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The effects of crude glycerin in the diets of male Nile tilapia (Oreochromis niloticus) on growth, seminal and sper-
matic characteristics, blood parameters, histological aspects of the hepatic and testicular tissue, and on the chem-
ical composition of different organs/tissueswere evaluated. For 10months, the animalswere fed diets containing
32% digestible protein (DP), 3200 kcal digestible energy (DE)·kg ration−1 and five inclusion levels of crude glyc-
erin (0, 4, 8, 12 and 16%). Growth, seminal and spermatic parameters were evaluated, and the plasmatic levels of
calcium, triglycerides and glucose were measured. Gonadosomatic, viscerosomatic and hepatosomatic indexes
were evaluated and combined with the histological parameters of the testicles and liver. Finally, the centesimal
composition of themuscles, testis, liver and viscera were evaluated. The volume of semen released, fecundity, ef-
fective fecundity and plasmatic levels of glucose decreased proportionally (p b 0.05) to the increase of glycerin in
the diet. The hepatosomatic index increased proportionally (p b 0.05) to the inclusion levels of crude glycerin in
the diet. Fish fed on glycerin had the highest protein levels (p b 0.05) in themuscle and testicles. Histological as-
sessment suggests thatfish fed the lowest glycerin diet had the highest amounts of spermatozoids in the testicles.
Other variables under analysiswere not affected by diet (p N 0.05). The results show that, although crude glycerin
does not impair growth, any inclusion level in the diet impairs the spermatogenesis process and damages the
sperm characteristics of male Nile tilapia.
Statement of relevance: Do not use the crude glycerin to the Nile tilapia males.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The breeding of Nile tilapia has become one of themain components
of aquaculture worldwide. With a global production of approximately
3.95 million tons in 2011, it ranks second in fresh water fish (FAO,
2014).

The continuous supply of eggs, larvae and fries (both in quality and
quantity) is highly relevant to supporting the high rates of tilapia cul-
ture growth (El-Sayed, 2006). In this context, studies examining the nu-
trition and feeding of broodstock (Hardy, 1999; Watanabe et al., 2002)
are important because the diet affects the endocrine system, and conse-
quently the reproduction performance of the fish (Watanabe and
Vassalo-Agius, 2003), jeopardizing the fecundity (Bromage, 1995;
, fabio_meurer@yahoo.com.br
dre.hbuzzi@gmail.com
rabombardelli@gmail.com
Tyler and Sumpter, 1996) and the quality of gametes, embryos and lar-
vae (Izquierdo et al., 2001). Scanty information exists on the nutrition of
broodstock and fish matrixes (Bombardelli et al., 2009), and the major-
ity focuses on females (El-Sayed et al., 2005; Ng and Wang, 2011;
Oliveira et al., 2014) with little attention to the males. While it has
been widely reported that diet can interfere with the quality of fresh
semen and spermatozoa in the same way that it can affect the quality
and the viability of spermatozoids after cryopreservation (Putstowka
et al., 2000), information on the effects of diet on male reproduction in
tilapia broodstock is exceedingly rare. The few extant results on the
issue suggest that vitamin C supplementation in the diet improves the
quality of spermatozoids (Mataveli et al., 2007) and that the levels of di-
gestible energy in the diet affect spermatogenesis. In fact, diets with ap-
proximately 3450 kcal of ED·kg of diet−1 result in higher sperm
concentrations and higher percentages of spermatozoids without any
morphological changes (Bombardelli et al., 2010). Studies regarding
feed resources that would trigger growth and reproduction should be
undertaken by researchers in animal nutrition.

Byproducts or agro-industrial byproducts are highlighted due to
their potential as alternative and low cost ingredients. Due to recent
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Table 1
Composition of feed and nutrient contents (%) of experimental diets at different inclusion
levels of crude glycerin used in the feed of matrixes and broodstock of the Nile tilapia (O.
niloticus).

Ingredients (%) Crude glycerin (%)

0 4 8 12 16

Soy meala 62.58 63.53 64.48 65.43 66.37
Corna 24.05 19.19 14.33 9.47 4.61
Fish flourb 5.00 5.00 5.00 5.00 5.00
Soy oila 4.41 4.29 4.17 4.05 3.93
Salt 0.50 0.50 0.50 0.50 0.50
Bi-calcium phosphate 2.44 2.48 2.51 2.54 2.58
Crude glycerinc 0.00 4.00 8.00 12.00 16.00
Mineral and vitamin suppld 1.00 1.00 1.00 1.00 1.00
Antioxidante 0.01 0.01 0.01 0.01 0.01

Nutrientsf

Calcium (%) 1.04 1.05 1.06 1.07 1.08
Methionine + cystine (%) 1.01 1.00 1.00 0.99 0.99
Crude energy (kcal·kg−1) 4250.26 4232.34 4214.41 4196.48 4178.56
Digestible energy (kcal·kg−1) 3200.00 3200.00 3200.00 3200.00 3200.00
Crude fiber (%) 2.60 2.37 2.14 1.91 1.69
Total phosphorus (%) 1.00 1.00 1.00 1.00 1.00
Fat (%) 6.41 6.17 5.94 5.71 5.47
Crude protein (%) 35.70 35.72 35.74 35.76 35.78
Digestible protein (%) 32.00 32.00 32.00 32.00 32.00

a Digestibility rates of nutrients according to Boscolo et al. (2002).
b Digestibility rates of nutrients according to Meurer et al. (2003).
c Digestibility rates of nutrients according to Meurer et al. (2012).
d Mineral and vitamin supplementation, basal composition: folic acid: 200 mg;

pantothenic acid: 4.000 mg; Biotin: 40 mg; Copper: 2.000 mg; Iron: 12.500 mg; Iodine:
200 mg; Manganese: 7.500 mg; Niacin: 5.000 mg; Selenium: 70 mg; Vitamin A:
1.000.000 UI; Vitamin B1: 1.900mg; Vitamin B12: 3.500mg; Vitamin B2: 2.000mg; Vita-
min B6: 2.400 mg; Vitamin C: 50.000 mg; Vitamin D3: 500.000 UI; Vitamin E: 20.000 UI;
Vitamin K3: 500 mg; Zinc: 25.000 mg.

e Propionic acid.
f The nutrient contents were calculated using Super Crac Premium® software.
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interest in the search for renewable energy sources, great importance
has been given to the biodiesel industry (Ayoub and Abdullah, 2012),
especially with regard to crude glycerin, which corresponds to 10% of
biodiesel production (Swiatkiewicz and Koreleski, 2009). Glycerin is
an ingredientwith feed potential because it ismainly comprised of glyc-
erol, which plays an important role in energy metabolism (Lin, 1977).

Crude glycerin has been successfully employed in swine (Shields et
al., 2011; Berenchtein et al., 2010) and broiler chicken (Kroupa et al.,
2011) feed. Glycerin may be highly useful in tilapia because it has a di-
gestible energy (DE) similar to corn, corresponding to 3126.5 kcal
DE·kg−1 (Meurer et al., 2012) or 2875.8 kcal DE·kg−1 (Gonçalves et
al., 2015). Research suggests that diets containing up to 10% crude glyc-
erin do not affect the growth of channel catfish (Ictalurus punctatus) (Li
et al., 2010) and Nile tilapia fingerlings (Neu et al., 2012). A recent study
showed that diets containing up to 12% crude glycerin did not alter the
performance of Nile tilapia juveniles (Gonçalves et al., 2015). The results
suggest that crude glycerin may be able to replace corn in these diets.

The current assay evaluates the effects of the inclusion of crude glyc-
erin in the diet of Nile tilapia broodstock (O. niloticus) on growth, sem-
inal and sperm characteristics, blood parameters, histological aspects of
the hepatic and testicular tissues and on the chemical composition of
different organs/tissues.

2. Materials and methods

2.1. Animals, installations and experimental design

The current study compliedwith the requirements of the Committee
for Ethics in Animals of the Universidade Estadual do Oeste do Paraná
(CEUA/Unioeste), according to protocol 03212-CEUA/Unioeste. Four
hundred females (25.73 ± 0.11 g) and 200 males (25 ± 0.43 g) of the
GIFT strain of O. niloticus were used during the first maturation age.
The females and males were separately penned in forty 1-mm mesh
hapas. The hapas were installed in a brick tank with an earthen floor.
While females were stocked into twenty 3m× 2m hapas at 20 females
per hapa, the males were stocked into twenty 2 m × 1 m hapas at 10
males per hapa. All broodstock were marked by electronic markers im-
planted under the skin. Marks featured ISO FDX-B 134.2 kHz and an ex-
ternal antimigration layer.

The animals were distributed in a totally randomized experimental
design with five treatments and four replications. The treatments
were comprised of iso-protein and iso-energy diets with 32% digestible
protein (DP) and 3200 kcal of digestible energy (DE)·kg of diet−1 and
five inclusion levels of crude glycerin at 0, 4, 8, 12 and 16% of diet dry
weight.

2.2. Experimental diet, feed management and reproduction management

Ingredients were evaluated for their nutritional composition prior to
diet formulation. The diets were formulated to contain 32% DP and
3200 kcal DE·kg diet−1 (Table 1). The digestibility coefficients of the in-
gredients (Boscolo et al., 2002; Meurer et al., 2003; Meurer et al., 2012)
were used to calculate the digestible protein and digestible energy of
the rations. The ingredients were ground in a hammer mill, passed
through a 0.5-mm sieve and mixed. Next, heated water at 60 °C was
added, and the ingredients were pelleted (3-mm diameter) to produce
a sinking ration. Finally, the pelleted ration was dried at 55 °C in a stove
with forced ventilation.

The fish were fed twice a day (10:00 h and 16:00 h) over 10months
(Siddiqui et al., 1998; El-Sayed et al., 2005) at a feed rate of 1% biomass
per day (Bhujel, 2000), adjusted every 17 days. The fish were submitted
to reproductionmanagement during this period, with themales and fe-
males separated for a 12-day period (adapted Tacon et al., 1996;
Bombardelli et al., 2009). After this period, the males were transferred
to the hapas with females for mating for five days (adapted Macintosh
and Little, 1995; Bombardelli et al., 2009). These procedures were
used to maintain all males in reproductive activity and mating.

At the endof thematingperiod, thefishwereweighed using a digital
scale (Marte®AS2000; 0.01 g) andmeasured individually by a precision
ichthyometer (0.1 cm). Then, the males and females were separated
once more in their hapas for another period of isolated rearing. The
same procedure was repeated during the entire experimental period.

2.3. Monitoring the physical and chemical parameters of water

The minimum (25.39 ± 1.85 °C) and maximum (28.22 ± 2.06 °C)
temperatures in the earthen tanks were measured daily (at 10 h)
using a max-min mercury thermometer (±1 °C). Dissolved oxygen
(6.49 ± 1.48 mg·L−1; Oximeter YSI® 550A) and water pH (8.01 ±
0.48; digital pH meter Tecnal® Tec 5) were both measured at 6 h
fortnightly.

2.4. Seminal and spermatic parameters

In December, after the isolated rearing period and prior to mating,
five males of each experimental unit were randomly selected and
anaesthetized using a solution of 100 mg benzocaine hydroxide·L−1.
The fish were weighed and measured, and their semen was collected
for assessment of seminal and spermatozoid counts.

The semenwas collected by abdominal massage applied in a cephal-
ic-caudal direction. The first drop of semen was discarded to avoid pos-
sible contamination with urine, mucus and feces (Khara et al., 2012).
The total volume of semen provided by each male was measured in
1.0 mL syringes, with a precision of 0.01 mL (adapted to Sanches et al.,
2013). Seminal pH was immediately measured after collection using
the colorimeter method with litmus paper (Merck®) (Tessaro et al.,
2012). After collection, the semen was kept under refrigeration
(±12 °C) until seminal and spermatic analyses (Kanuga et al., 2012).
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The semen samples were evaluated with regard to spermatic vari-
ables using the CASA plugin (Adames et al., 2015) adapted to the species
(Entrance rates of plug-in CASA; a = 1, b = 30, c = 100, d = 8, e = 1,
f= 10, g=15, h=3, i= 1, j= 25, k=10, l= 15,m=80, n=80, o=
50, p= 60, q = 100, r = 943.3962; capture rate 100 fs; magnifying ob-
jective 10×; Neubauer camera). Themotility rates of the spermatozoids
and the curvilinear velocity (CLV), mean displacement velocity (MDV)
and straight line velocity (SLV) were evaluated. Assessments were per-
formed 15 s after the start of spermatic activation by 1 s images in a 10×
magnifying objective (Adames et al., 2015). Due to a high co-relation-
ship between spermatic velocities provided by the CASA plugin (r =
0.92; r = 0.98; r = 0.96), the results of the three velocities were
grouped by the Principal Components Analysis (PCA), which generated
a new variable called spermatic velocity (Tessaro et al., 2012), featuring
30.93% CLV, 35.25% MDV and 33.82% SLV. The period in which sperma-
tozoids remained in movement was also measured (Adames et al.,
2015). Spermatic activation was performed in Eppendorf tubes
(1.5mL), with 1 μL semen and 800 μL of the activating solution (distilled
water).

A 5 μL semen sample from each male was fixed in 5000 μL buffered
saline formaldehyde to measure spermatic concentration and the sper-
matozoid index with morphological alterations (Tessaro et al., 2012).
The spermatozoid index with morphological alterations was deter-
mined by diluting 40 μL of semen previously fixed in 2 μL Rose Bengal
staining solution. Next, 20 μL of stained semen were placed on air-
dried lamina and covered with a cover slip for later analysis under a
40× opticmicroscope. Approximately 300 spermatozoidswere counted
and classified as normal or abnormal (Rurangwa et al., 2004). Spermatic
concentration was determined by the spermatic cell count using the
Neubauer hematimetric camera (Wirtz and Steinmann, 2006). Then,
the fecundity and effective fecundity were calculated according to the
equations below:

Fecundity ¼ Volumex� Concentration ð1Þ

Effective fecundity ¼ Volumex� Concentration�Motility; ð2Þ

where
Fecundity = number of spermatozoids provided by the male;
Effective fecundity = number of movable spermatozoids provided

by the male;
Volume = volume of provided semen (mL);
Concentration = spermatic concentration in provided semen

(spermatozoids·mL−1);
Motility = percentage of movable spermatic cells (%).

2.5. Growth parameters, blood parameters and body indexes

After seminal and spermatic evaluation, the broodstock were reared
separated by sex as previously described. In January, five males from
each hapa were anaesthetized with a solution of 100 mg benzocaine
hydroxide·L−1 and the fish were weighed and measured individually.
These males were submitted to blood collection by caudal vein punc-
ture, with the tip of the needle inserted perpendicularly into the caudal
vein, below the lateral line (Tavares-Dias and Moraes, 2004). Further-
more, at least 2 mL of blood was collected from each fish. The samples
were centrifuged at 3200 rpm for 10 min and processed for the quanti-
fication of calcium, triglycerides and plasma glucose levels using the en-
zymatic–colorimeter method (Laborclin®) with spectrophotometer
(Bel Photonics® SF 325NM), according to Neu et al. (2012).

All males from each experimental unit were then anaesthetized and
euthanized by immersion in a solution with 250 mg benzocaine
hydroxide·L−1 and by displacement of the cervical column, respective-
ly. The euthanizedmales were dissected to determine theweight of the
liver, gonads and viscera. The hepatosomatic index (Bombardelli et al.,
2010), gonadosomatic index (Vazzoler, 1996) and viscerosomatic
index (Ng and Wang, 2011) were assessed from these data.

The calculation of the variables including mean weight gain, appar-
ent food conversion and condition factor was based on weight and
length results obtained from biometry every 17 days.

2.6. Histology of testicles and liver

Five livers andfive testicles were randomly chosen from each exper-
imental unit for morphological evaluation. The organs were placed in a
Bouin solution for 24 h and then transferred to a 70% alcohol solution.
The material was dehydrated by passing it through several increasing
alcohol series, and it was included in histological resins. Next, 3 μm-
thick transversal cuts were removed from the testicles and stained
with hematoxylin and eosin. Laminas were mounted on Permont®,
evaluated and photographed under optic microscope (Olympus CX31)
with a digital camera (Olympus SC30). The stages of testicle develop-
ment and reproduction phases of the males were assessed (Brown-
Peterson et al., 2011).

Similarly, 4 μm-thick liver samples were processed, stained and
photographed. The hepatic vacuolization score was employed to evalu-
ate the liver (Caballero et al., 2004, with modifications), with rates be-
tween 0 and 3 for the presence of vacuoles: Score 0 = lack of
vacuoles; Score 1 = reduced vacuolization; Score 2 = intermediate
vacuolization; Score 3 = intense vacuolization. Morphometric evalua-
tions of the hepatic tissue were undertaken by images of random fields
at 400×magnification. Themaximum,minimumandmean areas of 200
hepatocytes of each liver were measured. Areas adjacent to the central
lobular veins were selected as the standard site. Images were analyzed
by ImagePro-plus® (Tessaro et al., 2012, modified).

2.7. Chemical composition of body tissues

Samples ofmuscle, viscera, liver and testicle tissueswere then stored
at−20 °C for later analysis of their chemical composition, following the
procedures of Mizubuti et al. (2009, adapted). The crude protein, ether
extract, humidity and ash concentrations of muscle samples were eval-
uated. Due to the small volumes of the samples, ether extract and crude
protein rateswere evaluated for the liver and gonads, respectively. Only
the ether extract and crude protein of the viscera were evaluated.

2.8. Statistical analyses

The results underwent analysis of variance at a 5% significance level.
The variables of growth, seminal and spermatic, somatic index,
plasmatic, testicular and hepatic parameters underwent regression
analysis. Due to the lack of regression model adjustment and to the ex-
istence of treatment effects on the chemical composition variables of
the different organs/tissues, results were analyzed by Tukey's mean
multiple comparison test. Normality and homoscedasticity presupposi-
tions were checked. Indexes in percentage underwent arcsine square
root transformation. The velocity data (CLV, MDV, and SLV) underwent
PCA and was then co-related. When a co-relationship was extant, a
common factor was generated and submitted to analysis of variance,
similar to the other parameters. Statistica 7.0© was used for the proce-
dures and statistical analyses.

3. Results

The physical and chemical parameters of the water did not vary be-
tween the experimental units (p N 0.05).

Diets with different crude glycerin inclusion levels impaired the
spermatogenesis and affected the sperm characteristics. The volume of
semen provided, fecundity and effective fecundity decreased in direct
proportion (p b 0.05) to the increase in crude glycerin in the diets



Table 3
Plasma parameters in Nile tilapia males (O. niloticus) fed diets with different levels of crude glycerin.

Variables Inclusion level of crude glycerin (%) p

0 4 8 12 16

Glucosea (mg·dL−1) 112.48 ± 47.66 103.88 ± 23.37 102.80 ± 26.27 78.71 ± 28.50 72.52 ± 29.02 0.0432
Calcium (mg·dL−1) 8.40 ± 1.69 8.28 ± 2.81 10.05 ± 4.32 6.47 ± 2.54 6.47 ± 1.25 0.3466
Triglycerides (mg·dL−1) 161.74 ± 37.00 157.36 ± 75.60 134.94 ± 51.22 158.49 ± 49.34 134.98 ± 117.40 0.9664

Values reported are the mean and standard deviation.
a y = 115.1692–2.632x, r = 0.4683.

Table 2
Seminal and spermatic parameters in Nile tilapia males (O. niloticus) fed diets with different levels of crude glycerin.

Variable Inclusion level of crude glycerin (%) p

0 4 8 12 16

VS (mL)a 0.14 ± 0.04 0.09 ± 0.06 0.04 ± 0.02 0.06 ± 0.07 0.05 ± 0.07 0.0322
pH 6.29 ± 0.34 6.67 ± 0.58 6.17 ± 0.29 6.00 ± 0.00 6.50 ± 0.50 0.3073
AT (s) 111.93 ± 16.67 104.40 ± 5.22 111.56 ± 8.83 121.25 ± 10.11 119.38 ± 14.36 0.3960
Mot (%) 80.00 ± 0.05 69.00 ± 0.21 77.00 ± 0.02 77.00 ± 0.17 78.00 ± 0.05 0.8691
SV (um·s−1) 68.12 ± 11.98 55.45 ± 9.47 58.37 ± 5.24 64.29 ± 3.74 61.74 ± 5.71 0.2608
CSV (um·s−1) 98.61 ± 12.34 84.77 ± 13.45 87.94 ± 4.46 98.59 ± 6.83 91.33 ± 6.75 0.2034
MSV (um·s−1) 57.27 ± 12.65 44.96 ± 8.55 47.27 ± 5.56 51.69 ± 3.18 50.81 ± 5.60 0.2817
SLV (um·s−1) 51.70 ± 11.97 39.73 ± 7.60 43.07 ± 5.64 46.24 ± 3.17 46.23 ± 5.12 0.2880
Norm (%) 59.36 ± 6.76 60.06 ± 7.36 57.20 ± 2.42 59.31 ± 4.89 63.08 ± 3.77 0.4003
CSPZ 3.37 ± 2.01 × 109 3.30 ± 3.66 × 109 2.99 ± 2.23 × 109 1.12 ± 0.26 × 109 1.82 ± 1.74 × 109 0.4545
Fecundityb 5.24 ± 4.68 × 108 1.13 ± 0.77 × 108 1.35 ± 1.21 × 108 0.57 ± 0.57 × 108 0.38 ± 0.44 × 108 0.0028
Effective fecundityc 4.20 ± 3.87 × 108 0.77 ± 0.54 × 108 1.07 ± 0.97 × 108 0.47 ± 0.47 × 108 0.30 ± 0.37 × 108 0.0039

Values reported are the mean and standard deviation. VS (mL) – volume of semen; pH – hydrogen ionic potential of semen; AT (s) – spermatic activation time; Mot (%) – spermatic mo-
tility; SV (um·s−1) – spermatic velocity; CSV (um·s−1) – curvilinear spermatic velocity; MSV (um·s−1) – mean spermatic velocity of displacement; SLV (um·s−1) – Straight line sper-
matic velocity; Norm (%) – spermatic normality; CSPZ – spermatic concentration; Fecundity (number of spermatozoids); Effective fecundity (number of motile spermatozoids).

a y = 0.1171–0.0051x, r = 0.4923.
b y = 12.7273–0.0004x, r = 0.6314.
c y = 12.526–0.0005x, r = 0.6153.
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(Table 2). The other seminal and spermatic parameters were not affect-
ed (p N 0.05) by diet (Table 2).

The feeding of males with diets containing crude glycerin affected
the plasma glucose levels. The plasma glucose levels decreased
(112.48 ± 47.66 to 72.52 ± 29.02 mg/dL) in direct proportion
(p b 0.05) to the increase in crude glycerin in the diets (Table 3). Calcium
and plasma triglyceride levels were not affected by diet (Table 3).

The growth of the tilapia was not affected (p N 0.05) by diets with
different levels of crude glycerin (Table 4).Weight gain ranged between
153.60 ± 11.21 and 170.46 ± 5.47 g, with male survival at 100%.
Table 4
Animal performance parameters of Nile tilapia males (O. niloticus) fed diets with different leve

Variables Inclusion level of crude glycerin (%)

0 4 8

Males
IMW (g) 25.67 ± 0.44 25.53 ± 0.10 25.81 ±
FMW (g) 196.13 ± 5.34 180.46 ± 19.33 190.03 ±
WG (g) 170.46 ± 5.47 154.93 ± 19.25 164.22 ±
FC 2.21 ± 0.25 2.15 ± 0.40 2.14 ± 0
SUR (%) 100.00 ± 0 100.00 ± 0 100.00 ±
CF 86.03 ± 9.87 82.35 ± 4.93 91.38 ±

Values reported are themean and standard deviation. IMW (g) – initial meanweight; FMW(g)
condition factor.

Table 5
Body indexes of Nile tilapia males (O. niloticus) fed diets with different levels of crude glycerin

Variables (%) Inclusion level of crude glycerin (%)

0 4 8

Gonadosomatic index 0.64 ± 0.33 0.59 ± 0.18 0
Hepatosomatic indexa 0.78 ± 0.06 0.82 ± 0.02 0
Viscerosomatic index 5.98 ± 2.17 5.64 ± 2.39 6

Values reported are the mean and standard deviation.
a y = 0.089 + 0.0003x; r = 0.4786.
Although feed conversion was not changed by diets, rates were high
and ranged between 1.91 ± 0.07 and 2.21 ± 0.25. The condition factor
remained between 76.17 ± 12.18 and 101.83 ± 31.31 (Table 4).

Only the hepatosomatic indexwithin the context of body indexes in-
creased proportionally (p b 0.05) to an increase in crude glycerin in the
diets (Table 5). Gonadosomatic and viscerosomatic indexeswere not af-
fected (p N 0.05) by diets containing crude glycerin (Table 5).

The histological assessment of the gonads revealed differentiation
cysts (spermatogonia, spermatocytes, spermatids and spermatozoids)
in all treatments, although a greater quantity of spermatozoids in the
ls of crude glycerin.

p

12 16

0.15 25.79 ± 0.18 25.83 ± 0.29 0.4728
8.80 179.39 ± 11.04 184.14 ± 10.56 0.2883
8.69 153.60 ± 11.21 158.31 ± 10.72 0.2913

.28 1.91 ± 0.07 2.03 ± 0.23 0.5459
0 100.00 ± 0 100.00 ± 0 –

17.22 76.17 ± 12.18 101.83 ± 31.31 0.3436

– final meanweight;WG (g) –weight gain; FC – feed conversion; SUR (%) – survival; CF –

.

p

12 16

.66 ± 0.27 0.69 ± 0.20 0.54 ± 0.10 0.9227

.84 ± 0.11 0.88 ± 0.04 0.86 ± 0.05 0.0381

.36 ± 1.48 5.64 ± 1.05 5.48 ± 1.05 0.9442
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Fig. 1.Gonadal tissue of Nile tilapiamales (O. niloticus) fed on dietswith crude glycerin (H.E. staining). (a)macroscopic aspect ofmature testicle; (b) cysts with differentiating cells (100×)
(g= spermatogonia, c= spermatocytes, t= spermatids, z= spermatozoids); (c) testicle cross-section treatment 0% glycerol (4x); (d) testicle cross-section treatment 16% glycerol (4×);
(e) testicle cross-section treatment 0% glycerol (40×), note the great amount of spermatozoids; (f) testicle cross-section treatment 16% glycerol (40×), note different differentiating cysts.
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testicles of tilapia fed diets with low inclusion levels of crude glycerin
was verified. The opposite was verified in treatments with higher inclu-
sion levels (Fig. 1).

Hepatocytes' maximum, minimum and mean areas and
vacuolization score were not affected (p N 0.05) by diet (Table 6). The
morphology of the hepatic tissue was characterized by irregular-form
hepatocytes with the rounded nucleus in the central region. Sinusoid-
type capillaries permeating the hepatocyteswere also detected, coupled
to veins and arteries (Fig. 2).

Tilapia males fed diets containing N8% crude glycerin had higher
crude protein rates (p b 0.05) in the muscle tissue (Table 7). Similarly,
fish fed diets with any crude glycerin inclusion level had higher rates
of crude protein (p b 0.05) in the testicles (Table 7). The other parame-
ters related to the chemical composition of the several organs/tissues
were not affected (p N 0.05) by crude glycerin rates in the diets.
Table 6
Area and degree of vacuolization of hepatocytes of Nile tilapia males (O. niloticus) fed diets wit

Variable Inclusion level of crude glycerin (%)

0 4 8

IA (μm2) 218.76 ± 64.76 211.19 ± 71.78 243.02 ± 37.75
MnA (μm2) 126.23 ± 85.32 123.97 ± 88.55 168.65 ± 38.96
MxA (μm2) 307.82 ± 83.49 302.87 ± 105.58 359.1 ± 20.09
VDa 1 (100%) 0(25%). 1(25%). 2(50%) 0 (50%). 1(25%).

Values reported are the mean and standard deviation. IA – intermediate area; MnA – minimum
a 0 = not observed; 1 = reduced; 2 = intermediary; 3 = intense.
4. Discussion

Maximum and minimum water temperatures remained within the
limits recommended by tilapia breeders (Bhujel, 2000). Levels of dis-
solved oxygen were within adequate concentrations for the reproduc-
tion of females (Bhujel, 2000), even though no studies exist regarding
whether rates for males correspond to those for females (Bombardelli
et al., 2010). The proper pH band for broodstock remains to be defined,
although it remains within the parameters for fish production (El-
Sayed, 2006).

Crude glycerin somehow decreased semen volume, fecundity and
effective fecundity of broodstock. According to Igdoura and Wiebe
(1994), the main issue may lie in the inhibition of lactate synthesis in
Sertoli cells, the main substrate for spermatogenesis in rats, or the
hyperosmotic effects of glycerol and the degeneration of joints between
h different crude glycerin levels.

p

12 16

149.78 ± 41.03 205.15 ± 97.76 0.4219
64.06 ± 75.44 120.76 ± 96.19 0.6926
227.79 ± 49.03 279.61 ± 142.58 0.3857

2(25%) 0 (25%). 1(25%). 2(50%) 0 (50%). 1(25%). 2(25%) –

area; MxA – maximum area; VD – vacuolization degree.



Fig. 2. Hepatic Tissue (HT) of Nile tilapia males (O. niloticus) fed on diets with crude glycerin (H.E. staining). (a) macroscopic aspects of liver used for histological analysis; (b)
hepatopancreas surrounded by hepatocytes (40×); (c) arteries surrounded by hepatocytes (40×); (d) standard aspect of the tilapia's hepatocytes (vacuolization score = 0 ➔ 100×),
(n=nuclei); (e) lowvacuolization (vacuolization score=1➔ 100×), s= sinusoid capillaries, v=vacuole; (f) intermediary vacuolization (vacuolization score=2➔ 100×), v=vacuole.

169J.K. Mewes et al. / Aquaculture 465 (2016) 164–171
the Sertoli cells. According toWiebe et al. (2000), the negative effects of
glycerol injection in rats manifest 24 h after the injection and manifest-
ed as alterations in the F-actin and occludin proteins, in the cell junc-
tions, in the cytoskeleton of the Sertoli cells, and as an increase in the
permeability of the hematotesticular barrier.
Table 7
Chemical composition of different organs/tissues of Nile tilapia males (O. niloticus) fed pelletiz

VAR (%) Inclusion level of crude glycerin (%)

0 4 8

Muscle
CP 15.97 ± 1.11b 12.09 ± 1.80c 25.32 ±
FA 0.44 ± 0.66 0.08 ± 0.07 0.69 ± 0
MO 79.37 ± 0.28 79.34 ± 0.61 79.83 ±
AS 3.17 ± 1.04 4.98 ± 0.73 4.79 ± 0

Viscera
CP 10.55 ± 1.07 10.55 ± 2.40 10.36 ±
FA 0.33 ± 0.13 0.43 ± 0.32 0.51 ± 0

Gonads
CP 11.55 ± 1.00b 14.77 ± 5.06a 15.96 ±

Liver
FA 2.59 ± 1.33 2.48 ± 1.17 2.85 ± 0

Values reported are themean and standard deviation. Different letters in the same line indicate
moisture; AS – ash.
Different letters in the same line indicate different means by Tukey's mean test at 5% of probab
Despite a lack of data related to effects of glycerol in fish, analogous
to the mammal model, the hematotesticular barrier interconnects the
Sertoli cells by continuous occlusion junctions, dividing each seminifer-
ous tube into two distinct functional compartments, the basal and
adluminal compartments. The basal compartment comprises
ed diets with different levels of crude glycerin.

p

12 16

0.89a 24.32 ± 0.29a 21.75 ± 3.41a 0.0029
.98 1.03 ± 1.49 1.11 ± 2.14 0.8264
1.10 79.31 ± 0.25 79.01 ± 0.90 0.2406
.55 4.08 ± 0.70 8.12 ± 7.12 0.2228

1.14 10.21 ± 1.25 11.34 ± 2.24 0.7440
.19 0.42 ± 0.30 0.62 ± 0.54 0.8542

1.19a 14.15 ± 3.12a 16.91 ± 1.30a 0.0404

.17 3.23 ± 2.25 2.35 ± 0.68 0.9135

differentmeans by Tukeysmean test at 5% of probability. CP – crude protein; FA – fat;MO –

ility.
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spermatogonia, whereas the adluminal compartment comprises the
cells in successive spermatogenic differentiation. The barrier in this
case provides a micro-environment for spermatogenic differentiation
and protects the germinative cells in an advanced stage of development
against harmful agents or against cells of the immune system (Junqueira
and Carneiro, 2013). It may be, therefore, that glycerol from the diet in-
creased the permeability of the hematotesticular barrier, causing cell
disorder resulting in impairment of spermatogenesis.

The negative effects of glycerol were also reported in mammals
treated with 10% glycerol solution applied either orally or by
intratesticular injection. These treatments suppressed spermatogenesis
in rats (Wiebe and Barr, 1984; Igdoura andWiebe, 1994) and monkeys
(Wiebe et al., 1989). Damage to spermatogenesis may be related to in-
hibition of the mitochondrial activity of spermatogonia and spermatids
due to the action of glycerol-3-phosphate dehydrogenase (Weitzel et
al., 2003), which is basic for mammal spermatozoids because they pro-
duce ATP (Peña et al., 2009).

In testicle histology, the presence of different cysts within the differ-
entiation process in all treatments reveals that males were mature for
spermiation. However, the negative effects of crude glycerin in the
diets were evident in the spermatogenesis effects. Information on the
effects of crude glycerin in the germinative epithelium of fish is scarce.
Studies in mammals report a significant decrease in the height of the
germinative epithelium in glycerol-treated rats (Igdoura and Wiebe,
1994), whereas crude glycerin failed to alter the height of the germina-
tive epithelium in sheep (Gomes, 2009).

Results of the gonadosomatic index corroborate the histological out-
comes in the testicles and support the hypothesis that all of the animals
were at the same stage of gonadal maturity. This index is employed to
monitor gametogenesis progression in fish (Barcellos et al., 2001) and
is related to the gonadal maturation peak (Barcellos et al., 2002),
where testicular volume increase is caused by the proliferation of the
germination epithelium (Schulz et al., 2010).

Glycerol derived from diets containing crude glycerin may also in-
terfere with glycemic levels in fish, because it is an intermediary meta-
bolic factor in gluconeogenesis (Lin, 1977), which directly affects the
energetic metabolism and thus the growth of fish (Gonçalves et al.,
2015). Glucose in vertebrates is an importantmetabolic fuel, and several
mechanisms provide a constant supply to the glucose-dependent tis-
sues where liver glycogen serves as the glucose reserve (Thrall et al.,
2015).

Decreases in plasma glucose levels have been reported in youngNile
tilapia when fed diet containing crude glycerin (Moesch, 2014). A sim-
ilar glycemic behavior occurred in our tilapia broodstock, likely related
to the diet's carbohydrate content (Thrall et al., 2015). In fact, increased
glycerin in diets was due to the reduction in corn levels and, conse-
quently, starch amounts. Furthermore, starch deficits may have trig-
gered the animals to synthetize glucose from the glycerol in the diet
by hepatic gluconeogenesis (Nelson and Cox, 2011) with the subse-
quent increase in energy demand.

The hepatosomatic index is a highly relevant parameter for directly
evaluating liver conditions and liver metabolism, coupled with estab-
lishing conditions of glycogen reserve. The hepatosomatic index of tila-
pia broodstock increased in proportion to the inclusion of glycerol in the
diets, similar to the findings in juvenile specimens of Ictalurus punctatus
fed diets with 15 and 20% crude glycerin (Li et al., 2010). Assays with
rats indicate that the effect of dietary glycerol on the increase in the
hepatosomatic index may be related to the increase in the activity of
lipogenic enzymes in the hepatocytes (Lin, 1977). Although the current
study did not aim to evaluate these enzymes, the assessment of the his-
tological parameters of the hepatic tissue suggest that there was no
strong relationship between diet and the accumulation of lipids in the
hepatocytes. However, special attention should be given to fat accumu-
lation in hepatocytes. In fact, several authors have registered the occur-
rence of vacuolization in hepatocytes and even clinical conditions of
steatosis due to the diet (Bombardelli et al., 2010; Bolla et al., 2011;
Tessaro et al., 2012). In the medium and long term, hepatic changes
may cause reproductive losses and even death.

Despite the direct relationship between spermatic concentration
and fecundity and the numerical decrease in spermatozoid amounts
per milliliter, individual variation in males may have caused the lack
of diet effects on spermatic concentration. Glycerol in the diet does
not seem to have affected the final processes of spermatogenesis specif-
ically related to the formation of the spermatozoid tails and spermatic
capacitation (Schulz et al., 2010) because the parameters involved in
spermatic movements, such as seminal pH, motility, activation time,
spermatic velocity and normality were not affected by diet.

The plasmatic concentration of triglycerides is related to the capacity
of storage, nutritional condition, glycemic state, mobilization from sev-
eral tissues and its use as an energy source. Because this parameter was
not changed in the broodstock, it may be possible that the glycerol de-
rived from diets containing crude glycerin was an adequate energy
source, and consequently, failed to alter lipolysis in the adipocytes
(Costa et al., 2015).

Furthermore, due to the direct relationship between plasma calcium
levels and plasmatic protein rates (Thrall et al., 2015), it may be sug-
gested that the diets did not affect the health of the tilapia broodstock
(Gonçalves et al., 2015).

Diets were not expected to influence broodstock growth
(Bombardelli et al., 2010) because previous research has shown that
the inclusion of up to 10% crude glycerin in diets did not interfere
with the growth of juvenile tilapia (Neu et al., 2012). Li et al. (2010)
also stated that crude glycerin in the diet of Ictalurus punctatus juveniles
did not affect growth. Furthermore, because the animals were repro-
ductively active, high levels of apparent feed conversion (between
1.91 and 2.21 g·g−1) in tilapia broodstock are justified (Bombardelli
et al., 2010).

Although the broodstock did not undergo changes in growth, fish
diets with glycerin increased crude protein rates in the muscles and in
the testicles. A similar increase in protein deposition in the muscles
was also found in tilapia juveniles fed diets containing crude glycerin,
which may be related to economy of glycogenic amino acids
(Gonçalves et al., 2015) and to the possible influence of glycerin in the
diets on the enzymatic activity of glutamate dehydrogenase
(Bernardino et al., 2014). The glycerin in the dietsmay have similarly af-
fected the protein metabolism related to the testicles. Despite such evi-
dence, this is only preliminary research, and little information about this
theme is available in the literature. Therefore, further studies need to be
completed to clarify the mechanisms involved in the effects of dietary
glycerin on protein and energy metabolism, and particularly on the
spermatogenesis of Nile tilapia. Further studies are needed to evaluate
effects of dietary glycerin on reproductive success of Nile tilapia
broodstock.

5. Conclusion

Results show that crude glycerin does not impair growth, although
at any inclusion level, it damages the spermatogenesis process and jeop-
ardizes the sperm characteristics in Nile tilapia males.
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