceae was the most abundant group (>80%)
among treatments at days 14 and 35 (p > 0.05). At day 14, only Vibrionaceae showed a
significant reduction in treatments T3 and T6 under compensatory growth (0.02–0.11%)
compared to Control shrimp (1%) (p < 0.05). At genus level (Fig. 8), shrimp under Control
treatment showed a significantly higher relative abundance of Celeribacter (37.6%),
Catenococcus (0.95%), and Epibacterium (0.34%) at day 14, while relative abundances were
lower in treatments T3 and T6 (≤19%, ≤0.11%, and <0.1%, respectively) under
compensatory growth. In the same period, the Cohaesibacter genus was observed in higher
relative abundance in T6 treatment than in Control shrimp. On the other hand, Ruegeria
represented one of the most abundant genus among treatments, having higher relative
abundances in T3 and T6 (28.6% and 26.2%, respectively) as compared to control group
(16.2%). In the same way, the Shimia genus was also more relatively abundant in T3 and
T6 (11.7% and 3.3%, respectively) than in the digestive tract of Control shrimp (2.3%).

By day 35, the genus Celeribacter and Ruegeria were the most abundant genera in the
shrimp’s digestive tract, with a relative abundance of 17.3–31.1% and 27.2–39.9%, respectively.
In the case of Shimia, significant differences were observed in the relative abundance in T3

Figure 6 Alpha-diversity, in terms of richness by Chao estimator and evenness according to Shannon
index, in the digestive tract of shrimp L. vannamei fed without restrictions (Control) and subjected
to a 70% feed restriction during 3 (T3) and 6 days (T6). Full-size DOI: 10.7717/peerj.14747/fig-6
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(2.1%), T6 (3.5%) and Control shrimp (1.2%) (p < 0.001). As a lower represented genus (<1%),
Catenococcus also showed significant differences among treatments (p < 0.05) and its
abundance was higher in T3 shrimps than in Control and T6 shrimps.

DISCUSSION
The compensatory growth is a mechanism that allows organisms to improve nutrient
utilization and growth when food is abundant along natural fluctuations, including aquatic
environments (Fraser et al., 2007; Buckup et al., 2008). In the present study, shrimp under

Figure 7 Relative abundance of main bacterial phyla in shrimp L. vannamei digestive tract fed
without restrictions (Control) and subjected to a 70% feed restriction during 3 (T3) and 6 days
(T6) (n = 4). Full-size DOI: 10.7717/peerj.14747/fig-7

Figure 8 Relative abundance of main bacterial genus in shrimp L. vannamei digestive tract fed
without restrictions (Control) and subjected to a 70% feed restriction during 3 (T3) and 6 days
(T6) (n = 4). Full-size DOI: 10.7717/peerj.14747/fig-8
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3 and 6 days of 70% feed restriction showed compensatory growth with full recovery of
growth after ad libitum feeding was restored. A complete recovery through compensatory
growth was observed in several species of decapod crustaceans with different strategies of
feed restriction. Wu & Dong (2002) observed that a complete compensation was achieved
in juvenile Chinese shrimp Fenneropenaues chinensis (weight range 0.486–0.569 g)
subjected to 6 days of fasting and 30 days of refeeding. In 40-day-old post-larvae
L. vannamei (116 ± 4 mg, avg. wt.) fasted for 3 days, full compensatory growth was reached
after 9 days of refeeding (Lin et al., 2008). Cyclical feeding strategies have also been
successful in promoting full compensatory growth in L. vannamei fasted during 1 to 3 days
and refed during 3 to 9 days (Zhu et al., 2016). Nevertheless, if the cyclical feeding protocol
is severe, the compensatory response could not reach a full recovery of growth during the
refeeding period, as observed in L. vannamei (0.46 ± 0.18 g, avg. wt.) exposed to repetitive
cycles of 2 days of fasting and 1 day of feeding for 30 days, followed by a recovery
re-feeding period of 28 days (Rocha et al., 2019). On the other hand, determination of the
specific growth rate (SGR) provides a valuable tool to identify specific periods of high
growth rates (Ricker, 1975). In the present study, shrimp showed a significantly higher SGR
during the feeding recovery period, revealing a compensatory response, as observed in
other studies conducted on the same species (Yu et al., 2008; Liu et al., 2022) and also in the
Chinese shrimp F. chinensis (Zhang et al., 2010), in the Oriental river prawn
Macrobrachium nipponense (Li et al., 2009) and in the crayfish Cherax quaricarinatus
(Stumpf, Tropea & Greco, 2014; Stumpf & López Greco, 2015).

In some cases, a severe and long duration of the feed restriction could result in a partial
growth compensation in shrimp, but leads to significant feed savings (Lara et al., 2017;
Rocha et al., 2019; Yildirim & Aktaş, 2019). In the present work, treatments with feed
restriction promoted between 5% and 12% feed saving as compared to Control shrimp.
Furthermore, when natural food sources are available in the culture systems, as in biofloc
systems, the feed saving could represent between 25% and 50% (Lara et al., 2017; Maciel,
Francisco & Miranda-Filho, 2018; Rocha et al., 2019). Moreover, in many cases, and as
determined in the present study, an improvement in feed conversion ratio (FCR) is
observed in shrimp under compensatory growth (Stumpf & López Greco, 2015; Zhu et al.,
2016; Rahman, Ghosh & Islam, 2020). A lower FCR implies a better nutrient utilization by
shrimp and, therefore, a reduction in water pollution (Chaikaew et al., 2019).

Regarding the estimation of metabolic variables through stable isotope analysis, once
the reference diet was provided in the experimental period, a fast influence of the isotopic
signature on the shrimpmuscle tissue was observed, showing a similar tendency of isotopic
change among the three treatments. At the end of the experimental period, shrimp under
all treatments approached isotopic equilibrium with values of δ15N = 14.31 ± 0.26‰,
reflecting not only the fast growth, but also a high assimilation and utilization of nutrients
supplied by the reference diet. In juvenile organisms, the isotopic equilibrium between
animal tissue and diet can be attributed to the sum of growth and metabolic turnover
(Gamboa-Delgado, 2022). Starvation can influence the capacity of shrimp to achieve
isotopic equilibrium. The restriction of nutrients promotes high metabolic tissue turnover
as a physiological response of the animal to supply essential nutrients. Nutrients are
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actually recycled at this stage and cause an enrichment of δ15N values in tissues
(Bójorquez-Mascareño & Soto-Jiménez, 2016). Although the feed restrictions caused a
significant reduction of the nitrogen turnover rates in muscle tissue, an isotopic
equilibrium was still reached and it was mainly promoted by tissue accretion. Furthermore,
shrimp during compensatory growth showed a lower contribution of the metabolic
turnover (12–24%) to the overall isotopic change than that caused by the Control diet
(39%), whereas nitrogen half-times (t50) were significantly higher (9.2–10 days) than those
observed in the control group (8.3 days). The t50 values showed a tendency to increase in
relation to the increase of shrimp growth, as observed in other studies conducted on the
same species (Gamboa-Delgado et al., 2011, 2020). In this regard, shrimp under
compensatory growth showed a higher contribution of growth (k) to the isotopic change
(T6 = 88% and T3 = 76%) than animals belonging to the Control group (61%). The latter
observations can be attributed to the higher growth rate elicited by the compensatory
growth during this period. A higher SGR in juvenile shrimp reflects faster isotopic changes
attributed to the dietary nitrogen contribution (and the intrinsic isotopic values) to tissue
growth, therefore, isotopic equilibrium was reached primarily through shrimp somatic
growth.

The increase on feed efficiency utilization is closely related to the regeneration of
digestive tissues and the reactivation of enzymatic activities after the recovery period
(Rocha et al., 2019; Zaefarian et al., 2020), which also promotes the restoration of energy
reserves deployed during feed restriction (Wu & Dong, 2002; Rahman, Ghosh & Islam,
2020). In this regard, protein digestion and assimilation have a determinant role in shrimp
growth, in which trypsin is one of the most important digestive proteases in shrimp
(Lemos, Ezquerra & Garcia-Carreño, 2000). In the present work, shrimp under
compensatory growth showed an increase of trypsin activity after 3 (T6) and 6 (T3) days of
refeeding compared to the Control group, suggesting a higher protein utilization during
the enhanced growth rate, as observed in Macrobrachium rosenbergii during
compensatory growth (Rahman, Ghosh & Islam, 2020). Similarly, in the shrimp
F. chinensis, an increase of trypsin activity was observed during the recovery feeding period
after a period of fasting (Zhang et al., 2010). It has also been reported that L. vannamei
reared under biofloc conditions, also showed an increase of trypsin during the refeeding
period (Rocha et al., 2019).

In the present study, during the recovery period after 6 days (T3) shrimp showed higher
amylase activity than those after 3 days (T6) of ad libitum feeding; nevertheless, no
significant differences were shown compared to the Control treatment. Similar results were
reported by Rocha et al. (2019) between shrimp after a feed restriction period and the
Control group. Amylase is a digestive enzyme that facilitates the digestion of
carbohydrates, which represents an economical source of energy for shrimp (Rosas et al.,
2002). Sánchez-Paz et al. (2007) described that L. vannamei use glucose as a source of
energy during short periods of starvation, and according to our findings, this physiological
preference may change to protein and lipids at the beginning of the recovery period.

On experimental day 9, the lipase activity measured in shrimp under T6 treatment
significantly increased when compared to the Control shrimp (3 days after feeding
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recovery), but it was no significantly different from the T3 treatment (6 days of feeding
recovery). This result suggests a short-term increase of lipase activity during the refeeding
period when the feed restriction is not prolonged. On the other hand shrimp in T3 and T6
showed hyperphagia after feed restriction, and therefore a higher intake of lipids, which
play a determinant role for energy supply during compensatory growth (Maciel, Francisco
& Miranda-Filho, 2018). Higher lipase activity is usually correlated to higher growth rates
and final weight in L. vannamei shrimp (Gamboa-Delgado, Molina-Poveda & Cahu, 2003;
Peixoto et al., 2018). In fish, elevated growth hormone during food deprivation promotes
lipids mobilization for basal metabolism maintenance, meanwhile refeeding usually results
in hyperphagia and hyperanabolism leading to a lipostatic return to energy homeostasis
(Won & Borski, 2013). By day 14 of the experiment, shrimp showed similar digestive
enzyme activities among treatments, suggesting a stabilization in the digestive functions as
reported by other authors (Sacristán et al., 2016; Rocha et al., 2019; Shao et al., 2020).
The selection of the feed restriction protocol is critical, since an excessively prolonged feed
restriction may damage the digestive tract tissue, and affect the digestive enzymatic
production after re-feeding, both conditions would limit the growth compensation
(Abolfathi et al., 2012; Shaibani, Amiri & Khodabandeh, 2013).

Regarding the bacterial community in the shrimp gut, Proteobacteria was the dominant
phylum, as previously reported in shrimp under different culture conditions (Sha et al.,
2016; Pedrosa-Gerasmio et al., 2020; Holt et al., 2021). The second most abundant phylum
was Actinobacteria, which is commonly reported with high abundance in the shrimp’s
digestive tract (Pedrosa-Gerasmio et al., 2020). Actinobacteria is associated with healthy
shrimp (Wu et al., 2016) and gut homeostasis (Binda et al., 2018). Nevertheless, no
significant differences were found between treatments at this taxonomic level during the
recovery period (day 14), nor at the end of the experiment (day 35). At the family
taxonomic level, Rhodobacteraceae was the most represented group in all samples. Huang
et al. (2016) and Xiong et al. (2017) have reported high abundance of Rhodobacteraceae in
the intestine of L. vannamei, and its presence has been associated to the microbial core of
healthy shrimp (Yao et al., 2018). On the other hand, during the compensatory period (day
14), a significantly higher relative abundance of Vibrionaceae was found in the Control
shrimp compared to the rest of treatments; nevertheless, relative abundances were not
significantly different at the end of the experiment. In shrimp P. monodon fed to satiety,
the abundance of Vibrio tended to be higher than that observed in shrimp undergoing feed
restriction (~60% of control diet) (Simon et al., 2020). Several bacterial species belonging to
this group are pathogenic agents causing important economic losses in the farmed shrimp
industry (de Souza Valente & Wan, 2021). Therefore, it can be argued that the feeding
regimes T3 and T6 were indirectly beneficial for the health of shrimp during compensatory
response.

At the genus taxonomic level, Celeribacter was one of the most abundant identified
groups, showing a higher abundance in shrimps under the Control treatment (day 14).
This genus has been described with high relative abundance (>10%) in the stomach of
shrimp fed with a diet supplemented with 5-aminolevulinic acid (Pedrosa-Gerasmio et al.,
2020). Furthermore, Celeribacter also show beta-glucosidase activity (Gao et al., 2019) that
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could improve carbohydrates digestion in shrimp. Additionally, Catenococcus and
Epibacterium genera also showed significantly lower relative abundances in shrimp under
compensatory growth. Catenococcus genus is related to the oxidation of sulfur compounds
(Sorokin, Robertson & Kuenen, 1996) and has been reported as abundant in Penaeus
indicus (Patil et al., 2021). Epibacterium is an abundant group found in macroalgal surfaces
(Breider et al., 2019); however, the relation of both genera with shrimp is unknown. In the
case of Cohaesibacter, it was only identified in the T6 treatment shrimps, and it has been
described as a genus having high potential for bioremediation of aquaculture systems
(Qu et al., 2011). Interestingly, treatments under compensatory growth showed an increase
of ≥10% on the relative abundance of Ruegeria, and between 1% and 9.3% of Shimia
compared to the Control group. These two genera have been described as beneficial
bacteria that participate in phosphate and protein metabolism (Achbergerová & Nahálka,
2014; Yamaguchi et al., 2016; Duan et al., 2019). In the marine fish Totoaba macdonaldi,
Shimia provides functional benefits to the intestine, improved nutrient absorption and
growth (Barreto-Curiel et al., 2018), whereas Ruegeria exerts a probiotic function
(Barreto-Curiel et al., 2018; Hasyimi, Widanarni & Yuhana, 2020).

Previous studies in crustacean and fish indicate that starvation can promote changes in
the bacterial community structure with loss of bacterial diversity (Xia et al., 2014; Foysal
et al., 2020; Sakyi et al., 2020). Crayfish Procambarus clarkii exposed to starvation during
3 days showed dysbiosis, with an increase in the number and abundance of species that
limited ecological networks and reduced modularity; however, after 3 days of refeeding,
the negative effects were reversed (Cai et al., 2022). In the present study, at day 14 during
compensatory growth, bacterial diversity was similar among treatments and few
differences were found within taxonomic levels. It is possible that a partial feed restriction
applied in short periods (3 and 6 days) might have a lower impact on the bacterial
community structure in the shrimp gut, or that the period (at day 14) was long enough to
reestablish the potential change of bacterial diversity lost during feed restriction.
Therefore, we suggest that a bacterial analysis over a short period after feeding recovery
could provide complementary information to describe the bacterial successions occurring
during compensatory growth.

CONCLUSIONS
Shrimp under 3 and 6 days of feed restriction achieved full compensatory growth, leading
to up to 12% feed savings after 35 days of experiment. During the feeding recovery period,
the nitrogen metabolic turnover rate was lower in shrimp under compensatory growth
than in the Control group shrimps, reflecting an increased dietary nitrogen utilization
destined for growth. The digestive enzyme activities of trypsin and lipase increased during
the initial days of compensatory growth to meet the requirement for amino acids and
energy over the accelerated growth rate period. The bacterial community in shrimp gut
was also modified during compensatory growth, with bacterial abundances pointing to
potential benefits on nutrient metabolism and assimilation. When full compensatory
growth was achieved at the end of the experimental period, the evaluated parameters
showed similar results as those determined in the Control treatment, suggesting a
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normalization of metabolism and the physiological state. Further studies are required to
determine if higher degrees of severity and duration of feed restriction, can differently
affect the metabolism and microbial communities of shrimp during compensatory growth.

ACKNOWLEDGEMENTS
We thank Larvas Gran Mar, SA de CV, for kindly donating the shrimp juveniles.
We also are grateful to Sandra de la Paz-Reyes and Gabriel Robles-Villegas from the
Laboratory of Aquaculture Nutrition; Gabriela Mendoza-Carrión from the Genomics and
Bioinformatics Laboratory; Patricia Hinojosa-Baltazar from Comparative Physiology
Laboratory; María Dolores Rondero-Astorga and Sindi Areli Juan-Antúnez from the
Chemical Analysis Laboratory at CIBNOR, for all the facilities and technical support.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was supported by the Consejo Nacional de Ciencia y Tecnología (CONACYT),
Grant/Award Number: CB2017-2018_A1-S-38853. The funders had no role in study
design, data collection and analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Consejo Nacional de Ciencia y Tecnología (CONACYT): CB2017-2018_A1-S-38853.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions
� Jorge Giovanni Quintino-Rivera performed the experiments, analyzed the data,
prepared figures and/or tables, and approved the final draft.

� Regina Elizondo-González conceived and designed the experiments, analyzed the data,
prepared figures and/or tables, authored or reviewed drafts of the article, and approved
the final draft.

� Julián Gamboa-Delgado analyzed the data, authored or reviewed drafts of the article,
and approved the final draft.

� Laura Teresa Guzmán-Villanueva performed the experiments, authored or reviewed
drafts of the article, and approved the final draft.

� Alberto Peña-Rodriguez conceived and designed the experiments, analyzed the data,
prepared figures and/or tables, authored or reviewed drafts of the article, and approved
the final draft.

DNA Deposition
The following information was supplied regarding the deposition of DNA sequences:

Raw sequences are available at NCBI: PRJNA880846.

Quintino-Rivera et al. (2023), PeerJ, DOI 10.7717/peerj.14747 18/25

http://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA880846
https://peerj.com/
http://dx.doi.org/10.7717/peerj.14747


Data Availability
The following information was supplied regarding data availability:

The raw measurements are available as a Supplemental File.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.14747#supplemental-information.

REFERENCES
Abolfathi M, Hajimoradloo A, Ghorbani R, Zamani A. 2012. Effect of starvation and refeeding

on digestive enzyme activities in juvenile roach, Rutilus rutilus caspicus. Comparative
Biochemistry and Physiology Part A: Molecular & Integrative Physiology 161(2):166–173
DOI 10.1016/j.cbpa.2011.10.020.

Achbergerová L, Nahálka J. 2014. Degradation of polyphosphates by polyphosphate kinases from
Ruegeria pomeroyi. Biotechnology Letters 36(10):2029–2035 DOI 10.1007/s10529-014-1566-6.

Ali M, Nicieza A, Wootton RJ. 2003. Compensatory growth in fishes: a response to growth
depression. Fish and Fisheries 4(2):147–190 DOI 10.1046/j.1467-2979.2003.00120.x.

AOAC. 2005. Official methods of analysis. Eighteenth Edition. Arlington, VA: Association of
Official Analytical Chemists.

Barreto-Curiel F, Ramirez-Puebla ST, Ringø E, Escobar-Zepeda A, Godoy-Lozano E,
Vazquez-Duhalt R, Sanchez-Flores A, Viana MT. 2018. Effects of extruded aquafeed on
growth performance and gut microbiome of juvenile Totoaba macdonaldi. Animal Feed Science
and Technology 245(5):91–103 DOI 10.1016/j.anifeedsci.2018.09.002.

Binda C, Lopetuso LR, Rizzatti G, Gibiino G, Cennamo V, Gasbarrini A. 2018. Actinobacteria: a
relevant minority for the maintenance of gut homeostasis. Digestive and Liver Disease
50(5):421–428 DOI 10.1016/j.dld.2018.02.012.

Bradford MM. 1976. A rapid sensitive method for the quantification of microgram quantities of
protein utilizing the principle of protein-dye binding. Analytical Biochemistry 72(1–2):248–254
DOI 10.1016/0003-2697(76)90527-3.

Breider S, Sehar S, Berger M, Thomas T, Brinkhoff T, Egan S. 2019. Genome sequence of
Epibacterium ulvae strain DSM 24752T, an indigoidine-producing, macroalga-associated
member of the marine Roseobacter group. Environmental microbiome 14(1):1–8
DOI 10.1186/s40793-019-0343-5.

Brown K, Decoffe D, Molcan E, Gibson DL. 2012. Diet-induced dysbiosis of the intestinal
microbiota and the effects on immunity and disease. Nutrients 4(8):095–1119
DOI 10.3390/nu4081095.

Buckup L, Dutra BK, Ribarcki FP, Fernandes FA, Noro CK, Oliveira GT, Vinagre AS. 2008.
Seasonal variations in the biochemical composition of the crayfish Parastacus defossus
(Crustacea, Decapoda) in its natural environment. Comparative Biochemistry and Physiology
Part A: Molecular & Integrative Physiology 149(1):59–67 DOI 10.1016/j.cbpa.2007.10.008.

Bójorquez-Mascareño EI, Soto-Jiménez MF. 2016. Isotopic turnover rate and trophic
fractionation of nitrogen in shrimp Litopenaeus vannamei (Boone) by experimental mesocosms:
implications for the estimation of the relative contribution of diets. Aquaculture Research
47(10):3070–3087 DOI 10.1111/are.12757.

Cai M, Li H, Gu X, Tian H, Liu F, Yang W, Ren S, Chu W, Hu Y, Wang A, Li H, Li J. 2022.
Re-aliment regains feed deprivation-induced microflora dysbiosis and immune stress in the gut

Quintino-Rivera et al. (2023), PeerJ, DOI 10.7717/peerj.14747 19/25

http://dx.doi.org/10.7717/peerj.14747#supplemental-information
http://dx.doi.org/10.7717/peerj.14747#supplemental-information
http://dx.doi.org/10.7717/peerj.14747#supplemental-information
http://dx.doi.org/10.1016/j.cbpa.2011.10.020
http://dx.doi.org/10.1007/s10529-014-1566-6
http://dx.doi.org/10.1046/j.1467-2979.2003.00120.x
http://dx.doi.org/10.1016/j.anifeedsci.2018.09.002
http://dx.doi.org/10.1016/j.dld.2018.02.012
http://dx.doi.org/10.1016/0003-2697(76)90527-3
http://dx.doi.org/10.1186/s40793-019-0343-5
http://dx.doi.org/10.3390/nu4081095
http://dx.doi.org/10.1016/j.cbpa.2007.10.008
http://dx.doi.org/10.1111/are.12757
https://peerj.com/
http://dx.doi.org/10.7717/peerj.14747


of red swamp crayfish (Procambarus clarkii). Aquaculture Reports 22(Suppl 4):100992
DOI 10.1016/j.aqrep.2021.100992.

Calvo NS, Stumpf L, Cortés-Jacinto E, Castillo Díaz F, López Greco LS. 2018. Mobilization of
energetic reserves during starvation in juveniles of different size of the redclaw crayfish Cherax
quadricarinatus. Aquaculture Nutrition 24(3):952–960 DOI 10.1111/anu.12631.

Casillas-Hernández R, Nolasco-Soria H, García-Galano T, Carrillo-Farnes O, Páez-Osuna F.
2007. Water quality, chemical fluxes and production in semi-intensive Pacific white shrimp
(Litopenaeus vannamei) culture ponds utilizing two different feeding strategies. Aquacultural
Engineering 36(2):105–114 DOI 10.1016/j.aquaeng.2006.09.001.

Chaikaew P, Rugkarn N, Pongpipatwattana V, Kanokkantapong V. 2019. Enhancing
ecological-economic efficiency of intensive shrimp farm through in-out nutrient budget and feed
conversion ratio. Sustainable Environment Research 29(1):1–11
DOI 10.1186/s42834-019-0029-0.

Charron L, Geffard O, Chaumot A, Coulaud R, Jaffal A, Gaillet V, Dedourge-Geffard O,
Geffard A. 2014. Influence of molting and starvation on digestive enzyme activities and energy
storage in Gammarus fossarum. PLOS ONE 9(4):e96393 DOI 10.1371/journal.pone.0096393.

Cummins VC, Webster CD, Thompson KR, Velasquez A. 2013. Replacement of fish meal with
soybean meal, alone or in combination with distiller’s dried grains with solubles in practical diets
for pacific white shrimp, Litopenaeus vannamei, grown in a clear-water culture system. Journal
of the World Aquaculture Society 44(6):775–785 DOI 10.1111/jwas.12081.

de Souza Valente C, Wan AH. 2021. Vibrio and major commercially important vibriosis diseases
in decapod crustaceans. Journal of Invertebrate Pathology 181(1–4):107527
DOI 10.1016/j.jip.2020.107527.

Duan Y, Wang Y, Liu Q, Dong H, Li H, Xiong D, Zhang J. 2019. Changes in the intestine
microbial, digestion and immunity of Litopenaeus vannamei in response to dietary resistant
starch. Scientific Reports 9(1):1–10 DOI 10.1038/s41598-019-42939-8.

Ebeling ME. 1968. The Dumas method for nitrogen in feeds. Journal of the Association of Official
Analytical Chemists 51(4):766–770 DOI 10.1093/jaoac/51.4.766.

Eslamloo K, Morshedi V, Azodi M, Akhavan SR. 2017. Effect of starvation on some
immunological and biochemical parameters in tinfoil barb (Barbonymus schwanenfeldii).
Journal of Applied Animal Research 45(1):173–178 DOI 10.1080/09712119.2015.1124329.

FAO. 2021. FAO yearbook. Fishery and aquaculture statistics 2019. Rome: Food and Agriculture
Organization.

Foysal MJ, Fotedar R, Tay ACY, Gupta SK. 2020. Effects of long-term starvation on health
indices, gut microbiota and innate immune response of fresh water crayfish, marron (Cherax
cainii, Austin 2002). Aquaculture 514:734444 DOI 10.1016/j.aquaculture.2019.734444.

Fraser DJ, Weir LK, Darwish TL, Eddington JD, Hutchings JA. 2007. Divergent compensatory
growth responses within species: linked to contrasting migrations in salmon? Oecologia
153(3):543–553 DOI 10.1007/s00442-007-0763-6.

Furné M, Morales AE, Trenzado CE, García-Gallego M, Carmen Hidalgo M, Domezain A,
Sanz Rus A. 2012. The metabolic effects of prolonged starvation and refeeding in sturgeon and
rainbow trout. Journal of Comparative Physiology B 182(1):63–76
DOI 10.1007/s00360-011-0596-9.

Gamboa-Delgado J. 2022. Isotopic techniques in aquaculture nutrition: state of the art and future
perspectives. Reviews in Aquaculture 14(1):456–476 DOI 10.1111/raq.12609.

Quintino-Rivera et al. (2023), PeerJ, DOI 10.7717/peerj.14747 20/25

http://dx.doi.org/10.1016/j.aqrep.2021.100992
http://dx.doi.org/10.1111/anu.12631
http://dx.doi.org/10.1016/j.aquaeng.2006.09.001
http://dx.doi.org/10.1186/s42834-019-0029-0
http://dx.doi.org/10.1371/journal.pone.0096393
http://dx.doi.org/10.1111/jwas.12081
http://dx.doi.org/10.1016/j.jip.2020.107527
http://dx.doi.org/10.1038/s41598-019-42939-8
http://dx.doi.org/10.1093/jaoac/51.4.766
http://dx.doi.org/10.1080/09712119.2015.1124329
http://dx.doi.org/10.1016/j.aquaculture.2019.734444
http://dx.doi.org/10.1007/s00442-007-0763-6
http://dx.doi.org/10.1007/s00360-011-0596-9
http://dx.doi.org/10.1111/raq.12609
https://peerj.com/
http://dx.doi.org/10.7717/peerj.14747


Gamboa-Delgado J, Molina-Poveda C, Cahu C. 2003. Digestive enzyme activity and food ingest a
in juvenile shrimp Litopenaeus vannamei (Boone, 1931) as a function of body weight.
Aquaculture Research 34(15):1403–1411 DOI 10.1111/j.1365-2109.2003.00959.x.

Gamboa-Delgado J, Nieto-López MG, Maldonado-Muñiz M, Villarreal-Cavazos D,
Tapia-Salazar M, Cruz-Suárez LE. 2020. Comparing the assimilation of dietary nitrogen
supplied by animal-, plant-and microbial-derived ingredients in Pacific white shrimp
Litopenaeus vannamei: a stable isotope study. Aquaculture Reports 17(783):100294
DOI 10.1016/j.aqrep.2020.100294.

Gamboa-Delgado J, Peña-Rodríguez A, Ricque-Marie D, Cruz-Suárez LE. 2011. Assessment of
nutrient allocation and metabolic turnover rate in Pacific white shrimp Litopenaeus vannamei
co-fed live macroalgae Ulva clathrata and inert feed: dual stable isotope analysis. Journal of
Shellfish Research 30(3):969–978 DOI 10.2983/035.030.0340.

Gao S, Pan L, Huang F, Song M, Tian C, Zhang M. 2019.Metagenomic insights into the structure
and function of intestinal microbiota of the farmed Pacific white shrimp (Litopenaeus
vannamei). Aquaculture 499(7):109–118 DOI 10.1016/j.aquaculture.2018.09.026.

Gilannejad N, de las Heras V, Martos-Sitcha JA, Moyano FJ, Yúfera M, Martínez-Rodríguez G.
2020. Ontogeny of expression and activity of digestive enzymes and establishment of gh/igf1
axis in the omnivorous fish Chelon labrosus. Animals 10(5):1–20 DOI 10.3390/ani10050874.

Hasyimi W, Widanarni W, Yuhana M. 2020. Growth performance and intestinal microbiota
diversity in pacific white shrimp litopenaeus vannamei fed with a probiotic bacterium, honey
prebiotic, and synbiotic. Current Microbiology 77(10):2982–2990
DOI 10.1007/s00284-020-02117-w.

Hesslein RH, Hallard KA, Ramlal P. 1993. Replacement of sulfur, carbon, and nitrogen in tissue
of growing broad whitefish (Coregonus nasus) in response to a change in diet traced by 34S, 13C,
and 15N. Canadian Journal of Fisheries Aquatic Sciences 50(10):2071–2076
DOI 10.1139/f93-230.

Holt CC, Bass D, Stentiford GD, van der Giezen M. 2021. Understanding the role of the shrimp
gut microbiome in health and disease. Journal of Invertebrate Pathology 186(9):107387
DOI 10.1016/j.jip.2020.107387.

Huang Z, Li X, Wang L, Shao Z. 2016. Changes in the intestinal bacterial community during the
growth of white shrimp, Litopenaeus vannamei. Aquaculture Research 47(6):1737–1746
DOI 10.1111/are.12628.

Jatobá A, da Silva BC, da Silva JS, do Nascimento Vieira F, Mouriño JLP, Seiffert WQ,
Toledo TM. 2014. Protein levels for Litopenaeus vannamei in semi-intensive and biofloc
systems. Aquaculture 432(5):365–371 DOI 10.1016/j.aquaculture.2014.05.005.

Jobling M. 2010. Are compensatory growth and catch-up growth two sides of the same coin?
Aquaculture International 18(4):501–510 DOI 10.1007/s10499-009-9260-8.

Klindworth A, Pruesse E, Schweer T, Peplies J, Quast C, Horn M, Glöckner FO. 2013.
Evaluation of general 16S ribosomal RNA gene PCR primers for classical and next-generation
sequencing-based diversity studies. Nucleic Acids Research 41(1):e1 DOI 10.1093/nar/gks808.

Kozich JJ, Westcott SL, Baxter NT, Highlander SK, Schloss PD. 2013. Development of a
dual-index sequencing strategy and curation pipeline for analyzing amplicon sequence data on
the MiSeq Illumina sequencing platform. Applied and Environmental Microbiology
79(17):5112–5120 DOI 10.1128/AEM.01043-13.

Lara G, Hostins B, Bezerra A, Poersch L, Wasielesky W. 2017. The effects of different feeding
rates and re-feeding of Litopenaeus vannamei in a biofloc culture system. Aquacultural
Engineering 77(2):20–26 DOI 10.1016/j.aquaeng.2017.02.003.

Quintino-Rivera et al. (2023), PeerJ, DOI 10.7717/peerj.14747 21/25

http://dx.doi.org/10.1111/j.1365-2109.2003.00959.x
http://dx.doi.org/10.1016/j.aqrep.2020.100294
http://dx.doi.org/10.2983/035.030.0340
http://dx.doi.org/10.1016/j.aquaculture.2018.09.026
http://dx.doi.org/10.3390/ani10050874
http://dx.doi.org/10.1007/s00284-020-02117-w
http://dx.doi.org/10.1139/f93-230
http://dx.doi.org/10.1016/j.jip.2020.107387
http://dx.doi.org/10.1111/are.12628
http://dx.doi.org/10.1016/j.aquaculture.2014.05.005
http://dx.doi.org/10.1007/s10499-009-9260-8
http://dx.doi.org/10.1093/nar/gks808
http://dx.doi.org/10.1128/AEM.01043-13
http://dx.doi.org/10.1016/j.aquaeng.2017.02.003
https://peerj.com/
http://dx.doi.org/10.7717/peerj.14747


Lemos D, Ezquerra JM, Garcia-Carreño FL. 2000. Protein digestion in penaeid shrimp: digestive
proteinases, proteinase inhibitors and feeding digestibility. Aquaculture 186(1–2):89–105
DOI 10.1016/S0044-8486(99)00371-3.

Li ZH, Xie S, Wang JX, Sales J, Li P, Chen DQ. 2009. Effect of intermittent starvation on growth
and some antioxidant indexes of Macrobrachium nipponense (De Haan). Aquaculture Research
40(5):526–532 DOI 10.1111/j.1365-2109.2008.02123.x.

Lin XT, Pan JX, Xu ZN, Li ZJ, Li H. 2008. Effect of periodic starvation on feeding, growth and
defecation of Litopenaeus vannamei. Acta Hydrobiologica Sinica 32(3):403–407.

Liu Y, Liu M, Jiang K, Wang B, Wang L. 2022. Comparative analysis of different density
restrictions reveals the potential influence mechanism on the compensatory growth of
Litopenaeus vannamei. Aquaculture Research 53(7):2629–2644 DOI 10.1111/are.15780.

Liu X, Shi H, He Q, Lin F, Wang Q, Xiao S, Dai Y, Zhang Y, Yang H, Zhao H. 2020. Effect of
starvation and refeeding on growth, gut microbiota and non-specific immunity in hybrid
grouper (Epinephelus fuscoguttatus♀ × E. lanceolatus♂). Fish & Shellfish Immunology
97:182–193 DOI 10.1016/j.fsi.2019.11.055.

Love MI, Huber W, Anders S. 2014. Moderated estimation of fold change and dispersion for
RNA-seq data with DESeq2. Genome Biology 15(12):1–21 DOI 10.1186/s13059-014-0550-8.

Lucas JS, Southgate PC, Tucker CS. 2019. Aquaculture: farming aquatic animals and plants.
Hoboken: John Wiley & Sons, 641.

MacAvoy SE, Macko SA, Arneson LS. 2005.Growth versus metabolic tissue replacement in mouse
tissues determined by stable carbon and nitrogen isotope analysis. Canadian Journal of Zoology
83(5):631–641 DOI 10.1139/z05-038.

Maciel JC, Francisco CJ, Miranda-Filho KC. 2018. Compensatory growth and feed restriction in
marine shrimp production, with emphasis on biofloc technology. Aquaculture International
26(1):203–212 DOI 10.1007/s10499-017-0209-z.

Patil PK, Vinay TN, Aravind R, Avunje S, Vijayan KK. 2021. Effect of Bacillus spp. on the
composition of gut microbiota in early life stages of Indian white shrimp, Penaeus indicus.
Journal of Applied Aquaculture 1–11 DOI 10.1080/10454438.2021.2011527.

Pedrosa-Gerasmio IR, Nozaki R, Kondo H, Hirono I. 2020. Gut bacterial community profile in
Pacific white shrimp Litopenaeus vannamei following 5-aminolevulinic acid supplementation.
Aquaculture Research 51(10):4075–4086 DOI 10.1111/are.14750.

Peixoto S, Silva E, Costa CB, Nery RC, Rodrigues F, Silva JF, Bezerra F, Soares R. 2018. Effect of
feeding frequency on growth and enzymatic activity of Litopenaeus vannamei during nursery
phase in biofloc system. Aquaculture Nutrition 24(1):579–585 DOI 10.1111/anu.12591.

Peña-Rodríguez A, Pelletier-Morreeuw Z, Garcia-Lujan J, Rodríguez-Jaramillo MDC,
Guzmán-Villanueva L, Escobedo-Fregoso C, Tovar-Ramírez D, Reyes AG. 2020. Evaluation
of Agave lechuguilla by-product crude extract as a feed additive for juvenile shrimp Litopenaeus
vannamei. Aquaculture Research 51(4):1336–1345 DOI 10.1111/are.14497.

Pontes CS, De Lima PP, Arruda MDF. 2008. Feeding responses of juvenile shrimp Litopenaeus
vannamei (Boone) fed at different frequencies under laboratory conditions. Aquaculture
Research 39(13):1416–1422 DOI 10.1111/j.1365-2109.2008.02011.x.

Prates E, Holanda M, Pedrosa VF, Monserrat JM, Wasielesky W. 2023. Compensatory growth
and energy reserves changes in the Pacific white shrimp (Litopenaeus vannamei) reared in
different temperatures and under feed restriction in biofloc technology system (BFT).
Aquaculture 562(3):738821 DOI 10.1016/j.aquaculture.2022.738821.

Py C, Elizondo-González R, Peña-Rodríguez A. 2022. Compensatory growth: fitness cost in
farmed fish and crustaceans. Reviews in Aquaculture 14(3):1389–1417 DOI 10.1111/raq.12656.

Quintino-Rivera et al. (2023), PeerJ, DOI 10.7717/peerj.14747 22/25

http://dx.doi.org/10.1016/S0044-8486(99)00371-3
http://dx.doi.org/10.1111/j.1365-2109.2008.02123.x
http://dx.doi.org/10.1111/are.15780
http://dx.doi.org/10.1016/j.fsi.2019.11.055
http://dx.doi.org/10.1186/s13059-014-0550-8
http://dx.doi.org/10.1139/z05-038
http://dx.doi.org/10.1007/s10499-017-0209-z
http://dx.doi.org/10.1080/10454438.2021.2011527
http://dx.doi.org/10.1111/are.14750
http://dx.doi.org/10.1111/anu.12591
http://dx.doi.org/10.1111/are.14497
http://dx.doi.org/10.1111/j.1365-2109.2008.02011.x
http://dx.doi.org/10.1016/j.aquaculture.2022.738821
http://dx.doi.org/10.1111/raq.12656
https://peerj.com/
http://dx.doi.org/10.7717/peerj.14747


Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies J, Glöckner FO. 2013. The
SILVA ribosomal RNA gene database project: improved data processing and web-based tools.
Nucleic Acids Research 41(D1):D590–D596 DOI 10.1093/nar/gks1219.

Qu L, Lai Q, Zhu F, Hong X, Sun X, Shao Z. 2011. Cohaesibacter marisflavi sp. nov., isolated from
sediment of a seawater pond used for sea cucumber culture, and emended description of the
genus Cohaesibacter. International Journal of Systematic and Evolutionary Microbiology
61(4):762–766 DOI 10.1099/ijs.0.021972-0.

Rahman F, Ghosh AK, Islam SS. 2020. Effect of time-restricted feeding and refeeding regimes on
compensatory growth, body composition, and feed utilization in prawn (Macrobrachium
rosenbergii) culture system. Journal of Applied Aquaculture 32(3):236–249
DOI 10.1080/10454438.2019.1661328.

Ricker WE. 1975. Computation and interpretation of biological statistics of fish populations.
Bulletin of the Fisheries Research Board of Canada 191:1–382.

Rocha JV, Silva JF, Barros C, Peixoto S, Soares R. 2019. Compensatory growth and digestive
enzyme activity of Litopenaeus vannamei submitted to feeding restriction in a biofloc system.
Aquaculture Research 50(12):3653–3662 DOI 10.1111/are.14323.

Rosas C, Cuzon G, Gaxiola G, Pascual C, Taboada G, Arena L, Van Wormhoudt A. 2002. An
energetic and conceptual model of the physiological role of dietary carbohydrates and salinity on
Litopenaeus vannamei juveniles. Journal of Experimental Marine Biology and Ecology
268(1):47–67 DOI 10.1016/S0022-0981(01)00370-7.

Sacristán HJ, Ansaldo M, Franco-Tadic LM, Gimenez AVF, Greco LSL. 2016. Long-term
starvation and posterior feeding effects on biochemical and physiological responses of midgut
gland of Cherax quadricarinatus juveniles (Parastacidae). PLOS ONE 11:e0150854
DOI 10.1371/journal.pone.0150854.

Sacristán HJ, Rodríguez YE, De los Angeles Pereira N, Lopez Greco LS, Lovrich GA,
Fernandez Gimenez AV. 2017. Energy reserves mobilization: strategies of three decapod
species. PLOS ONE 12(9):e0184060 DOI 10.1371/journal.pone.0184060.

Sakyi ME, Cai J, Tang J, Abarike ED, Xia L, Li P, Kuebutornye FKA, Zou Z, Liang Z, Jian J.
2020. Effects of starvation and subsequent re-feeding on intestinal microbiota, and metabolic
responses in Nile tilapia, Oreochromis niloticus. Aquaculture Reports 17(1–2):100370
DOI 10.1016/j.aqrep.2020.100370.

Sánchez-Paz A, García-Carreño F, Hernández-López J, Muhlia-Almazán A, Yepiz-Plascencia G.
2007. Effect of short-term starvation on hepatopancreas and plasma energy reserves of the
Pacific white shrimp (Litopenaeus vannamei). Journal of Experimental Marine Biology and
Ecology 340(2):184–193 DOI 10.1016/j.jembe.2006.09.006.

Schleder DD, Peruch LGB, Poli MA, Ferreira TH, Silva CP, Andreatta ER, Hayashi L,
do Nascimento Vieira F. 2018. Effect of brown seaweeds on Pacific white shrimp growth
performance, gut morphology, digestive enzymes activity and resistance to white spot virus.
Aquaculture 495(1–7):359–365 DOI 10.1016/j.aquaculture.2018.06.020.

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB, Lesniewski RA,
Oakley BB, Parks DH, Robinson CJ, Sahl JW, Stres B, Thallinger GG, Van Horn DJ,
Weber CF. 2009. Introducing mothur: open-source, platform-independent, community-
supported software for describing and comparing microbial communities. Applied and
Environmental Microbiology 75(23):7537–7541 DOI 10.1128/AEM.01541-09.

Sha Y, Liu M, Wang B, Jiang K, Qi C, Wang L. 2016. Bacterial population in intestines of
Litopenaeus vannamei fed different probiotics or probiotic supernatant. Journal of Microbiology
and Biotechnology 26(10):1736–1745 DOI 10.4014/jmb.1603.03078.

Quintino-Rivera et al. (2023), PeerJ, DOI 10.7717/peerj.14747 23/25

http://dx.doi.org/10.1093/nar/gks1219
http://dx.doi.org/10.1099/ijs.0.021972-0
http://dx.doi.org/10.1080/10454438.2019.1661328
http://dx.doi.org/10.1111/are.14323
http://dx.doi.org/10.1016/S0022-0981(01)00370-7
http://dx.doi.org/10.1371/journal.pone.0150854
http://dx.doi.org/10.1371/journal.pone.0184060
http://dx.doi.org/10.1016/j.aqrep.2020.100370
http://dx.doi.org/10.1016/j.jembe.2006.09.006
http://dx.doi.org/10.1016/j.aquaculture.2018.06.020
http://dx.doi.org/10.1128/AEM.01541-09
http://dx.doi.org/10.4014/jmb.1603.03078
https://peerj.com/
http://dx.doi.org/10.7717/peerj.14747


Shaibani ME, Amiri BM, Khodabandeh S. 2013. Starvation and refeeding effects on pyloric caeca
structure of Caspian salmon (Salmo trutta caspius, Kessler 1877) juvenile. Tissue and Cell
45(3):204–210 DOI 10.1016/j.tice.2013.01.001.

Shao JC, Zhu WQ, Liu M, Wang L, Zhao W. 2020. Cyclical fasting and refeeding is not an
advisable feeding strategy for white shrimp (Penaeus vannamei). Aquaculture Reports 18:100429
DOI 10.1016/j.aqrep.2020.100429.

Simon CJ, Truong HH, Noble TH, Osborne SA, Wynne JW, Wade NM. 2020. Microbial
biomass, marine invertebrate meals and feed restriction influence the biological and gut
microbiota response of shrimp Penaeus monodon. Aquaculture 520:734679
DOI 10.1016/j.aquaculture.2019.734679.

Sorokin DY, Robertson LA, Kuenen JG. 1996. Sulfur cycling in Catenococcus thiocyclus. FEMS
Microbiology Ecology 19(2):117–125 DOI 10.1111/j.1574-6941.1996.tb00204.x.

Stumpf L, Cárdenas PNS, Timpanaro S, Greco LL. 2019. Feasibility of compensatory growth in
early juveniles of “red claw” crayfish Cherax quadricarinatus under high density conditions.
Aquaculture 510(3):302–310 DOI 10.1016/j.aquaculture.2019.05.053.

Stumpf L, López Greco LS. 2015. Compensatory growth in juveniles of freshwater redclaw crayfish
Cherax quadricarinatus reared at three different temperatures: hyperphagia and food efficiency
as primary mechanisms. PLOS ONE 10(9):e0139372 DOI 10.1371/journal.pone.0139372.

Stumpf L, Tropea C, Greco LSL. 2014. Recovery growth of Cherax quadricarinatus juveniles fed
on two high-protein diets: effect of daily feeding following a cyclic feeding period on growth,
biochemical composition and activity of digestive enzymes. Aquaculture 433:404–410
DOI 10.1016/j.aquaculture.2014.06.037.

Toledo-Cuevas EM, Moyano FJ, Ramírez-Tovar D, Strüssmann CA, Álvarez-González CA,
Martínez-Chávez CC, Martínez-Palacios CA. 2011. Development of digestive biochemistry in
the initial stages of three cultured Atherinopsids. Aquaculture Research 42(6):776–786
DOI 10.1111/j.1365-2109.2011.02853.x.

Ullman C, Rhodes MA, Davis DA. 2019. Feed management and the use of automatic feeders in the
pond production of Pacific white shrimp Litopenaeus vannamei. Aquaculture 498(2–4):44–49
DOI 10.1016/j.aquaculture.2018.08.040.

Vega-Villasante F, Nolasco H, Civera R. 1993. The digestive enzymes of the Pacific brown shrimp
Penaus californiensis: I. Properties of the amylase activity in the digestive tract. Comparative
Biochemistry and Physiology Part B: Comparative Biochemistry 106(3):547–550
DOI 10.1016/0305-0491(93)90130-W.

Won ET, Borski RJ. 2013. Endocrine regulation of compensatory growth in fish. Frontiers in
Endocrinology 4:74 DOI 10.3389/fendo.2013.00074.

Wu L, Dong S. 2002. Compensatory growth responses in juvenile Chinese shrimp, Fenneropenaeus
chinensis, at different temperatures. Journal of Crustacean Biology 22(3):511–520
DOI 10.1163/20021975-99990262.

Wu JF, Xiong JB, Wang X, Qiu QL, Zheng JL, Zhang DM. 2016. Intestinal bacterial community
is indicative for the healthy status of Litopenaeus vannamei. Chinese Journal of Applied Ecology
27(2):611–621 DOI 10.13287/j.1001-9332.201602.039.

Xia JH, Lin G, Fu GH, Wan ZY, Lee M, Wang L, Liu XJ, Yue GH. 2014. The intestinal
microbiome of fish under starvation. BMC Genomics 15(1):266 DOI 10.1186/1471-2164-15-266.

Xiong J, Zhu J, Dai W, Dong C, Qiu Q, Li C. 2017. Integrating gut microbiota immaturity and
disease-discriminatory taxa to diagnose the initiation and severity of shrimp disease.
Environmental Microbiology 19(4):1490–1501 DOI 10.1111/1462-2920.13701.

Quintino-Rivera et al. (2023), PeerJ, DOI 10.7717/peerj.14747 24/25

http://dx.doi.org/10.1016/j.tice.2013.01.001
http://dx.doi.org/10.1016/j.aqrep.2020.100429
http://dx.doi.org/10.1016/j.aquaculture.2019.734679
http://dx.doi.org/10.1111/j.1574-6941.1996.tb00204.x
http://dx.doi.org/10.1016/j.aquaculture.2019.05.053
http://dx.doi.org/10.1371/journal.pone.0139372
http://dx.doi.org/10.1016/j.aquaculture.2014.06.037
http://dx.doi.org/10.1111/j.1365-2109.2011.02853.x
http://dx.doi.org/10.1016/j.aquaculture.2018.08.040
http://dx.doi.org/10.1016/0305-0491(93)90130-W
http://dx.doi.org/10.3389/fendo.2013.00074
http://dx.doi.org/10.1163/20021975-99990262
http://dx.doi.org/10.13287/j.1001-9332.201602.039
http://dx.doi.org/10.1186/1471-2164-15-266
http://dx.doi.org/10.1111/1462-2920.13701
https://peerj.com/
http://dx.doi.org/10.7717/peerj.14747


Yamaguchi H, Arisaka H, Seki M, Adachi M, Kimura K, Tomaru Y. 2016. Phosphotriesterase
activity in marine bacteria of the genera Phaeobacter, Ruegeria, and Thalassospira. International
Biodeterioration & Biodegradation 115:186–191 DOI 10.1016/j.ibiod.2016.08.019.

Yao Z, Yang K, Huang L, Huang X, Qiuqian L, Wang K, Zhang D. 2018. Disease outbreak
accompanies the dispersive structure of shrimp gut bacterial community with a simple core
microbiota. AMB Express 8(1):1–10 DOI 10.1186/s13568-018-0644-x.

Yildirim M, Aktaş M. 2019. Could the growth of Litopenaeus vannamei be compensated by
long-term cyclic feed deprivation and following refeeding? Journal of Applied Aquaculture
31:224–235 DOI 10.1080/10454438.2018.1536007.

Yu H, Lin XT, Xu Z, Zhou XZ. 2008. Post-starvation recovery growth of Litopenaeus vannamei
and variations in biochemical composition and energy budgeting. Oceanologia et Limnologia
Sinica 39:130 DOI 10.1016/j.aquaculture.2022.738821.

Zaefarian A, Yeganeh S, Ouraji H, Kh JK. 2020. The effects of starvation and refeeding on growth
and digestive enzymes activity in Caspian brown trout (Salmo caspius Kessler, 1877) fingerlings.
Iranian Journal of Fisheries Sciences 19:1111–1129 DOI 10.22092/ijfs.2019.119520.

Zhang P, Zhang X, Li J, Gao T. 2010. Effect of refeeding on the growth and digestive enzyme
activities of Fenneropenaeus chinensis juveniles exposed to different periods of food deprivation.
Aquaculture International 18:1191–1203 DOI 10.1007/s10499-010-9333-8.

Zhu ZM, Lin XT, Pan JX, Xu ZN. 2016. Effect of cyclical feeding on compensatory growth,
nitrogen and phosphorus budgets in juvenile Litopenaeus vannamei. Aquaculture Research
47(1):283–289 DOI 10.1111/are.12490.

Quintino-Rivera et al. (2023), PeerJ, DOI 10.7717/peerj.14747 25/25

http://dx.doi.org/10.1016/j.ibiod.2016.08.019
http://dx.doi.org/10.1186/s13568-018-0644-x
http://dx.doi.org/10.1080/10454438.2018.1536007
http://dx.doi.org/10.1016/j.aquaculture.2022.738821
http://dx.doi.org/10.22092/ijfs.2019.119520
http://dx.doi.org/10.1007/s10499-010-9333-8
http://dx.doi.org/10.1111/are.12490
https://peerj.com/
http://dx.doi.org/10.7717/peerj.14747

	Metabolic turnover rate, digestive enzyme activities, and bacterial communities in the white shrimp Litopenaeus vannamei under compensatory growth ...
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	flink6
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


