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Featured Application

This study demonstrates the potential use of hydrolyzed feather meal as a sustainable
alternative to fishmeal in diets for Macrobrachium rosenbergii post-larvae, promoting prawn
growth and welfare while maintaining health and carcass quality.

Abstract

We evaluated the inclusion of hydrolyzed feather meal (HFM) as a partial replacement
for fishmeal in diets for Macrobrachium rosenbergii post-larvae (PL) over a 32-day nursery
feeding trial. Five experimental diets with increasing HFM levels (control, 1.5%, 3.0%,
4.5%, and 6.0%) were tested. Survival rates ranged from 73.3 ± 5.44% to 83.3 ± 3.84%
without significant differences among groups. Dietary HFM inclusion levels above 3.0%
significantly improved prawn performance, including final weight (up to 2.18-fold higher
than control), length (1.13-fold), antenna length (1.18-fold), biomass gain (2.14-fold), and
feed conversion ratio (1.59-fold lower). Prawn-fed diets at 6.0% HFM showed the highest
performance among all experimental groups. No significant effects were observed on
antioxidant biomarkers or digestive enzymes in prawns hepatopancreas, which suggests
no imbalance in the antioxidant system or impairment of digestive function. Likewise,
carcass proximate composition remained stable across experimental groups. These findings
suggest that HFM at 3.0–6.0% dietary inclusion levels is a potential alternative to fishmeal
in nursery-phase diets for M. rosernbergii PL, promoting prawn growth and welfare and
maintaining health and carcass quality. Notably, to the best of our knowledge, this is the
first study demonstrating the potential effective use of HFM in feeding the nursery phase
of M. rosernbergii.
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1. Introduction
The giant river prawn (Macrobrachium rosenbergii) is among the most important fresh-

water crustaceans in global aquaculture due to its high commercial value and favorable
production performance [1]. Its appeal lies in several biological and zootechnical advan-
tages, including high fertility, adaptability to a wide range of environmental conditions,
tolerance to fluctuations in water quality, and rapid growth rates [2,3]. In 2020, the global
production of M. rosenbergii reached approximately 294,000 tons, making a significant contri-
bution to total crustacean aquaculture output [4]. This tropical species has gained increasing
attention not only for its market demand but also for its potential role in developing more
sustainable aquaculture systems [5].

In recent years, considerable research efforts have been devoted to improving produc-
tivity and profitability in M. rosenbergii farming. Strategies have included the use of growth
enhancers, dietary immunostimulants [6,7], and the dietary inclusion of alternative protein
sources to reduce reliance on fishmeal, a limited and costly marine-derived resource [8,9].
Among these alternatives, hydrolyzed animal proteins have shown encouraging results
across multiple crustacean species. For example, in Pacific white shrimp (Penaeus vannamei),
dietary replacement of fishmeal with poultry by-products and swine liver hydrolysates (up
to 25%) improved growth performance, feed conversion ratio, and nutrient retention [10],
while also modulating the intestinal microbiota by decreasing the relative abundance of
Vibrionaceae [11]. Furthermore, the inclusion of protein hydrolysates—such as hydrolyzed
feather meal—at 6% maintained growth, digestive enzyme activity, health status, and body
composition in P. vannamei during both nursery and grow-out phases [12,13].

Hydrolyzed feather meal (HFM) has emerged as a promising candidate among an-
imal protein hydrolysates due to its high protein content and potential to support circu-
lar economy principles. For instance, the current global market of feather meal is USD
619.1 million [14], and the European annual production of feather meal is approximately
175,000 tons [15]. In terms of current market price, HFM trades for USD 661.8 metric ton−1,
which is substantially cheaper than fishmeal (USD 1788.4 metric ton−1) [16].

Derived from poultry industry by-products, HFM offers a sustainable mean of reduc-
ing aquaculture dependence on marine protein sources. Prior studies have demonstrated
the feasibility of partially replacing fishmeal with HFM in diets for P. vannamei [17,18]
and Penaeus monodon [19] without compromising growth performance. However, HFM
digestibility can be lower than that of fishmeal, potentially due to the presence of disulfide-
rich keratin structures [20,21]. Then, HFM may present low methionine content and the
potential accumulation of undesirable residues if not properly processed [20,22].

The use of HFM in freshwater crustacean diets remains underexplored. While lim-
ited work has been conducted on juvenile white shrimp [13,23] and juvenile longer river
prawn [24], no studies to date have evaluated the use of HFM in M. rosenbergii, particularly
during early developmental stages. Therefore, the present study aims to investigate the
effects of increasing dietary inclusion levels (0 to 6%) of hydrolyzed feather meal as a
partial replacement for fishmeal on the growth performance, digestive enzyme activity, and
antioxidant status of M. rosenbergii post-larvae during the nursery phase.
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2. Materials and Methods
2.1. Experimental Conditions and Animals

This study was carried out in the Laboratory of Prawn Culture of the Nucleus for
Research and Development in Sustainable Aquaculture at the Federal University of Paraná
(UFPR; Maripá, Paraná, Brazil).

A total of 1600 mixed-sex Macrobrachium rosenbergii post-larvae aged 20 days (initial
mean weight: 0.021 ± 0.006 g) were obtained from the hatchery of the Prawn Culture
Laboratory. Prawns were randomly distributed across 20 experimental tanks (250 L each),
corresponding to five dietary treatments with four replicates per treatment. Prior to the
start of the experiment, the post-larvae underwent a 7-day acclimation period in a 1000-L
holding tank maintained under the same environmental and water conditions as those
used during the experimental phase. During acclimation, animals were fed the control diet.

The experimental facility consisted of a clear water recirculating aquaculture sys-
tem, comprising 20 individual tanks. integrated into a recirculating aquaculture system,
equipped with mechanical filtration using a Bead Filter (A19 Skid—Altamar Aquatic
Systems, Santos, Brazil).

The system maintained a recirculating flow of 1200 L h−1. All tanks were housed in a
temperature-controlled room with a 12 h light/12 h dark photoperiod.

Feeding was administered five times daily at 9:00, 11:00, 14:00, 17:00, and 21:00. The
initial feeding rate was set at 10% of the total biomass and adjusted daily based on observed
feed consumption. Prawns were monitored daily to record feed intake and mortality, and
rations were adjusted accordingly. Uneaten feed and waste were removed thirty minutes
after feeding through siphoning to maintain optimal water quality.

The feeding trial lasted for 32 days, a period consistent with common nursery durations
for M. rosenbergii in tropical indoor systems, which typically range from two to eight weeks,
with 30 days being standard [25].

2.2. Experimental Design and Diet Formulation

A completely randomized experimental design was used, comprising five dietary
treatments with four replicates per treatment. The diets were formulated to include dif-
ferent levels of HFM as a partial replacement for fishmeal, specifically at inclusion rates
of 0% (control diet), 1.5%, 3.0%, 4.5%, and 6.0%. The HFM was obtained from BRF. S.A.
(Toledo, Paraná, Brazil) and its chemical composition are available in Table S1 of Supple-
mentary Materials. To the best of the authors’ knowledge, no research has investigated the
recommended dietary inclusion level of HFM for M. rosenbergii. Thus, the dietary inclusion
levels tested in the present trial were selected based on a precautionary approach, that is,
we started with a low dosage aiming at minimizing the risk of eventual negative impact on
animal health, welfare, and performance, and ensuring a safe evaluation of HFM potential.

Diet formulation was carried out using SuperCrac® 6.1 software (Viçosa, Minas Gerais,
Brazil), ensuring that all diets were iso-nitrogenous (44.2 ± 0.4% crude protein) and iso-
lipidic (14.8 ± 0.1% crude lipids) to meet the nutritional requirements of M. rosenbergii
post-larvae [26]. The ingredients and proximate composition of the experimental diets are
detailed in Table 1, as well as the diet amino acid (Table 2) and fatty acid profiles (Table 3).
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Table 1. Ingredients (%) and proximate composition (% DM; mean ± SD) of the experimental diets
for Macrobrachium rosenbergii post-larvae containing different levels of hydrolyzed feather meal.

Experimental Diets

HFM 0% HFM 1.5% HFM 3.0% HFM 4.5% HFM 6.0%

HFM 0.00 1.50 3.00 4.50 6.00
Fish meal 12.16 10.62 9.05 7.49 5.92
Soybean meal 35.00 33.75 32.50 31.25 30.00
Bone and meat meal 12.00 12.00 12.00 12.00 12.00
Poultry viscera meal 10.00 10.00 10.00 10.00 10.00
Wheat bran 7.04 8.00 8.94 9.87 10.81
Red blood cell meal 4.00 4.00 4.00 4.00 4.00
Ground cord 5.00 5.00 5.00 5.00 5.00
Soy lecithin 2.00 2.00 2.0 2.00 2.00
Fish oil 8.31 8.36 8.39 8.41 8.44
Binder 0.50 0.50 0.50 0.50 0.50
Limestone 0.81 0.92 1.02 1.11 1.21
Potassium chloride 0.55 0.59 0.63 0.66 0.70
Dicalcium phosphate 0.40 0.62 0.83 1.05 1.26
Vitamin and mineral premix 1 0.80 0.80 0.80 0.80 0.80
Salt 0.87 0.77 0.67 0.57 0.47
DL—methionine 0.35 0.37 0.38 0.40 0.41
Lysine 0.09 0.06 0.11 0.17 0.31
Antifungal 0.10 0.10 0.10 0.10 0.10
Antioxidant 0.02 0.02 0.02 0.02 0.02
Magnesium sulphate 0.00 0.01 0.02 0.02 0.03
Total 100% 100% 100% 100% 100%
Proximate composition
Dry matter (DM), % 93.5 ± 0.04 93.9 ± 0.04 94.2 ± 0.01 93.5 ± 0.04 93.4 ± 0.02
Crude protein, % DM 44.4 ± 0.09 44.2 ± 1.06 45.0 ± 0.26 43.7 ± 0.56 43.9 ± 0.01
Crude lipids, % DM 14.8 ± 0.30 14.5 ± 0.08 14.3 ± 0.06 15.2 ± 0.01 15.3 ± 0.05
Ash, % DM 16.4 ± 0.65 15.8 ± 0.03 15.9 ± 0.35 15.5 ± 0.06 15.3 ± 0.04
Crude fiber, % DM 2.90 ± 0.21 3.21 ± 0.15 2.65 ± 0.69 3.49 ± 0.15 3.21 ± 0.14

HFM: Hydrolyzed feather meal. 1 Vitamin and mineral premix (levels per kg of product): vit. A—1,000,000 IU; vit.
D3—500,000 IU; vit. E—20,000 mg; vit. K3—500 mg; vit. B1—1900 mg; vit. B2—2000 mg; vit. B6—2400 mg; vit.
B12—3500 mg; folic acid—200 mg; calcium pantothenate—4000 mg; vit. C—25 g; biotin—40 mg; niacin—5000 mg;
Fe—12.5 g; Cu—2000 mg; Mn—7500 mg; Zn—25 g; I—200 mg; Se—70 mg.

Table 2. Amino acid profile (mg/100 g; mean ± SD) of the experimental diets containing different
levels of hydrolyzed feather meal and fed Macrobrachium rosenbergii during the nursery phase.

Experimental Diets

HFM 0% HFM 1.5% HFM 3.0% HFM 4.5% HFM 6.0%

Samples, n 2 2 2 2 2
Alanine 2110 ± 7 2246 ± 128 2309 ± 160 2080 ± 26 2296 ± 437
Arginine 2181 ± 25 2316 ± 129 2335 ± 66 2179 ± 31 2339 ± 251
Aspartic
Acid 3398 ± 29 3568 ± 139 3756 ± 199 3374 ± 126 3714 ± 783

Cysteine 394 ± 3 449 ± 25 480 ± 22 498 ± 15 577 ± 54
Glutamic
Acid 5907 ± 70 6249 ± 271 6556 ± 336 5930 ± 209 6544 ± 1285

Glycine 2734 ± 39 2925 ± 262 2869 ± 181 2649 ± 84 2900 ± 356
Histidine 1095 ± 23 1119 ± 17 1127 ± 16 1051 ± 29 1121 ± 81
Isoleucine 971 ± 26 1183 ± 52 1220 ± 24 1106 ± 44 1188 ± 188
Leucine 2445 ± 28 2653 ± 119 2786 ± 90 2552 ± 84 2791 ± 425
Lysine 2317 ± 23 2494 ± 76 2659 ± 172 2381 ± 101 2723 ± 673
Methionine 610 ± 50 585 ± 45 551 ± 31 568 ± 44 590 ± 52
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Table 2. Cont.

Experimental Diets

HFM 0% HFM 1.5% HFM 3.0% HFM 4.5% HFM 6.0%

Phenylalanine 1581 ± 4 1679 ± 103 1711 ± 11 1603 ± 31 1724 ± 100
Proline 2049 ± 4 2204 ± 162 2268 ± 144 2123 ± 5 2386 ± 362
Serine 1643 ± 7 1743 ± 98 1888 ± 55 1847 ± 22 2104 ± 240
Threonine 1318 ± 25 1396 ± 67 1463 ± 53 1356 ± 36 1497 ± 198
Tryptophan 334 ± 10 344 ± 3 337 ± 9 317 ± 8 286 ± 18
Tyrosine 612 ± 21 590 ± 12 598 ± 11 561 ± 7 587 ± 40
Valine 1384 ± 42 1699 ± 77 1753 ± 61 1615 ± 49 1735 ± 274

HFM: Hydrolyzed feather meal.

Table 3. Fatty acid profile (% total fatty acids; mean ± SD) of the experimental diets containing differ-
ent levels of hydrolyzed feather meal and fed Macrobrachium rosenbergii during the nursery phase.

Experimental Diets

HFM 0% HFM 1.5% HFM 3.0% HFM 4.5% HFM 6.0%

Samples 2 2 2 2 2
C6:0 0.53 ± 0.03 0.89 ± 0.01 0.86 ± 0.04 0.83 ± 0.02 0.76 ± 0.16
C7:0 0.08 ± 0.02 0.14 ± 0.03 0.16 ± 0.01 0.12 ± 0.02 0.11 ± 0.01
C8:0 0.08 ± 0.01 0.16 ± 0.01 0.16 ± 0.01 0.14 ± 0.01 0.11 ± 0.01
C9:0 0.13 ± 0.01 0.21 ± 0.01 0.20 ± 0.02 0.21 ± 0.01 0.16 ± 0.01
C10:0 0.06 ± 0.02 0.09 ± 0.01 0.09 ± 0.01 0.08 ± 0.02 0.08 ± 0.01
C12:0 0.11 ± 0.01 0.13 ± 0.02 0.14 ± 0.02 0.12 ± 0.01 0.13 ± 0.01
C13:0 0.11 ± 0.01 0.13 ± 0.01 0.13 ± 0.01 0.15 ± 0.04 0.14 ± 0.01
C17:0 0.52 ± 0.01 0.57 ± 0.01 0.56 ± 0.01 0.56 ± 0.01 0.51 ± 0.01
C16:0 29.9 ± 0.10 31.6 ± 0.01 31.5 ± 0.21 30.9 ± 0.17 29.5 ± 0.06
C15:0 0.71 ± 0.01 0.73 ± 0.04 0.71 ± 0.01 0.71 ± 0.02 0.67 ± 0.01
C14:0 3.42 ± 0.04 3.46 ± 0.09 3.37 ± 0.02 3.30 ± 0.01 3.22 ± 0.01
C18:0 9.99 ± 0.08 10.6 ± 0.39 10.6 ± 0.05 10.5 ± 0.02 9.61 ± 0.01
C22:0 0.22 ± 0.01 0.25 ± 0.08 0.29 ± 0.10 0.25 ± 0.08 0.23 ± 0.02
C20:0 0.60 ± 0.01 0.73 ± 0.01 0.71 ± 0.01 0.73 ± 0.01 0.67 ± 0.01
C14:1 n-7 0.35 ± 0.02 0.40 ± 0.03 0.41 ± 0.01 0.34 ± 0.07 0.35 ± 0.07
C17:1 n7 0.31 ± 0.01 0.30 ± 0.01 0.32 ± 0.01 0.30 ± 0.01 0.33 ± 0.01
C16:1 n-7 5.26 ± 0.01 4.85 ± 0.12 4.89 ± 0.01 4.97 ± 0.01 5.22 ± 0.04
C16:1 n-9 0.61 ± 0.01 0.55 ± 0.02 0.56 ± 0.01 0.57 ± 0.01 0.60 ± 0.01
C15:1 n-9 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.01
C18:1 n-9 34.2 ± 0.15 31.7 ± 0.18 32.2 ± 0.30 33.6 ± 0.13 34.7 ± 0.03
C18:1 n-7 3.38 ± 0.01 3.18 ± 0.01 3.18 ± 0.01 3.26 ± 0.01 3.28 ± 0.01
C18:1 n-5 0.47 ± 0.01 0.53 ± 0.01 0.49 ± 0.02 0.49 ± 0.01 0.45 ± 0.01
C19:1 n-9 0.11 ± 0.01 0.12 ± 0.01 0.13 ± 0.02 0.12 ± 0.01 0.11 ± 0.01
C22:1 n-9 0.38 ± 0.01 0.35 ± 0.01 0.38 ± 0.07 0.33 ± 0.05 0.42 ± 0.01
C20:1 n-9 2.16 ± 0.02 2.21 ± 0.11 2.07 ± 0.03 2.21 ± 0.01 2.15 ± 0.01
C20:1 n-12 0.58 ± 0.02 0.77 ± 0.04 0.72 ± 0.01 0.73 ± 0.01 0.67 ± 0.01
C18:3 n-3 0.22 ± 0.01 0.22 ± 0.01 0.20 ± 0.02 0.16 ± 0.01 0.26 ± 0.01
C20:3 n-3 0.06 ± 0.01 0.06 ± 0.01 0.07 ± 0.02 0.05 ± 0.01 0.07 ± 0.01
C18:2 c9t11 0.18 ± 0.01 0.24 ± 0.01 0.22 ± 0.02 0.19 ± 0.03 0.18 ± 0.02
C18:3 n-6 0.08 ± 0.01 0.08 ± 0.01 0.07 ± 0.01 0.04 ± 0.01 0.09 ± 0.01
C18:2 n-6 3.50 ± 0.04 2.89 ± 0.03 2.76 ± 0.06 2.37 ± 0.03 3.73 ± 0.01
C20:2 n-6 0.23 ± 0.01 0.23 ± 0.01 0.22 ± 0.01 0.20 ± 0.01 0.22 ± 0.01
C20:3 n-6 0.08 ± 0.01 0.10 ± 0.02 0.08 ± 0.01 0.08 ± 0.02 0.09 ± 0.01
C20:4 n-6 0.13 ± 0.06 0.19 ± 0.04 0.21 ± 0.13 0.18 ± 0.05 0.10 ± 0.01
C20:5 n-3 0.30 ± 0.00 0.36 ± 0.03 0.32 ± 0.03 0.31 ± 0.01 0.29 ± 0.01
C22:5 n-3 0.11 ± 0.03 0.12 ± 0.02 0.10 ± 0.03 0.09 ± 0.02 0.13 ± 0.02
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Table 3. Cont.

Experimental Diets

HFM 0% HFM 1.5% HFM 3.0% HFM 4.5% HFM 6.0%

C21:5 n-3 0.21 ± 0.02 0.32 ± 0.07 0.27 ± 0.01 0.27 ± 0.01 0.23 ± 0.01
C22:6 n-3 0.24 ± 0.02 0.20 ± 0.03 0.34 ± 0.03 0.32 ± 0.03 0.15 ± 0.02
C22:2 n-6 0.14 ± 0.01 0.07 ± 0.01 0.06 ± 0.01 0.06 ± 0.02 0.04 ± 0.01
C22:5 n-6 0.13 ± 0.02 0.15 ± 0.01 0.20 ± 0.02 0.11 ± 0.04 0.14 ± 0.03
C22:4 n-6 0.06 ± 0.01 0.09 ± 0.02 0.03 ± 0.05 0.00 ± 0.00 0.03 ± 0.01
SFA 46.5 ± 0.10 49.7 ± 0.32 49.5 ± 0.06 48.6 ± 0.01 45.9 ± 0.01
MUFA 47.9 ± 0.12 45.0 ± 0.12 45.4 ± 0.23 47.0 ± 0.18 48.0 ± 0.01
PUFA 5.67 ± 0.02 5.32 ± 0.20 5.16 ± 0.29 4.44 ± 0.17 5.77 ± 0.01
PUFA n-6 4.54 ± 0.04 4.04 ± 0.09 3.86 ± 0.21 3.24 ± 0.17 4.63 ± 0.02
PUFA n-3 1.13 ± 0.02 1.28 ± 0.11 1.30 ± 0.08 1.21 ± 0.01 1.14 ± 0.03

HFM: Hydrolyzed feather meal; SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyun-
saturated fatty acids.

For diet preparation, all ingredients were individually milled using a knife mill fitted
with a 0.5-mm sieve to achieve uniform particle size. The ground ingredients were then
mixed thoroughly according to the specific formulations. Pelleting was performed through
cold extrusion to prevent nutrient degradation. The resulting pellets were stored at 4 ◦C
under refrigeration to preserve quality until use.

2.3. Recordings and Samplings

Water quality parameters were maintained within optimal ranges for M. rosenbergii
culture throughout the experiment. Dissolved oxygen was measured daily, while ammonia
and nitrite concentrations were monitored weekly. Hardness and alkalinity were assessed
every two weeks. Mean values (± SD) were as follows: temperature (29.35 ± 0.91 ◦C),
dissolved oxygen (6.10 ± 1.05 mg L−1), pH (8.34 ± 0.09), total hardness (108 ± 19 mg
CaCO3 L−1), alkalinity (107 ± 11 mg CaCO3 L−1), total ammonia nitrogen (m, and nitrite
(0.03 ± 0.01 mg L−1).

Survival rate, weight gain, biomass production, and feed conversion ratio (FCR) were
determined at the conclusion of the feeding trial, following the procedures described by de
Souza Valente et al. [27]. To quantify actual feed intake, the amount of feed offered to the
prawns was recorded at each feeding time, and the uneaten feed was collected and weighed
at the end of each feeding time to calculate the difference. Body length was measured as
the straight-line distance from the tip of the rostrum to the end of the telson. Additionally,
total antenna length was recorded.

At the end of the feeding trial, prawns were sampled for hepatopancreas enzyme
activities and prawn proximate composition, as well as fatty acid and amino acid profiles,
as detailed hereafter.

2.4. Antioxidant and Enzyme Activity Assessment in Prawn Hepatopancreas

At the end of the feeding trial, a total of 100 prawns (20 per dietary treatment; 5 prawns
per tank, samples analyzed individually) were randomly selected for hepatopancreas
sampling to assess antioxidant and digestive enzyme activity, as well as lipid peroxidation
levels. Prawns were euthanized by thermal shock (immersion in ice water for 5 min),
and the body surface was disinfected using 70% (v/v) ethanol. The hepatopancreas was
carefully dissected and immediately stored at −20 ◦C until further biochemical analysis.

Tissue samples were homogenized in 50 mM Tris-HCl buffer (pH 7.4) using an electric
homogenizer (IKA® T10 basic; IKA®, Staufen, Germany). All procedures were performed
on ice to maintain enzyme stability. The homogenates were centrifuged at 12,000× g for
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10 min at 4 ◦C in a refrigerated centrifuge (Sigma 3-16 KL; Sigma, St. Louis, MO, USA), and
the resulting supernatant was collected for enzymatic assays.

Total protein concentration in the homogenates was quantified using the Bradford
method [28], employing bovine serum albumin as a standard and measuring absorbance
at 595 nm. Protein concentration values were used to normalize the enzymatic activity
measurements.

Glutathione peroxidase (GPx) activity was evaluated based on the oxidation of
NADPH during the reduction of cumene hydroperoxide, with absorbance read at
340 nm [29,30]. Glutathione reductase (GR) activity was determined by quantifying
NADPH oxidation during the conversion of glutathione disulfide to reduced glutathione,
also measured at 340 nm [28,31].

Reduced glutathione (GSH) levels were analyzed using the non-protein thiol detec-
tion method with Ellman reagent [31,32]. Glutathione S-transferase (GST) activity was
measured through the conjugation of GSH with 1-chloro-2,4-dinitrobenzene, monitored
spectrophotometrically [33,34]. Lipid peroxidation was determined by the quantification
of malondialdehyde (MDA) via its reaction with thiobarbituric acid reactive substances
(TBARS) [35,36].

The activities of digestive enzymes, such as maltase (U/mg protein), sucrase (U/mg
protein), chymotrypsin (µmol/min/mg protein), and trypsin (nmol/min/mg protein),
were also quantified to evaluate the digestive capacity of M. rosenbergii post-larvae.

The activities of maltase and sucrase were measured following the protocol by Retch-
eski et al. [37]. After enzyme incubation, glucose concentration was determined using a
commercial colorimetric kit (Gold Analisa®, Belo Horizonte, MG, Brazil), following the
manufacturer’s instructions. Results were expressed in µmol/min/mg protein.

Chymotrypsin and trypsin activities were measured following the BCW method [37,38],
adapted for use with a 96-well microplate. Chymotrypsin activity was assessed using
benzoyl tyrosine ethyl ester (BTEE) as the substrate, with kinetic absorbance readings taken
at 256 nm and 30 ◦C. The reaction product, ethanol, was quantified using a molar extinction
coefficient of 964 M/cm. Trypsin activity was evaluated using α-ρ-toluenesulphonyl-L-
arginine methyl ester hydrochloride (TAME) as the substrate. Samples were incubated
for 2 min, and kinetic readings were taken at 247 nm and 30 ◦C to detect the formation of
Na-p-Tosyl-L-Arginine, with a molar extinction coefficient of 540 M/cm.

2.5. Analysis of Prawns and Diets: Proximate Composition and Fatty Acid and Amino
Acid Profiles

At the end of the feeding trial, another 50 prawns (n = 10 prawns per experimental
group) were randomly collected and euthanized, as previously described. Then, prawns
were minced, freeze-dried, and stored in vials (2 pools of 5 prawns each per experimental
diet) before subsequent analysis for proximate composition, fatty acid profile, and amino
acid profile. Samples (n = 10; 2 samples per diet) of the experimental diets were also
grounded and submitted to the same analyses.

The samples of prawn and experimental diets were analyzed using standard proce-
dures [39] to assess dry matter (method 934.01), crude protein (method 2001.11), ash content
(method 967.05), and crude fiber (987.10) (only for the experimental diets). Ether extract
was quantified following acid hydrolysis, in accordance with Commission [40] guidelines.
Chitin content in the prawns was determined following Stelmock et al. [41].

The lipid fraction was extracted from freeze-dried prawn and diet samples using an
accelerated solvent extraction method, following the protocol outlined in Application Note
334 (ASE®, Dionex, Sunnyvale, CA, USA). The extraction was performed in two cycles
using petroleum ether as the solvent, at 125 ◦C and 10.3 MPa. Each cycle included a 6 min
heating phase followed by a 2 min extraction phase.
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Following extraction, 10 mL of sodium sulfate solution (0.47% in water) was added
to the lipid-containing samples, which were then stored at 4 ◦C for 30 min. The resulting
supernatant, comprising petroleum ether and extracted lipids, was transferred into pre-
weighed vials. Lipid solvents were evaporated under a nitrogen stream (Genevac EZ-2, SP
Industries, Warminster, PA, USA), and the remaining lipid residue was weighed.

Subsequently, 2 mL of 2% sulfuric acid in methanol was added for transesterification,
as described by Christie [42]. Samples were incubated overnight at 50 ◦C. To extract the
resulting fatty acid methyl esters (FAMEs), hexane was added at a ratio of 1 mL per 20 mg
lipids, followed by the addition of 5 mL of 2% potassium bicarbonate. After centrifugation,
the supernatant was collected for analysis. The complementary protocol is described in
Supplementary Materials (Protocol 1).

2.6. Statistical Analysis

The data were assessed for homogeneity using Levene’s test and for normality using
the Shapiro–Wilk test. After confirming that the assumptions were met, a one-way ANOVA was
performed considering the experimental diet as the main effect, followed by Tukey’s post-hoc
test using RStudio software version 2025.05.1 + 513. Results are presented as mean ± SEM,
and a p-value < 0.05 was considered statistically significant. Results related to diet and
prawn proximate composition, fatty acid profile, and amino acid profile are presented
using descriptive statistics (mean ± SD).

3. Results
3.1. Zootechnical Performance and Welfare

Survival rates ranged from 73.3 ± 5.44% to 83.3 ± 3.84% without significant differences
among treatments (p > 0.05). The zootechnical performance of prawn post-larvae was
significantly improved by the inclusion of HFM in the diets. In addition, prawns fed the
diet containing HFM 6.0% showed the highest final weight (0.35 g; p < 0.001), final length
(3.15 cm; p < 0.001), and biomass gain (20.2 g; p < 0.001) compared to the prawns of the
other groups. Antenna length and feed conversion ratio were the lowest in prawns fed the
control diet and in those fed the diet with 1.5% HFM, whereas they significantly increased
in prawns fed diets with 6.0% HFM inclusion (Table 4).

Table 4. Zootechnical performance (mean ± SEM) of Macrobrachium rosenbergii-fed diets containing
different HFM levels during the nursery phase.

Treatment Final Weight (g) Final Length (cm) Antenna Length (cm) Biomass Gain (g) FCR 2

HFM 1 0% 0.16 ± 0.04 c 2.78 ± 0.3 b 2.2 ± 0.79 c 8.98 ± 0.19 c 2.68 ± 0.06 c

HFM 1.5% 0.24 ± 0.09 b 3.04 ± 0.4 a 2.2 ± 0.78 c 11.2 ± 0.47 bc 2.48 ± 0.08 c

HFM 3.0% 0.20 ± 0.05 b 2.61 ± 0.3 b 2.4 ± 0.97 bc 11.8 ± 0.18 b 2.37 ± 0.07 bc

HFM 4.5% 0.20 ± 0.06 b 2.63 ± 0.3 b 2.9 ± 0.83 a 12.4 ± 0.32 b 2.17 ± 0.06 b

HFM 6.0% 0.35 ± 0.13 a 3.15 ± 0.4 a 2.6 ± 1.25 ab 20.2 ± 0.75 a 1.68 ± 0.04 a

p-value <0.001 <0.001 <0.001 <0.001 <0.001
1 HFM: hydrolyzed feather meal. 2 FCR: feed conversion ratio. Different superscript letters in the same column
indicate significant differences. One-way ANOVA followed by post-hoc Tukey’s test, p < 0.05.

3.2. Antioxidant Status

The antioxidant profile of prawn hepatopancreas was not affected by the dietary treatment
(p > 0.05). Specifically, the average levels observed were thiobarbituric acid reactive substances
(TBARS) at 0.94 ± 0.13 µM/mg protein; reduced glutathione (GSH) at 1.70 ± 0.37 µM/mg pro-
tein; glutathione S-transferase (GST) at 0.18 ± 0.04 nMol thioether/min/mg protein; glutathione
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peroxidase (GPx) at 0.88 ± 0.16 µM NADPH/min/mg protein; and glutathione reductase (GR)
at 0.73 ± 0.18 µM NADPH/min/mg protein (Table 5).

Table 5. Biomarkers of antioxidant status (mean ± SEM) in the hepatopancreases of Macrobrachium
rosenbergii-fed diets with different levels of HFM during the nursery phase.

Treatment TBARS 2 GSH 3 GST 4 GPx 5 GR 6

HFM 1 0% 1.10 ± 0.14 1.59 ± 0.45 0.20 ± 0.04 1.25 ± 0.29 1.08 ± 0.26
HFM 1.5% 0.98 ± 0.12 1.67 ± 0.45 0.11 ± 0.02 0.65 ± 0.09 0.41 ± 0.10
HFM 3.0% 0.93 ± 0.21 1.60 ± 0.34 0.13 ± 0.02 0.86 ± 0.16 0.70 ± 0.18
HFM 4.5% 0.85 ± 0.09 1.81 ± 0.27 0.24 ± 0.07 1.06 ± 0.20 1.05 ± 0.29
HFM 6.0% 0.86 ± 0.08 1.82 ± 0.36 0.20 ± 0.06 0.58 ± 0.07 0.39 ± 0.07

p-value 0.78 0.99 0.56 0.29 0.21
1 HFM: hydrolyzed feather meal; 2 TBARS: thiobarbituric acid reactive substances (µM mg protein); 3 GSH: re-
duced glutathione (µM mg protein); 4 GST: glutathione S-transferase (nMol tioeter/min/mg protein); 5 glutathione
peroxidase (µM NADPH/min/ mg protein); 6 GR: glutathione reductase (µM NADPH/min/mg protein).

3.3. Digestive Enzyme Activity

As for antioxidant biomarkers, the digestive enzyme activity in prawn hepatopancreas
was not affected by the dietary treatments (Table 6). On average, recorded values were:
maltase, 11341 ± 2902 U/mg protein; sucrase, 4266 ± 1233 U/mg protein; chymotrypsin,
4.94 ± 0.73 µmol/min/mg protein; and trypsin, 1.54 ± 0.25 nmol/min/mg protein.

Table 6. Digestive enzyme activity (mean ± SEM) in the hepatopancreases of Macrobrachium rosen-
bergii-fed diets containing different levels of HFM during the nursery phase.

Treatment Maltase 2 Sucrase 2 Chymotrypsin 3 Trypsin 4

HFM 1 0% 16,706 ± 4617 5339 ± 1289 4.47 ±0.76 1.40 ± 0.22
HFM 1.5% 9926 ± 2087 3265 ± 774 3.73 ± 0.69 1.70 ± 0.27
HFM 3.0% 11,048 ± 2838 4808 ± 1478 5.85 ± 0.81 1.40 ± 0.29
HFM 4.5% 12,629 ± 3705 4736 ± 1690 6.07 ± 0.72 1.40 ± 0.16
HFM 6.0% 6397 ± 1265 3180 ± 936 4.59 ± 0.69 1.80 ± 0.31

p-value 0.51 0.87 0.48 0.92
1 HFM: hydrolyzed feather meal; 2 Expressed as U/mg protein; 3 expressed as µmol/min/mg protein; 4 expressed
as nmol/min/mg protein.

3.4. Prawn Composition

No notable changes in carcass composition were observed (Table 7; Tables S2 and S3
of Supplementary Materials).

Table 7. Proximate composition (mean ± SD) of prawns (Macrobrachium rosenbergii) fed diets with
different levels of hydrolyzed feather meal during the nursery phase.

Treatment

HFM 0% HFM 1.5% HFM 3.0% HFM 4.5% HFM 6.0%

Samples, n 2 2 2 2 2
Dry matter, % 91.0 ± 0.08 91.7 ± 0.44 91.7 ± 0.28 91.7 ± 0.32 91.8 ± 0.16
Crude protein, % 72.7 ± 0.69 68.7 ± 1.28 69.6 ± 0.75 74.4 ± 2.69 71.1 ± 4.18
Crude lipids, % 6.50 ± 0.05 6.73 ± 0.02 7.35 ± 0.91 5.16 ± 0.01 5.99 ± 0.14
Ash, % 18.1 ± 0.26 14.5 ± 0.49 18.1 ± 0.02 16.8 ± 0.23 17.5 ± 0.16
Chitin, % 6.61 ± 0.49 7.07 ± 0.45 8.44 ± 0.84 6.53 ± 0.45 7.58 ± 0.48

HFM: hydrolyzed feather meal.
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4. Discussion
To the best of our knowledge, this is the first study evaluating the effects of the

inclusion of HFM in diets for M. rosenbergii. Unlike poultry by-product meal (PBM), which
has been extensively studied in aquafeed, HFM remains poorly characterized, particularly
in the nursery stage of freshwater crustaceans. The present study fills a critical gap by
evaluating HFM in M. rosenbergii post-larvae and contributes novel evidence that supports
the dietary use of HFM as a viable protein source in aquafeed.

Previous work demonstrated the feasibility of PBM as a substitute for fishmeal in
prawn diets. In detail, up to 75% replacement of fishmeal with PBM did not adversely
impact growth performance, survival rate, proximate body composition, or intestinal
digestive enzyme activities of M. rosenbergii juveniles [43]. These findings and the results
observed in our trials align with previous research in various crustacean species, including
Penaeus vannamei [44,45], Cherax quadricarinatus [46], and Macrobrachium nipponense [47],
where PBM has been shown to effectively replace a substantial proportion of fishmeal
without compromising prawn or shrimp growth and digestive functions. In contrast, the
stable amino acid profile of prawns in the present study across all experimental groups
suggests that the partial replacement of fishmeal with HFM preserved the amino acid
profile of prawns fed with HFM.

Regarding antioxidant status, consistent with our results, studies have reported no ad-
verse effects on antioxidant defense mechanisms when incorporating poultry by-products
in the diets of various aquatic species. For instance, Yang et al. [48] found that the inclusion
of poultry by-product meal in the diets of gibel carp (Carassius auratus gibelio) did not
negatively impact antioxidant status. Chaklader et al. [49] observed no significant changes
in antioxidant capacity and immune response in juvenile barramundi (Lates calcarifer) when
fishmeal was entirely replaced with poultry by-product meal.

The absence of significant differences in biomarkers of antioxidant status (MDA, GSH,
GST, GPx, and GR) in the hepatopancreas of M. rosenbergii post-larvae across the dietary
treatments with increasing levels of HFM corroborates these findings. This suggests that
the inclusion of HFM, up to a 6.0% inclusion level, is safe in terms of oxidative stress man-
agement. The hepatopancreas plays a crucial role in the antioxidant defense mechanisms in
decapods by producing and secreting antioxidant enzymes [50,51]. Maintaining a balanced
antioxidant status is essential for preventing oxidative damage to cellular components,
ensuring overall health and optimal performance [52].

Notably, prawns fed diets containing 3.0% to 6.0% HFM showed improved perfor-
mance and welfare. The improved final weight, antenna length, biomass gain, and feed con-
version ratio with increasing HFM levels suggest increasing efficient utilization of nutrients
in the diets, reflecting better overall health and welfare. Similarly, Badillo-Zapata et al. [24]
demonstrated that replacing fishmeal with HFM in diets for juvenile Macrobrachium tenellum
improved muscle fatty acid profiles without compromising growth, further supporting
the use of HFM as a viable alternative protein source in prawn aquaculture. Likewise,
Negrini et al. [12] reported that the inclusion of chicken protein hydrolysates in diets for
P. vannamei maintained the fatty acid profile of shrimps during nursery and grow-out
phases. Comparable positive results have also been reported in fish. Campos et al. [53]
observed that the HFM dietary inclusion up to 12.5% maintains growth performance, nu-
trient utilization, and feed efficiency in European seabass (Dicentrarchus labrax). Unlike
unprocessed feathers, HFM presents high crude protein content and digestibility [22]. Thus,
HFM protein can more easily be absorbed and used for tissue maintenance.

Although fishmeal is often considered the gold standard due to its balanced amino
acid profile, HFM offers a competitive alternative. The amino acid profile of the HFM-
based diets used in the present study showed high levels of crucial amino acids, such as
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arginine, leucine, lysine, and valine. These amino acids are essential for prawns’ physi-
ological functions, growth, and immune responses [20]. Although methionine levels in
HFM-based diets were slightly lower than in standard fishmeal [26], this limitation was
compensated through the addition of DL-methionine in the formulations, ensuring nutri-
tional adequacy. Moreover, the final carcass proximate composition and stable amino acid
profile observed in prawn carcasses (see Supplementary Materials) further suggest that
the amino acid composition of HFM-based diets effectively supported tissue building and
protein metabolism during the nursery phase and that dietary HFM did not impact prawn
flesh nutritional quality.

Additionally, the antenna length serves as a physical indicator of welfare in decapods.
Assessing this feature offers a non-invasive approach to evaluating the welfare of farmed
prawns. Long and intact antennae reflect good health and appropriate husbandry con-
ditions [54]. Prawns fed diets with the highest levels of HFM inclusion exhibited longer
antennae, reflecting an improved welfare.

The maintenance of digestive enzyme activities and antioxidant status in the hep-
atopancreas of M. rosenbergii post-larvae when incorporating HFM as a partial replacement
for fishmeal is particularly significant in the context of the growing demand for sustainable
and cost-effective alternative protein sources in aquaculture feeds. Poultry by-products,
such as feather meal, represent a promising alternative due to their high protein content,
balanced amino acid profile, and widespread availability [55,56]. The absence of differences
in the digestive enzymes, including maltase, sucrase, chymotrypsin, and trypsin, among
dietary treatments suggests that HFM did not impair digestive function and, thus, nutri-
ent assimilation. Nevertheless, further research is needed to corroborate this hypothesis
through digestibility trials.

While the present study demonstrates that dietary inclusion of HFM up to 6.0% en-
hances growth performance and maintains physiological and nutritional balance in M.
rosenbergii PL, the feasibility of higher inclusion levels needs to be confirmed. Limitations
may include the relatively low digestibility of residual keratin, the methionine deficiency,
and the risk of bioaccumulation of undesirable compounds if processing quality is sub-
optimal. Higher HFM inclusion levels may also affect diet palatability, which could lead
to reduced feed intake, particularly in early life stages. Therefore, while our results are
promising, further studies are suggested to investigate the effect of higher HFM inclusion
levels, the long-term effect of HFM, including in more advanced stages of the culture cycle
(e.g., juveniles and adult prawns), and its economic value in commercial aquaculture farms.

5. Conclusions
This study demonstrates the potential of HFM to partially replace fishmeal in nursery

diets for M. rosenbergii PL, contributing to sustainable freshwater farming. Dietary inclusion
level of 6.0% significantly improved prawn performance and welfare without affecting
antioxidant status, digestive enzyme activity, or nutritional composition. Notably, to the
best of our knowledge, this is the first study evaluating the effects of dietary HFM on the
growth, health, and welfare of M. rosenbergii PL.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/app15158627/s1. Table S1: Bromatological analysis of hydrolyzed
feather meal used in diets for giant river prawn (Macrobrachium rosenbergii) post-larvae. Table S2:
Amino acid profile (mg/100 g; mean ± SD) of prawns (Macrobrachium rosenbergii) fed diets with
different levels of hydrolyzed feather meal during the nursery phase. Table S3: Fatty acid profile (%
total fatty acids; mean ± SD) of prawns (Macrobrachium rosenbergii) fed diets with different levels of
hydrolyzed feather meal during the nursery phase.

https://www.mdpi.com/article/10.3390/app15158627/s1
https://www.mdpi.com/article/10.3390/app15158627/s1
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