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Abstract

To facilitate economical culture of black pacu, Colossoma macropomum, and red pacu, Piaractus

brachypomus, in the Amazon region of South America, we assessed locally available alternative energy

sources for practical diets. We tested the effects of control diets (containing wheat products) versus

diets with different Amazonian feedstuffs (yucca, Manihot sculenta, plantain, Musa paradisiaca, or

pijuayo, Bactris gasipaes) on the performance of the pacus in three feeding trials. Black pacu

(22.5 6 0.03 g; Trial 1) or red pacu (2.56 6 0.01 g; Trial 2) were fed diets containing 30% wheat bran

(control) or cooked or uncooked yucca, plantain, or pijuayo for 12 wk. In Trial 3, larger black pacu

(86.9 6 6.4 g) were grown to market size in 24 wk on similar diets. Weight gain, feed conversion,

survival, alternative complement activity, and lysozyme were similar among diets. Hepatosomatic

index, liver glycogen, and dry matter were affected by diet in Trials 1 and 2, but effects were not

consistent among trials. In Trial 3, protein efficiency ratio was lower in fish fed the diet containing

wheat middlings. However, relative to wheat bran or wheat middlings, all feedstuffs tested were

effective energy sources for juvenile black pacu and red pacu.

Black pacu, Colossoma macropomum, and
red pacu, Piaractus brachypomus, are high-
value species cultured for human consumption
in Bolivia, Brazil, Colombia, Ecuador, Peru,
and Venezuela. The black pacu has also been
introduced to Costa Rica, Cuba, Mexico, and
Panama (Campos-Baca and Kohler 2005). Nat-
ural supplies of these fish cannot meet market
demand, and aquaculture production is intensi-
fying. Practical diet formulations for these spe-
cies are evolving. Their natural diets are rich

in plant products (Kubitzki and Ziburski 1993;
Araujo-Lima and Goulding 1997), and many
Amazonian plant feedstuffs may be suitable
for inclusion in practical diets for characids.
Some native ingredients have been used in feeds
produced on farm, but there is little research on
their efficacy as feedstuffs compared to more
typical products such as wheat. Although wheat
is one of the chief sources of energy in formu-
lated diets for characid fish, it is not traditionally
cultured in the Amazonian region and must be
imported at a premium price. In contrast, yucca,
Manihot sculenta, pijuayo, Bactris gasipaes,
and plantain, Musa paradisiaca, are often grown1 Corresponding author.
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in proximity to Amazonian culture ponds as
they are an important part of the human diet in
the region. Production of yucca, pijuayo, and
plantain is sometimes so high that prices fall
to levels more suitable for animal feedstuffs
than for direct marketing as human food.

Based on growth in previous trials under dif-
ferent conditions, these feedstuffs have good
potential to supply nutrients and energy in com-
pound diets for characids (Alcántara and Colace
2001; Campos-Baca and Kohler 2005). How-
ever, more response variables must be measured
under controlled conditions to ensure that over-
all performance of characids fed compound
diets containing these products is equal to or
better than diets with traditional ingredients.

We conducted three separate feeding trials to
determine the effects of a control diet (with
wheat bran or middlings) versus diets with one
of the three native Amazonian plant feedstuffs
on the performance of juvenile C. macropomum
(Trial 1) and P. brachypomus (Trial 2). Wheat
and the test ingredients were also evaluated in
larger C. macropomum grown to market size
(Trial 3). Diets were formulated to contain sim-
ilar amounts of total protein and energy and dif-
fered only in the test feedstuff (yucca, pijuayo,
or plantain at 30% of the diet) being evaluated
as an energy source. Because cooking increases
the available energy in starch (Lovell 1989), we
also tested cooked and uncooked versions of
each of the native feedstuffs in Trials 1 and 2.
Growth performance, feed utilization, liver
composition, hematology, and nonspecific im-
mune parameters (lysozyme and alternative
complement activity [ACH50]) were measured
to assess diet effects.

Materials and Methods

Experimental Diets

Three separate feeding trials were conducted
with characids in recirculating systems. Trials 1
and 2 were conducted at the University of
Arkansas at Pine Bluff (UAPB) using juvenile
black and red pacu, respectively, maintained
under similar conditions. Trial 3 was conducted
at the Southern Illinois University at Carbondale
(SIUC), where black pacu were grown to market

size. Diet formulations were identical in Trials 1
and 2, while slightly different formulations were
used at SIUC.

The composition of the seven test ingredients
used in Trials 1 and 2 is shown in Table 1. The
diets supplemented with uncooked or cooked pi-
juayo, plantain, and yucca were formulated to
contain around 30% crude protein on a dry
basis. The control diet containing wheat bran
was higher in protein (33.5%) because of the
higher crude protein content of wheat bran
(16.1%). Soybean meal and menhaden fish meal
were the main protein sources, and all diets met
the estimated essential amino acid requirements
of this species (Van der Meer and Verdegem
1996). The alternative ingredients were evalu-
ated primarily as energy sources relative to
wheat bran. All diets contained soybean oil as
the primary lipid source, with traces of oil from
rice bran and fish meal.

The diets supplemented with wheat bran and
uncooked or cooked pijuayo contained 14–17%
total lipid on a dry basis, and the diets with
uncooked or cooked plantain and yucca con-
tained about 12% total lipid because of the
lower lipid content of these ingredients. Un-
cooked or cooked plantain and yucca contained
90–92% carbohydrate — over 30% more than
wheat bran and 15% higher than uncooked or
cooked pijuayo. Wheat bran was made from soft
wheat dry milled without heat to obtain the bran
(Caldwell Milling Company, Inc., Rose Bud,
AR, USA). Raw plantain and yucca were pur-
chased locally and cut into thin slices after peel-
ing. Uncooked plantain and yucca were dried in
an oven at 60 C. Cooked plantain and yucca
were prepared in a pressure cooker (equivalent
to 130 C in a conventional oven for 45 min)
and then dried like the uncooked ingredients.
The pijuayo was purchased in Peru, and the edi-
ble pulp and rind from the fruit were processed
similarly to yucca and plantain before shipment
to UAPB.

All ingredients were finely ground (1–2 mm)
in a Wiley mill prior to inclusion in the diets.
Diet ingredients were fully mixed in a V-mixer,
and 600 mL of distilled water was added per
kilogram of dry diet in a Berkel� Mixer (Berkel
Company, South Bend, IN, USA) to achieve
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a doughy consistency. A meat grinder fitted with
a 3-mm die was used to produce stable pellets,
which were fan dried and stored at �18 C until
needed. Ingredients and diets for Trials 1 and 2
were analyzed at UAPB using the Kjeldahl
method for crude protein, the Folch extraction
method for total lipid (Folch et al. 1957), and
an Ankom 2000 Fiber Analyzer (Ankom Tech-
nologies, Inc., Macedon, NY, USA) for crude
fiber. The composition of diets used in Trial 3
is shown in Table 2. Dehulled solvent-extracted
soybean meal (48% crude protein) and un-
cooked number 2 corn were produced by Moun-
taire Feeds, Incorporated (North Little Rock,
AR, USA). Rice bran was obtained from the
RiceX Company (El Dorado Hills, CA, USA).
Menhaden fish meal was purchased from
Omega Protein Corporation (Houston, TX,
USA). The wheat middlings were purchased
from Cargill, Incorporated (Minneapolis, MN,
USA). Yucca roots and plantain fruits were ob-
tained from a local grocery market, and pijuayo
meal was shipped from Iquitos, Peru. Yucca,

plantain, and pijuayo were dried as described
for Trials 1 and 2, but the test ingredients were
not cooked in Trial 3. Diets were prepared in
a mixer by slowly adding micronutrients (vita-
min and minerals premixes) to the macroingre-
dients to ensure a homogenous mixture. About
400–450 mL of water was added per kilogram
of diet to achieve a consistency that would pro-
duce stable pellets. A meat grinder fitted with
a 3- or 7-mm die was used to produce the pellets,
which were fan dried for 24 h and stored at
�18 C until use. The larger pellet was used once
fish reached a size where they could readily
ingest it. Moisture and dry matter of the diets
were obtained by drying triplicate samples
weighing 250 mg at 135 C during 3 h in an Iso-
temp� Oven (Fisher Scientific, Ottawa, Canada).
Samples were weighed in an AB54-S analytical
scale (Mettler Toledo, Greifensee, Switzerland).
Crude protein was determined using a 2020
digestion unit (Foss Tecator, Höganas, Sweden)
and a 2200 Kjeltec Auto-Distillation Unit
(Foss Tecator, Höganas, Sweden) according to

TABLE 1. Composition of diets (dry basis) containing cooked or uncooked Amazonian plant feedstuffs in feeding trials for

juvenile black pacu, Colossoma macropomum (Trial 1), and red pacu, Piaractus brachypomus (Trial 2).

Ingredient
Control

(wheat bran)
Uncooked
yucca

Cooked
yucca

Uncooked
pijuayo

Cooked
pijuayo

Uncooked
plantain

Cooked
plantain

Menhaden fish meal 10.0 10.0 10.0 10.0 10.0 10.0 10.0

Soybean meal 40.0 40.0 40.0 40.0 40.0 40.0 40.0

Rice bran 12.0 12.0 12.0 12.0 12.0 12.0 12.0

Corn meal 4.0 4.0 4.0 4.0 4.0 4.0 4.0

Wheat bran 30.0 0.0 0.0 0.0 0.0 0.0 0.0

Soybean oil 3.0 3.0 3.0 3.0 3.0 3.0 3.0

Vitamin premix1 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Mineral premix1 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Test ingredient2 0.0 30.0 30.0 30.0 30.0 30.0 30.0

Analyzed proximate composition3

Dry matter (%) 89.0 91.4 91.5 90.1 90.0 89.7 90.4

Crude protein (%) 33.9 30.1 30.3 31.4 31.1 30.2 30.6

Total lipid (%) 15.7 12.0 11.9 14.4 14.6 12.1 12.1

Ash (%) 8.9 7.4 7.5 7.2 7.2 7.8 7.6

Fiber (%) 6.3 3.7 3.3 4.8 4.7 3.8 3.6

NFE 35.3 46.8 47.1 42.2 42.5 46.1 46.1

Energy (kJ/g) 17.5 17.4 17.4 17.7 17.8 17.3 17.4

NFE 5 nitrogen-free extract.
1 Same as Moon and Gatlin (1991).
2 The test ingredient was included at 30% of the diet on a dry basis. Wheat bran was used in the control diet, and

uncooked or cooked pijuayo, plantain, and yucca were test ingredients in Trials 1 and 2.
3 Proximate composition data are shown on a dry basis. NFE 5 100 � (protein + lipid + ash + fiber). Estimated energy

content of the diets was based on values of 16.7, 16.7, and 37.7 kJ/g for carbohydrate (NFE), protein, and lipid, respectively

(Serrano et al. 1992).
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manufacturer’s instructions. Total lipid was
determined by the lipid extraction method of
Folch et al. (1957). Ash was obtained by incin-
eration of samples at 550 C for 3 h in an Iso-
temp� programmable Muffle Furnace Model
650-58 (Fisher Scientific). Energy content was
obtained using a Parr 1261 bomb calorimeter
(Parr Instrument Co., Moline, IL, USA).

Culture System and Experimental Design

The black pacu fingerlings for Trial 1 were
obtained from a producer in Iquitos, Peru, and
shipped to the Aquaculture Research Center at
UAPB. The fish were fed a commercial diet (Sil-
vercup� bass feed, Murray, UT, USA) for 4 wk
prior to stocking, when they had no clinical
signs of diseases. Eight uniform fish were ran-
domly selected and stocked into each of four
110-L aquaria per diet. Individual initial weight
of fish was 22.5 6 0.03 g (mean 6 SEM).
Aquaria were configured in a recirculating sys-
tem using dechlorinated municipal water with
hardness adjusted to 80–120 mg/L with calcium
chloride. Water quality was monitored week-
ly and maintained by a biofilter, continuous

aeration, and a flow rate of 1 L/min per aqu-
aria. Water temperature was maintained at
28 6 1 C during the feeding trial. Fish were
fed to apparent satiation, which was approxi-
mately 4% of their body weight daily for the first
6 wk, followed by 3% of body weight after
6 wk. Daily rations were divided into two equal
feedings (0800 and 1600 h). Fish from each tank
were weighed collectively every 2 wk after
stocking to monitor growth and adjust feed
rations.

Final average individual weight gain and feed
conversion ratio (FCR) (dry feed weight/weight
gain) were calculated at 12 wk. Two fish per
tank were euthanized with an overdose of tri-
caine methanesulfonate (MS-222), and their liv-
ers were removed, pooled, homogenized, and
frozen at�70 C for glycogen analysis. Remain-
ing fish were returned to their tanks and main-
tained on their respective diets for another
2 wk prior to health assays (ACH50 and hema-
tology) to minimize the influence of handling
stress on the results. In each trial, three fish
per tank were anesthetized with MS-222 and
bled for health assays.

TABLE 2. Composition of the diets (%) used to feed black pacu juveniles for 24 wk (Trial 3).

Ingredient Control Yucca Pijuayo Plantain

Menhaden fish meal 9.0 9.0 9.0 9.0

Soybean meal 35.0 35.0 35.0 35.0

Corn grains 9.8 9.8 9.8 9.8

Wheat middlings 30.0 0.0 0.0 0.0

Rice bran 12.0 12.0 12.0 12.0

Soybean oil 3.0 3.0 3.0 3.0

Trout vitamin premix1 0.5 0.5 0.5 0.5

Trout mineral premix1 0.5 0.5 0.5 0.5

Vitamin C (Stay C 35%) 0.2 0.2 0.2 0.2

Test ingredient2 0.0 30.0 30.0 30.0

Analyzed proximate composition3

Dry matter (%) 89.7 89.4 89.4 87.6

Crude protein (%) 31.8 27.5 27.0 28.1

Total lipid (%) 6.5 5.3 5.1 9.7

Ash (%) 7.9 6.4 6.9 6.8

Fiber (%) 6.8 5.4 5.5 4.7

Nitrogen-free extract 47.0 55.4 55.5 50.7

Energy (kJ/g) 10.7 12.3 12.3 12.3

1 Same as Fernandes et al. (2004).
2 The test ingredient was included at 30% of the diet on a dry basis. Wheat middlings were used in the control diet, and

uncooked pijuayo, plantain, and yucca were test ingredients in Trial 3.
3 Proximate composition data are shown on a dry basis. Nitrogen-free extract 5 100 � (protein + lipid + ash + fiber).

Gross energy was determined by bomb calorimetry.
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Red pacu fingerlings for Trial 2 were obtained
from a producer in Florida, USA, and acclimated
to a recirculating system with 144-L tanks. The
tanks operated as a recirculation system with
a 565-L sump and large bubble wash bead filter.
Each tank was supplied with an airstone to main-
tain supplemental aeration. Fifteen fish with
individual initial weight of 2.56 6 0.01 g
(mean 6 SEM) were stocked into each of three
tanks per diet. An additional health assay (lyso-
zyme activity) was successfully conducted in
Trial 2 only. Other experimental conditions for
Trial 2 were the same as in Trial 1 except where
noted.

Hatchery-produced black pacu juveniles with
individual initial weight of 86.9 6 6.4 g (mean 6

SEM) were used for Trial 3 at SIUC. The trial was
conducted in a 28,000-L recirculating systemwith
flow rate regulated to obtain a complete water
exchange daily for each tank. Uniform-sized fish
were selected from a large population, weighed,
and randomly distributed in experimental circu-
lar tanks at a rate of 28 fish in three replicate
tanks per diet. Fish were acclimated to the
experimental system and their respective diets
for 7 d prior to initiating the experiment. Tem-
perature and dissolved oxygen were measured
twice per week before feeding using a YSI�

Model 52 Dissolved Oxygen Meter (YSI Co.,
Inc., Yellow Springs, OH, USA). Total ammo-
nia nitrogen, nitrite, and alkalinity levels were
measured in intervals of twice per week using
a LaMotte� Water Lab Kit, while pH was mea-
sured using a pH/mV/ORP/Temperature Meter
(Cole-Parmer Instrument Co., Vernon Mills,
IL, USA). Fish were fed daily 3% of their wet
body biomass divided in two daily rations. Feed
rations for each replicate were adjusted every
2 wk from estimates of total fish biomass ob-
tained by subsampling each tank. At each sub-
sampling, fish weight was recorded to the
nearest 0.1 g.

At the end of the 24-wk trial, all fish in each
tank were counted and weighed to assess growth
performance. After weighing, fish were main-
tained in their tanks and fed the experimental di-
ets for another 2 wk prior to bleeding for health
assays as in Trials 1 and 2.

Liver Glycogen Analysis – Trials 1 and 2

One hundred milligrams of each pooled liver
sample was weighed and analyzed using the
method of Good et al. (1933). Samples were di-
gested in hot concentrated (30%) potassium
hydroxide solution, followed by precipitation
of the glycogen with 95% ethanol, hydrolysis
of the glycogen with 0.6 N hydrochloric acid,
and determination of the glucose in the hydroly-
sate as reducing sugar. A blue color was formed
by the reaction of cuprous oxide with arsenomo-
lybdic acid after boiling a solution of copper sul-
fate with glucose. The absorption of the solution
was measured with a Kinetic Microplate Reader
(Molecular Devices, Sunnyvale, CA, USA) at
505 nm. Glycogen concentration was calculated
by multiplying the glucose concentration by
a conversion factor of 0.93.

Blood Sample Collection and Analysis –
Trials 1–3

After 12 wk in each trial, fish were not fed for
24 h and then anesthetized with MS-222. Blood
from three to four individual fish per tank was
collected from the caudal vein using a heparin-
ized 3-mL syringe with an 18-gauge needle
and then transferred into a 1.5-mL microcentri-
fuge tube. Duplicate 8 mL samples of fresh
blood were used for hemoglobin analysis
(hemoglobin cyanide method; Houston 1990).
Mean corpuscular hemoglobin concentration
(MCHC) was calculated on an individual basis
by the formula: MCHC 5 hemoglobin concen-
tration/hematocrit fraction. Duplicate blood
samples collected in heparinized microhema-
tocrit tubes were centrifuged at 3500 g to deter-
mine hematocrit. Twenty-five microliters of
serum was used to determine ACH50, and
50 mL of serum was used to determine lyso-
zyme activity (Trial 2 only).

Hemolytic Assay (Alternative Complement
Pathway)

The hemolytic activity driven by the alterna-
tive complement pathway was measured using
washed rabbit red blood cells as target cells in
the presence of ethylene glycol tetraacetic acid
and Mg2+ as described by Tort et al. (1996).
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The ACH50 was determined by measuring the
optical density (OD) of the hemolytic superna-
tant after adjustment of the OD of the diluted
fish serum at 414 nm by a Kinetic Microplate
Reader (Molecular Devices) as described by
Chen et al. (2003).

Lysozyme Analysis

Lysozyme was analyzed using a modification
of the method of Hutchinson and Manning
(1996). Fifty microliters of fish plasma was
added into each well in a 96-well plate. One
hundred and fifty microliters of suspended
Micrococcus lysodeikticus (0.4 mg/mL in phos-
phate buffer) was mixed with the fish plasma in
each well, and the reduction in the absorbance
reading at 450 nm was taken every 10 sec for
5 min using the basic kinetic protocol of the mi-
croplate reader with SoftMax Pro� 4.3 (Molec-
ular Devices). One unit of lysozyme activity was
defined as a reduction in absorbance of 0.001/
min (1 milli-OD/min).

Statistical Analysis

Each of the seven dietary treatments in trials
at UAPB was randomly assigned to four (Trial
1) or three (Trial 2) aquaria in a completely ran-

domized design. Data were analyzed by one-
way ANOVA in a StatView� program (SAS
Institute, Inc., Cary, NC, USA). When signifi-
cant differences among treatment means were
found (P , 0.05), treatment means were com-
pared using Fisher’s LSD test. All percentage
data were arcsine transformed prior to analysis.

Data from Trial 3 at SIUC were analyzed by
JMP� statistical software (SAS Institute, Inc.)
using one-way ANOVA and expressed as the
mean 6 standard error (SEM). Multiple com-
parisons of means were performed using
Tukey’s HSD test. The level of significance
applied was P , 0.05.

Results

Growth, Feed Conversion, and Liver
Composition

Trial 1. There were no differences in weight
gain or feed conversion efficiency of black pacu
fed diets with different feedstuffs (Table 3),
indicating that all the test ingredients were suit-
able energy sources relative to wheat bran. Hep-
atosomatic index (HSI) of fish fed the diet with
uncooked plantain was higher than that of fish
fed all other diets (Table 3). Fish fed the diets

TABLE 3. Average individual weight gain, FCR, HSI, and liver glycogen and dry matter of black pacu fed diets containing

wheat bran (control) or uncooked or cooked yucca, pijuayo, or plantain for 12 wk (Trial 1).1

Test ingredient Weight gain2 (g) FCR3 HSI4 (%)

Liver

Glycogen5 (%) Dry matter (%)

Wheat bran 88.0 ± 4.5a 1.86 ± 0.1a 1.22 ± 0.08a 3.09 ± 0.7d 20.2 ± 0.7b

Uncooked yucca 91.9 ± 7.1a 1.77 ± 0.1a 1.27 ± 0.08a 3.43 ± 0.8d 22.5 ± 0.1a

Cooked yucca 113.6 ± 9.0a 1.56 ± 0.1a 1.18 ± 0.05a 1.38 ± 0.6e 20.5 ± 0.6b

Uncooked pijuayo 89.7 ± 4.0a 1.80 ± 0.1a 1.38 ± 0.13a 4.64 ± 1.5bc 22.6 ± 0.9a

Cooked pijuayo 93.5 ± 3.2a 1.75 ± 0.04a 1.31 ± 0.06a 4.94 ± 1.2b 23.5 ± 0.7a

Uncooked plantain 100.6 ± 9.1a 1.66 ± 0.1a 1.83 ± 0.10b 6.20 ± 0.2a 3.4 ± 0.4a

Cooked plantain 94.3 ± 10.4a 1.76 ± 0.2a 1.24 ± 0.04a 3.67 ± 0.6cd 22.2 ± 0.2a

ANOVA (P value) 0.24 0.43 0.0003 0.002 0.003

FCR 5 feed conversion ratio; HSI 5 hepatosomatic index.
1 Values are means 6 SEM from four replicate aquaria initially containing eight fish each before 6 wk of feeding and

then five fish each after 6 wk of feeding. Means in each column with different superscript letter are significantly different

(P , 0.05).
2 Initial average individual weight of fish in all treatments was 22.5 6 0.1 g. Weight gain 5 final average individual

weight (g) – initial average individual weight (g).
3 FCR 5 feed consumed (g) dry basis/wet weight gain (g).
4 HSI 5 wet liver weight (g)/individual fish weight (g) 3 100.
5 Glycogen is shown on a wet basis. Values are means 6 SEM of four pooled samples, each consisting of livers from two

fish. Each pooled sample was analyzed in duplicate.
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with cooked or uncooked yucca or wheat bran
had lower liver glycogen than those fed diets
with cooked or uncooked pijuayo or uncooked
plantain. Liver dry matter was lowest in fish
fed diets with wheat bran or cooked yucca. Sur-
vival was 100% in all treatments. Water quality
parameters were suitable for red pacu (Fer-
nandes et al. 2001).

Trial 2. Weight gain and FCR also did not differ
by diet for red pacu (Table 4). Fish fed the diet
with cooked yucca had the highest HSI
(Table 4), while fish fed diets with wheat bran
or uncooked plantain had the lowest. Liver gly-
cogen was higher in fish fed the diet with cooked
yucca than in those fed diets with wheat bran or
uncooked plantain or yucca (Table 4). Fish fed
the diet with wheat bran had lower liver dry mat-
ter than those fed other diets except cooked or
uncooked yucca (Table 4.) Fish fed the diets
with cooked or uncooked pijuayo had higher
liver dry matter than those fed cooked or un-
cooked yucca (Table 4). Three fish disappeared
from one tank during the study, but this incident
was not related to treatment, and survival was
100% in all other tanks. Water quality parame-
ters were suitable for black pacu (Castagnolli
2000).

Trial 3. Final mean weight gain for black pacu
fed the control, yucca, pijuayo, or plantain
diets was 458.2, 476.2, 437.8, and 465.8 g,
respectively, and did not differ among treat-
ments (Table 5) Final weight gain (%), specific
growth rate, and FCR also were similar for fish
fed different diets (Table 5). The protein effi-
ciency ratio (PER) value for fish fed the control
diet was lower than for those fed all the test
diets (Table 5). Survival was 100%. Mean
values for water quality parameters were: DO 5

5.59 6 0.47 mg/L, temperature 5 27.3 6 1.1 C,
pH 5 6.8 6 0.1, ammonia 5 0.26 6 0.1 mg/
L, nitrite 5 0.05 6 0.01 mg/L, and alkalinity
50.4 6 9.8 mg/L. All parameters were suitable
for black pacu (Carneiro 1983; Torloni et al.
1984; Castagnolli 2000; Fernandes et al. 2001).

Hematology, ACH50, and Lysozyme

In Trial 1, there were no differences in hemat-
ocrit, hemoglobin, MCHC, or ACH50 among
black pacu fed different diets (Table 6). Lyso-
zyme activity was not detected in black pacu.
In Trial 2, red pacu fed the diet with wheat bran
had lower MCHC than those fed other diets
(Table 7). The MCHC was also lower in fish
fed uncooked plantain than those fed other diets
except for uncooked pijuayo. There were no

TABLE 4. Average individual weight gain, FCR, HSI, and liver glycogen and dry matter of red pacu fed diets containing

wheat bran (control) or uncooked or cooked yucca, pijuayo, or plantain for 12 wk (Trial 2).1

Test ingredient Weight gain2 (g) FCR3 HSI4 (%)

Liver

Glycogen5 (%) Dry matter (%)

Wheat bran 88.5 ± 8.0a 1.90 ± 0.06a 1.88 ± 0.08d 6.46 ± 0.46d 27.7 ± 0.56c

Uncooked yucca 110.7 ± 7.2a 1.66 ± 0.03a 2.11 ± 0.10c 8.50 ± 0.40bc 28.6 ± 0.40bc

Cooked yucca 106.4 ± 1.4a 1.66 ± 0.04a 2.70 ± 0.06a 9.85 ± 0.45a 28.7 ± 0.35bc

Uncooked pijuayo 92.6 ± 7.3a 1.80 ± 0.07a 2.48 ± 0.08b 9.35 ± 0.40ab 29.9 ± 0.24a

Cooked pijuayo 95.0 ± 7.3a 1.82 ± 0.15a 2.32 ± 0.11b 8.50 ± 0.41abc 30.0 ± 0.44a

Uncooked plantain 91.1 ± 8.0a 1.73 ± 0.09a 1.93 ± 0.07cd 8.09 ± 0.40c 29.3 ± 0.26ab

Cooked plantain 98.9 ± 8.5a 1.74 ± 0.08a 2.35 ± 0.06b 9.66 ± 0.36ab 29.3 ± 0.21ab

ANOVA (P value) 0.31 0.40 ,0.0001 ,0.0001 0.0004

FCR 5 feed conversion ratio; HSI 5 hepatosomatic index.
1 Values are means 6 SEM from three replicate aquaria initially containing 15 fish each. Means in each column with

different superscript letters are significantly different (P , 0.05).
2 Initial average individual weight of fish in all treatments was 2.55 6 0.0 g. Weight gain 5 final average individual

weight (g) – initial average individual weight (g).
3 FCR 5 feed consumed (g) dry basis/wet weight gain (g).
4 HSI 5 wet liver weight (g)/individual fish weight (g) 3 100.
5 Glycogen is shown on a wet basis. Values are means 6 SEM of three pooled samples per treatment analyzed in

duplicate. Each pooled sample consisted of livers from three individual fish.
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differences in hematocrit, hemoglobin, ACH50,
or lysozyme activity among treatments
(Table 7). In Trial 3, there were no differences
in hematocrit, hemoglobin, MCHC, or ACH50
of black pacu fed diets containing wheat mid-
dlings, pijuayo, plantain, or yucca (Table 8).

Discussion

Traditionally, wheat inclusion in prepared
characid diets ranges from 5 to 35% (Roubach
and Saint-Paul 1994; Vásquez-Torres et al.
2002). We substituted 30% yucca, pijuayo, or
plantain for wheat middlings or wheat bran in
our study and obtained equal or better growth
performance of red and black pacu fed the con-

trol diets. Daily growth rates obtained in Trial 3
(0.99–1.03%/d) for fish fed the control diet with
wheat middlings or diets with yucca, pijuayo, or
plantain were similar or slightly better than
those obtained by other researchers. In a 42-d tri-
al with Colossoma juveniles (;18 g) fed rubber
tree, Hevea spp., wild rice, Oryza spp., or mun-
guba, Pseudobombax munguba, seeds, specific
daily growth rates of 0.80–1.26 were obtained
(Roubach and Saint-Paul 1994). FCRs obtained
for C. macropomum and P. brachypomus (1.56–
1.98), and PERs (1.42–1.83) in our study were
similar to those of Roubach and Saint-Paul
(1994) for C. macropomum fed similar com-
pound diets. Mori-Pinedo et al. (1999) also

TABLE 5. Growth performance and feed utilization of black pacu juveniles fed diets containing wheat middlings (control),

yucca, pijuayo, or plantain for 24 wk (Trial 3).1

Test
ingredient

Initial body
weight (g)

Final body
weight (g)

Weight
gain (g)

Weight
gain (%) SGR2 FCR3 PER4

Wheat

middlings

80.6 ± 2.2a 538.8 ± 12.4a 458.2 ± 11.3a 669.0 ± 16.4a 1.02 ± 0.01a 1.98 ± 0.04a 1.42 ± 0.03a

Yucca 82.8 ± 4.0a 559.0 ± 23.1a 476.2 ± 22.7a 678.0 ± 39.4a 1.03 ± 0.03a 1.86 ± 0.08a 1.76 ± 0.07b

Pijuayo 89.6 ± 7.2a 527.4 ± 15.4a 437.8 ± 22.1a 599.0 ± 64.1a 0.95 ± 0.06a 1.84 ± 0.09a 1.78 ± 0.02b

Plantain 86.9 ± 4.1a 552.7 ± 34.8a 465.8 ± 36.9a 640.6 ± 58.2a 0.99 ± 0.05a 1.84 ± 0.01a 1.83 ± 0.08b

ANOVA

(P value)

0.57 0.77 0.74 0.67 0.62 0.38 0.004

SGR 5 specific growth rate; FCR 5 feed conversion ratio; PER 5 protein efficiency ratio.
1 Values are means 6 SEM of three replicates per treatments. Means in each row followed by different superscript letters

are significantly different (P , 0.05).
2 SGR 5 (ln final body weight – ln initial body weight)/t (d) 3 100.
3 FCR 5 feed consumed (g) dry basis/wet weight gain (g).
4 PER 5 wet weight gain (g)/protein intake (g) dry basis.

TABLE 6. Hematocrit (Hk), hemoglobin concentration (Hb), mean corpuscular hemoglobin concentration (MCHC), and

alternative complement activity (ACH50) of black pacu fed diets containing wheat bran (control), uncooked or cooked

yucca, pijuayo, or plantain for 12 wk (Trial 1).1

Test ingredient Hk2 (%) Hb2 (g/dL) MCHC3 (g/dL) ACH50 (units/25 mL)

Wheat bran 33.2 ± 1.3a 7.3 ± 0.3b 22.1 ± 0.6a 23.2 ± 2.2a

Uncooked yucca 34.2 ± 1.3a 8.1 ± 0.3a 23.6 ± 0.5a 20.8 ± 2.0a

Cooked yucca 35.3 ± 1.1a 8.0 ± 0.3a 22.6 ± 0.6a 24.1 ± 2.2a

Uncooked pijuayo 37.1 ± 1.1a 8.6 ± 0.3a 23.2 ± 0.3a 21.9 ± 1.7a

Cooked pijuayo 35.0 ± 0.8a 8.2 ± 0.3a 23.4 ± 0.5a 21.6 ± 2.3a

Uncooked plantain 35.5 ± 1.3a 8.3 ± 0.4a 23.3 ± 0.5a 21.8 ± 2.3a

Cooked plantain 35.9 ± 1.2a 8.1 ± 0.1a 22.9 ± 0.6a 19.2 ± 1.5a

ANOVA (P value) 0.36 0.064 0.45 0.70

1 Values are means 6 SEM of four replicates per treatment. Three individual fish were sampled per replicate (12 per

treatment). Means in each column with different superscript letters are significantly different (P , 0.05).
2 Hematocrit value and hemoglobin content from each fish were analyzed in duplicate. Hematocrit 5 number of red

blood cells as a fraction of whole blood.
3 MCHC 5 hemoglobin content (g/dL)/hematocrit.
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substituted pijuayo for corn in diets for C. mac-
ropomum fingerlings with no reduction in
growth, suggesting that pijuayo has the potential
to replace a variety of carbohydrate feedstuffs in
balanced diets for characids.

In Trials 1 and 2, we compared cooked and
uncooked feedstuffs as energy sources because
heating increases the available energy of starch
by 10–15% (Lovell 1989). However, there was
no indication that raw and cooked versions of
the yucca, pijuayo, or plantain differed in avail-
able energy for C. macropomum because weight
gain and glycogen accumulation in liver were
not higher in fish fed cooked versions of the
feedstuffs. In P. brachypomus, however, the
cooked yucca and cooked plantain resulted in

more glycogen accumulation in the liver, indi-
cating that cooked versions of these ingredients
did provide more available energy. It is difficult
to determine how much of the differences in
responses of black pacu and red pacu were
because of species differences versus fish size.
The black pacu in Trial 1 were approximately
ten times larger than the red pacu initially.
Within a species, small fish generally have
a more rapid growth rate and a higher energy
requirement than large fish (Webster and Lim
2002). Small fish tend to have lower glycolytic
capacity than larger ones (Garenc et al. 1998),
but glycogen accumulation in the liver is also
affected by diet, health, and the energy status
of the fish (e.g., Craig et al. 1999; Hemre et al.

TABLE 7. Hematocrit (Hk), hemoglobin concentration (Hb), mean corpuscular hemoglobin concentration (MCHC), serum

lysozyme, and alternative complement activity (ACH50) of red pacu fed diets containing wheat bran (control) or

uncooked or cooked yucca, pijuayo, or plantain for 12 wk (Trial 2).1

Test ingredient Hk2 (%) Hb2 (g/dL)
MCHC3

(g/dL)
Lysozyme4

(units/50 mL)
ACH50

(units/25 mL)

Wheat bran 39.3 ± 0.9a 8.2 ± 0.2a 20.8 ± 0.5c 31.6 ± 1.7a 37.4 ± 2.9a

Uncooked yucca 38.9 ± 0.8a 9.0 ± 0.2a 23.0 ± 0.3a 31.5 ± 1.6a 38.7 ± 2.7a

Cooked yucca 40.0 ± 1.1a 9.1 ± 0.3a 22.6 ± 0.3a 33.1 ± 1.2a 39.1 ± 3.3a

Uncooked pijuayo 40.5 ± 1.0a 9.1 ± 0.2a 22.5 ± 0.4ab 30.7 ± 1.1a 38.4 ± 3.0a

Cooked pijuayo 39.2 ± 1.3a 9.0 ± 0.3a 22.9 ± 0.4a 31.7 ± 1.2a 37.8 ± 2.4a

Uncooked plantain 41.0 ± 0.8a 8.9 ± 0.2a 21.7 ± 0.5b 33.8 ± 1.5a 36.7 ± 2.6a

Cooked plantain 38.2 ± 0.9a 8.8 ± 0.3a 23.1 ± 0.4a 33.2 ± 1.5a 31.9 ± 3.0a

ANOVA (P value) 0.44 0.13 0.0003 0.69 0.63

1 Values are means 6 SEM of three replicates per treatment. Four individual fish were sampled per replicate. Means in

each column with different superscript letters are significantly different (P # 0.05).
2 Hematocrit value and hemoglobin content from each fish were analyzed in duplicate.
3 MCHC 5 hemoglobin content (g/dL)/hematocrit.
4 Lysozyme was analyzed in duplicate using 50 mL of serum per fish, and alternative complement was analyzed using

25 mL of serum per fish.

TABLE 8. Hematocrit (Hk), hemoglobin concentration (Hb), mean corpuscular hemoglobin concentration (MCHC), and

alternative complement activity (ACH50) of black pacu fed diets containing wheat middlings (control) and uncooked

pijuayo, plantain, or yucca for 24 wk (Trial 3).1

Test ingredient Hk2 (%) Hb2 (g/dL) MCHC3 (g/dL) ACH50 (units/25 mL)

Wheat middlings 33.2 ± 0.7 2.0 ± 0.04 6.1 ± 0.1 48.4 ± 4.7

Yucca 35.2 ± 0.9 2.0 ± 0.03 5.8 ± 0.1 45.0 ± 5.0

Pijuayo 36.9 ± 1.2 2.0 ± 0.06 5.6 ± 0.2 31.6 ± 7.6

Plantain 34.9 ± 1.2 2.0 ± 0.08 5.7 ± 0.1 53.6 ± 5.0

ANOVA (P value) 0.10 0.88 0.06 0.06

1 Values are means 6 SEM of four replicates per treatment. Three or four individual fish were sampled per replicate (8–9

per treatment). Means were not significantly different (P . 0.05).
2 Hematocrit value and hemoglobin content from each fish were analyzed in duplicate. Hematocrit 5 number of red

blood cells as a fraction of whole blood.
3 MCHC 5 hemoglobin content (g/dL)/hematocrit.
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2000). Red pacu in Trial 2 consumed feed vora-
ciously, and it appears that the fish had excess
dietary energy for glycogen synthesis after their
metabolic needs were met. We did not sacrifice
additional fish to obtain comparative body com-
position data because of the restricted availabil-
ity of black pacu in the USA. However, excess
dietary energy might also affect lipid deposition
and product quality in pacus, which should be
addressed in evaluation of alternative feedstuffs.

The most obvious difference between the
control diets with wheat bran (Trials 1 and 2)
or wheat middlings (Trial 3) and the diets with
alternative feedstuffs was the lower available
energy content of wheat bran and wheat mid-
dlings compared to pijuayo, yucca, or plantain.
This was because of the higher percentage of
indigestible fiber in wheat bran (9.9%) and
wheat middlings (8%) compared to the other
feedstuffs (0.2–4.5%). Fernandes et al. (2004)
found that wheat bran had only about half as
much apparent digestible energy as corn for
red pacu. Fiber is not an energy source for
monogastric animals, and most fish do not ben-
efit from high levels (NRC 1993). Least cost
feed formulations for channel catfish, Ictalurus
punctatus, stipulate a maximum of 7% indigest-
ible fiber because it reduces total dietary energy
and can reduce the availability of energy and nu-
trients from other diet ingredients (Robinson
and Li 2006). In addition, increased fecal output
in fish fed high-fiber diets can reduce water
quality (Robinson and Li 2002). However, fiber
appears to stimulate growth in some characids.
Piaractus mesopotamicus fed a diet with 16%
fiber grew better than fish fed diets containing
4–12% fiber (Zanoni 1996). Indigestible fiber
may stimulate growth indirectly, perhaps through
a prebiotic effect on the intestinal microflora
(Vazquez et al. 2006), but this has not been inves-
tigated in characids. In the present study, weight
gain of red or black pacu fed higher fiber diets
with wheat bran or middlings was not enhanced
relative to fish fed the lower fiber diets with
pijuayo, plantain, or yucca.

In the present study, MCHC was depressed in
red pacu fed the diet with wheat bran compared
to fish fed the other diets. However, there were
no other hematological effects of diet in red

pacu and no differential diet effects on hematol-
ogy in black pacu. The hematocrit and hemoglo-
bin values in this study were higher than those
reported in Ranzani-Paiva et al. (1998) for char-
acids. However, hematological parameters are
affected by factors other than diet such as age
(Ranzani-Paiva et al. 1998), water quality
(Tucker et al. 1989), and stress (Danley et al.
2005). Therefore, the small diet effects seen in
our study probably have limited health implica-
tions. Immune competence, as indicated by
ACH50 in both species and lysozyme activity
in red pacu, was not differentially affected by
diet. Survival was also high in all trials.

The absence of detectable lysozyme activity
in black pacu using identical methodology to
that for red pacu indicates that this method is
not suitable for black pacu or that black pacu
lacks lysozyme activity. The pH optimum (6.2)
for lysozyme detection in red pacu is also suit-
able for other species such as channel catfish
and largemouth bass. The pH optimum is lower
(5.8–5.9) in species with weaker lysozyme
activity such as golden shiner and goldfish (D.
Gatlin, Texas A&M University, personal com-
munication). However, no lysozyme activity
was detected in black pacu over the pH range
of 5.8–6.2.

Conclusions

All the alternative feedstuffs tested were
good sources of available energy for C. macro-
pomum and P. brachypomus relative to wheat
bran or wheat middlings. The availability of
energy from feedstuffs is inversely associated
with fiber content, and wheat bran and wheat
middlings are both higher in fiber than all the
other ingredients tested. The extra energy in
the test feedstuffs, however, was used partly
for hepatic glycogen synthesis rather than for
whole-body growth because no significant dif-
ferences in body weight occurred among fish
fed different diets. Differences in the available
energy of the diets might also affect lipid depo-
sition in the fish, which should be addressed in
future studies. Nevertheless, dietary effects on
fish health in this study were minimal, indicat-
ing that yucca, pijuayo, and plantain are rela-
tively safe energy sources with no obvious
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antinutritional effects. Plantain and yucca pro-
duction are high in Latin America (FAO 2007),
and pijuayo is abundant throughout most of
Amazonia (Brazil, Colombia, Ecuador, and
Peru). Thus, the utilization of these ingredients
in formulated diets for characid fish production
should be economical alternatives to wheat
feedstuffs.
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