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Dietary supplementation of ginger (Zingiber officinale) essential oil exhibits
positive immunomodulatory effects on the Neotropical catfish Pseudoplatystoma
reticulatum without negative effects on fish liver histomorphometry
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ABSTRACT. This study evaluated the dietary supplementation of ginger Zingiber officinale essential oil for
the Neotropical catfish Pseudoplatystoma reticulatum, its effects on fish hematology, immunology, the response
of these variables to induction of stress (exposition to air for 3 min), and a bacterial challenge with Aeromonas
hydrophila, and the effects on liver histomorphometry. Three levels of the ginger essential oil were evaluated
(0.5, 1.0 and 1.5%) in addition to a control group (0%) in a feeding trial for 65 days in triplicate. Fish hematology
and immunology were assessed at five different moments: after the feeding trial (0), after the stress induction
(stress), and three points after the bacterial challenge (3, 6 and 24 h post-challenge). Fish fed the ginger essential
oil supplemented diets did not exhibit significant differences between the hematocrit at the 0-sample point and
the 24 h post-challenge point (P > 0.05), while fish fed the control diet presented significantly lower values for
the hematocrit when comparing those same two moments (P < 0.05). The thrombocytes count for fish fed the
0.5% essential oil supplemented diet was significantly higher than all other groups after the feeding trial (P <
0.05), and their total leukocytes count after the stress induction was also significantly higher than the other
treatments (P < 0.05). Although the results mentioned above indicate that the ginger essential oil had positive
health effects on the fish, no significant differences in survival after the challenge with A. hydrophila were
observed (P > 0.05). Lastly, histomorphometry suggests that the essential oil did not negatively impact fish
hepatocytes.

Keywords: Pseudoplatystoma reticulatum; feed additive; hematology; immunology; aeromoniasis; bacterial
challenge; hepatocyte

INTRODUCTION aquaculture potential due to its good growth perfor-

mance, acceptance of industrialized feeds after condi-

The Neotropical catfish Pseudoplatystoma reticulatum, tioning, and the possibility of being reared in intensive
popularly known as cachara or surubim, exhibits great production systems. In addition, it possesses desirable
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characteristics to consumers, such as low-fat content,
flavourful flesh, and the lack of intramuscular bones
(Crepaldi et al. 2006).

The emergence of diseases in aquaculture can be
understood to be a disturbance in the balance between
host, pathogen, and environment. For instance, poor
water quality can lead to immunosuppressed fish and
consequent infections by opportunistic pathogens,
which, had good management practices been adopted,
would be unlikely to cause harm to the animals.
However, this preventive approach is not always
successful, and other control measures may need to be
employed, such as antibiotics. Still, the indiscriminate
use of the latter can result in the selection of resistant
pathogens, rendering these substances ineffective in
disease outbreaks. There are also concerns regarding
their accumulation in the animal's flesh and the
subsequent safety to consumers (Defoirdt et al. 2011,
Harikrishnan et al. 2011).

Due to the problems above, there has been a
growing interest in the aquaculture industry for
alternative disease management strategies, such as
dietary inclusion of plant extracts to strengthen the
health status of fish and their resistance to pathogens
(Bulfon et al. 2015). Among these, essential oils -
complex natural mixtures of volatile organic
compounds extracted through hydro distillation from
plants (Bakkali et al. 2008)- have exhibited promising
results for species such as channel catfish Ictalurus
punctatus (Zheng et al. 2009), Nile tilapia Oreochromis
niloticus (Brum et al. 2017) and sharpsnout seabream
Diplodus puntazzo (Karagouni et al. 2005).

The essential oil of ginger Zingiber officinale -a
plant that has been traditionally used for medicinal
purposes (Rodrigues 2006)- has proven to be effective
in enhancing the health status of fish submitted to
bacterial challenges when provided in their diets (Brum
et al. 2017, 2018a,b). Other studies also demonstrated
in vitro antibacterial activity against fish pathogens
(Shehata et al. 2013, Snuossi et al. 2016). However, to
the best of our knowledge, it has not been evaluated as
a feed additive for catfish P. reticulatum. Moreover, the
liver is considered a good indicator of nutritional
pathology, in which the deleterious or beneficial effects
of specific feeds or feed additives on fish can be
assessed through approaches such as hepatocyte
morphometry (Raskovi¢ et al. 2011, Picoli et al. 2019).

Therefore, this study aimed to assess the hema-
tology, immunology, and liver histomorphometry of P.
reticulatum juveniles fed diets containing different
ginger essential oils and the subsequent response to
stress induction and a bacterial challenge with
Aeromonas hydrophila.

MATERIALS AND METHODS

Experimental design

Three levels of ginger essential oil were included in a
commercial feed (40% crude protein, 4 mm): 0.5, 1.0
and 1.5%, in addition to control (0.0%), with three
replicates per treatment in a completely randomized
design. The inclusion of the essential oil consisted in
incorporating a solution of the essential oil and 100 g
of grain alcohol per feed kg through aspersion,
according to Dairiki et al. (2013) and Brum et al.
(2017). For the control group (0.0%), the feed was
sprinkled with grain alcohol only. After the procedure,
the feeds were dried at 25°C for 24 h and subsequently
stored under refrigeration until use.

The essential oil was extracted through hydrodis-
tillation with a Clevenger apparatus from the rhizomes
of ginger. The chemical composition (Fig. 1) was
determined through gas chromatography-mass spectro-
metry (GC-MS) at the Laboratory of Medicinal Plants
and Phytochemistry of the Embrapa Western Amazon,
AM, Brazil according to Potzernheim et al. (2012).

One-hundred and eight Pseudoplatystoma reticu-
latum juveniles (40.23 + 20.99 g) were stocked in tanks
of 80 L of useful volume under a density of 2.2 kg m™.
The 12 experimental units were located in an
environment of low luminosity and possessed constant
water exchange at 100% of the tank volume per day and
aeration. Every two days, organic residues in the
bottom of the units were also removed through
siphoning. Dissolved oxygen, temperature, and pH
were measured daily with a multi-parameter Hanna.
Total ammonia was measured fortnightly with a
commercial test (Labcon Test Amdnia Toxica Agua
Doce, Alcon®, Camborit, SC, Brazil). The mean values
during the 65-day experiment were: temperature (21.59
+ 2.68°C), dissolved oxygen (7.95 + 1.08 mg L), pH
(7.37 + 0.44), and total ammonia (0.09 + 0.12 mg L),
values considered adequate for the culture of the
species (Campos 2013).

The fish were fed two times a day (8:00 and 16:00
h) at the rate of 5% of their biomass, following the feed
manufacturer's recommendation. At the end of the
experiment, the animals were submitted to 24 h fasting
before sampling for the blood collection. This work was
approved by the Ethics Committee on the Use of
Animals for experimentation (CEUA/UEMS - protocol
003/2018)

Sampling and bacterial challenge

Initially, two fish per tank were sampled after the
feeding experiment to constitute the sample point "0".
Then, the remaining animals were submitted to a stress
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Figure 1. Composition of ginger Zingiber officinale essential oil (ZO EO) as determined by gas chromatography-mass
spectrometry (GC-MS), adapted from Silva et al. (2020), a previous work performed by the same research group in which

the same essential oil was used.

induction (capture and exposition to air for three
minutes). Thirty minutes later, two additional fish per
tank were sampled to constitute the sample point
"stress,” following Fagundes & Urbinati's (2008)
methodology.

The fish were challenged with an intraperitoneal
injection of Aeromonas hydrophila. The A. hydrophila
(KJ561021) strain colony was supplied by the
Laboratory of Microbiology and Parasitology of
Aquatic Organisms (LAPOA/CAUNESP) isolated from
Pseudoplatystoma sp. exhibiting clinical signs. It was
inoculated in Erlenmeyer flasks with trypticase soy
agar (TSA) (Shotts & Rimler 1973). Then, the medium
was diluted in phosphate-buffered saline (PBS) and
homogenized to determine the desired concentration of
bacteria (0.34x10° CFU, established previously
through an LD50 test) using 1 mL samples and a
spectrophotometer (Femto-Cirrus 80). After this, the
samples were centrifuged, the supernatant removed,
and the volume was filled with PBS. Finally, the
solution was transferred to sterile syringes.

After the challenge, six fish per treatment were
sampled at three additional points: 3, 6 and 24 h post-
challenge. In all cases, blood (1 mL) was collected
through puncture of the caudal vessel using syringes
and needles bathed in EDTA (3%) after the animals
were anesthetized with clove oil (50 mg L™).

Two days after the bacterial challenge, the fish
exhibited erratic swimming. Dead fish presented
clinical signs of aeromoniasis (Fig. 2), such as depig-
mentation of the epidermis, ascites, petechiae in the
ventral region of the head, and pus secretion in the anus.

Hematology and blood glucose

The hematological variables analyzed were: hematocrit
percentage (Ht), through the microhematocrit method
(Goldenfarb et al. 1971); hemoglobin (Hb), determined
by the cyanmethemoglobin method (Collier 1944); and
total count of red blood cells (RBC) in a Neubauer
chamber using a dilution of 1:200 in a solution of
sodium citrate and formalin 37-40% under an optical
microscope. Based on the resulting values, the hemati-
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Figure 2. Catfish Pseudoplatystoma reticulatum exhibited
clinical signs after intraperitoneal challenge with Aeromonas
hydrophila, which was performed after a 65-day feeding
assay evaluating dietary ginger (Zingiber officinale) oil.
a) Hemorrhage at the base of the pectoral fin, b) hemorrha-
ge at the ventral region of the body.

metry calculations were performed according to Ranzani-
Paiva et al. (2013): mean corpuscular volume (MCV) (fL)
= (hematocritx10) / (n® erythrocytes); mean corpuscular
hemoglobin (MCH) (pg) = (hemoglobinx10) / (n°
erythrocytes); mean corpuscular hemoglobin concen-
tration (MCHC) (g dL') = (hemoglobinx100) /
(hematocrit). Plasma glucose levels were measured using
a glucometer Accu-Chek® Advantage (Roche Diag-
nostica, Brazil), expressed in mg dL .

Immunology

For the total count of leukocytes (white blood cells,
WBC), thrombocytes, and the differential count of
leukocytes, duplicates of blood extensions for each
animal were made, air-dried, and stained with May-
Grunwald-Giemsa-Wright according to Tavares-Dias
& Moraes (2004).

The analysis of the leukocyte respiratory burst
activity was determined through a colorimetric assay
based on the reduction of nitrobluetetrazolium (NBT)
that results in precipitates, according to Anderson &
Siwicki (1995). Fifty microliter of heparinized blood
were added to 50 puL of NBT to determine the amount
of precipitate. This mixture was homogenized and
incubated. Poste-riorly, 50 pL of it was diluted in 1 mL

of dimethyl-formamide (DMF) and centrifuged before
measuring the optical density (OD) of the solution at
540 nm (Sahoo et al. 2005).

Liver histomorphometry

At the end of the feeding experiment, three fish per
treatment were euthanized by medullary collapse
through anesthesia with clove oil for dissection and
collection of the livers. The liver fragments were fixed
in a 10% formalin solution (pH 7.2), after which they
were dehydrated in a growing series of ethyl alcohol
concentrations, clarified in xylol, embedded in paraffin,
and cut at a thickness of 3 um. Then, staining was
performed with hematoxylin and eosin (Carson &
Hladik 2009), in which the slides remained in contact
with the substances for 90 s.

Twelve photos per sample were taken for histomor-
phometric analysis. The pictures of the histological
liver sections (Fig. 3) were randomly taken with the
help of a Nikon D5600 digital camera coupled to a
Zeiss® - Primo Star microscope. The morphometric
analyses were performed with a Moticlmage Plus 2.0
(Motic®) software.

The measurements were performed under a magni-
fication of 100x. Six randomly selected hepatocytes
from each photo were chosen for the measurement of
hepatocyte area (um?) and perimeter (um); nucleus area
(um?), perimeter (um), and diameter (um). Based on
these measurements, the indirect morphometric
variables were determined: nucleus/hepatocyte area
relationship (N/C (area) = nucleus area/hepatocyte area
% 100); nucleus/hepatocyte perimeter relationship (N/C
(perimeter) = nucleus perimeter / hepatocyte perimeter
x 100); volume of the hepatocyte nucleus (Vn (um?®) =
4/3xmxr®), where r is the nucleus radius; and the
hepatocyte nucleus circularity (Cn = 4z (nucleus area)
/ nucleus perimeter?) (Rodrigues et al. 2017).

Statistical analysis

Hematological and immunological data were analyzed
with a two-way type I ANOVA (sample point x ginger
essential oil concentration). Tukey's test was employed
to compare the means by statistical significance for the
main effects or the interaction effects (Zar 2010).
Differences in the survival after the bacterial challenge
were assessed with the Kaplan-Meier method. Histo-
morphometric data were analyzed with a one-way
ANOVA, with Tukey's test being employed following
statistical significance (Zar 2010).

In all cases, results were considered statistically
significant if P < 0.05. Data presented as mean +
standard error of the mean. Statistical analysis and data
visualizations were performed with R (R Core Team
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Figure 3. Pictures of the histological liver sections of the catfish Pseudoplatystoma reticulatum fed different concentrations.
a) Control, b) 0.5%, c) 1.0%, d) 1.5% of ginger (Zingiber officinale) essential oil for 65 days.

2019). The main packages employed were car (Fox &
Weisberg 2019), Ismeans (Lenth 2016), and survival
(Therneau 2020).

RESULTS

Hematology and glucose

Regarding the hematological variables, a significant
interaction effect of ginger essential oil concentration x
sample point was observed only for hematocrit and
MCH (Table 1). For the former, only fish fed the
control diet exhibited a significantly lower value when
comparing the initial sample point and the 24 h post-
challenge sample point (Table 2). Conversely, the
MCH for the fish fed the control diet exhibited a
significantly higher value in the 24 h point, which was
also significantly higher when compared with the other
treatments in the same 24 h sample point (Table 2).

Significant effects for both factors were observed
for RBC and glucose (Table 1). A significantly higher
concentration of RBC when considering each treatment
as a mean was found for the fish fed the 1.5% essential
oil inclusion level (Table 2). When considering each
sample point as a mean, significantly lower values were
found for the three post-challenge sample points (Table
2). There was a statistically significant increase in
blood glucose in the stress sample point compared to
the initial sampling (Table 2). The higher values were
maintained for the 3 h post-challenge point before
decreasing significantly for the last sampling point.

Regarding MCV and MCHC, there was a significant
effect of the sample point only (Table 1). In both cases,

the significantly lowest value was observed for the 24
h post-challenge sample point. Lastly, there was no
significant effect in the case of hemoglobin (Table 1).

Immunology

A significant effect for the interaction between the two
factors was found for WBC, thrombocytes, lympho-
cytes, and basophils (Table 3). In the case of WBC and
lymphocytes, a pattern of significantly lower values in
the sample points post-challenge for all treatments was
observed (Table 4). There was also a significantly higher
thrombocyte count for the fish of the 0.5% essential oil
inclusion level in the 0 sample point (Table 4).

There was a significant effect of sample point only
for immature leukocytes, monocytes, eosinophils,
PAS+ (periodic acid-Shiff stained leukocyte), neutro-
phils, and respiratory burst activity (Table 3). Except
for the respiratory burst activity, significantly lower
values when considering means for each sample point
were found for the post-challenge samples (Table 4).

Liver histomorphometry

A significant effect of ginger essential oil supple-
mentation on hepatocyte morphometry was found for
all variables evaluated (Table 5). Worthy of specific
mention was that measurements of nucleus size (i.e.
nucleus area, perimeter, and volume) were either
statistically equal or higher in fish fed the essential oil
supplemented diets compared to the control group.
Regarding measures of hepatocyte size (i.e. hepatocyte
area and perimeter), significantly higher values were
found for fish fed the 1.5% essential oil supplemented
diet compared to the other groups.
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Table 1. P-values for a two-way type Il ANOVA show the effects of four ginger essential oil supplementation levels and
five sampling points (after feeding trial, after stress induction, and 3, 6 and 24 h after challenge with Aeromonas hydrophila)
on hematological variables of Pseudoplatystoma reticulatum. *Statistically significant (5%), RBC: red blood cells, MCV:
mean corpuscular volume, MCH: mean corpuscular hemoglobin, MCHC: mean corpuscular hemoglobin concentration.

Two-way ANOVA P-values

Variable Ginger Sample point Interaction
RBC 0.004* <0.001* 0.683
Hematocrit  0.261 <0.001 0.006*
Hemoglobin  0.981 0.368 0.471
MCV 0.132 <0.001* 0.264
MCH 0.051 <0.001 0.014*
MCHC 0.624 <0.001* 0.076
Glucose 0.018* <0.001* 0.588

Table 2. Hematological variables and blood glucose of Pseudoplatystoma reticulatum fed different dietary levels of ginger
Zingiber officinale essential oil (ZO EQO) and submitted to stress induction and bacterial challenge with Aeromonas
hydrophila. Data presented as mean * standard error of the mean. Different superscript numbers across ginger essential oil
levels indicate significant differences when considering each treatment as a mean. Different superscript capital letters across
sample points indicate significant differences when considering each sample point as a mean. For variables that a significant
interaction effect was found, lowercase letters across columns and capital letters across rows indicate significant differences
between means. In all instances, Tukey's test at a significance level of 0.05 was employed. Values are presented as mean +
standard error of the mean. RBC: red blood cells, MCV: mean corpuscular volume, MCH: mean corpuscular hemoglobin,
MCHC: mean corpuscular hemoglobin concentration.

. ZO EO Sample point
Variable level (%) 0 Stress 3 6 24
RBC (x10° pLY) 0 3.6+0.2A1 3.4+04°1 2.6+0.28! 29+1,18¢ 0.5+0.18!
0.5 35+0.3A12 3.8+0.6°1 2.5+0.2812 2.5+0.1812 1.9+0.7812
1 3.8+0.3A1 35+0.3”1 2.6+0,18! 2.1+0.18! 1.5+0.881
1.5 51+0.7A2 4.1+ 0,542 2.9+ 0,282 3.4 +0.682 2.6 +0.8872
Hematocrit (%) 0 712+2.92 58.4 +5.6® 778+ 1.6° 42.7+1.8% 16.5+3.5¢
0.5 58.8 + 4.0 62.2+1.4° 58.8 + 4.8% 335+5.1° 31.0 £9.0¢
1 68.0 +5.22 51.0+2.3» 62.0+6.1® 38.0+6.0° 433 +3.7®
1.5 59.3 +3.7%® 50.2 +£5.5% 68.8 + 6.3? 426+1.9° 355+25°
Hemog]obin (g d|_1) 0 11.8+2.7 139+24 13.4+3.8 10.8+2.3 9.3+4.6
0.5 93+15 16.4+25 109+21 74+1.1 16.1+5.0
1 109+2.2 11.8+1.3 15.3+3.9 10.7+4.0 95+23
1.5 89+23 9.8+1.1 15.1+4.6 16.1+3.3 9.8+5.1
MCV (fL) 0 201.8 + 9.8 170.2+22.04 273.0+16.08¢ 2475+ 138.8°B 4196 + 225.6°
0.5 1572+ 24178 1786 +215% 246.9+13.98¢ 1192+ 18.2A8 202.0 +118.0¢
1 176.4+16.9°8  1505+11.04 251.2+20.3%¢ 156.3 +16.2A8 482.1 +223.3°¢
1.5 133.3+8.3/8 137.4+24.0% 266.6+23.25C  130.9 + 26.6"8 146.3 + 37.1¢
MCH (pg) 0 32.3+6.8° 39.1+4.1° 49.0+11.1° 64.8 + 37.6° 162.5 +55.84P
0.5 28.1+6.3 445+6.9 442+79 229+1.1 84.8 £ 4.0°8
1 275+4.0 33.8+2.6 58.8+15.4 35.0+13.0 80.7 £ 19.578
1.5 19.0+6.1 270+ 4.6 498+ 127 484 +8.6 34.7+8.38
MCHC (g dL%) 0 13.8+2.4A 26.2 £ 4.6~ 21.5+5.8~ 25.9 + 6.4/ 78.2 +62.98
0.5 13.2+3.3A 26.3+3.8~ 20.1 2.5 21.4 +£3.4°8 62.0 +£34.28
1 16.7 + 3.6 229+2.0° 27.3+9.0~ 25.9 +6.2/8 23.4+7.78
1.5 9.4+17° 19.9 + 2,24 15.1 + 3.6% 39.1 + 8.9 26.9 + 1258
Glucose (mg d|_1) 0 51.8+ 1.5~ 90.3+7.58 85.3+9.1B 30.7 £ 7.3AC 9.0+ 0.0
0.5 40.7 £ 3.6~ 74.7+£10.1B 56.0 + 8.98 34.8 + 8.4 15.0 +0.0¢
1 485+53~A 87.0+13.28 97.3+21.58 24.6 + 2,5°C 10.0 +0.0¢
1.5 64.8 + 6.2~ 104.8 + 6.6 83.7+11.28 426 +9.1°C 11.0+1.0¢
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Table 3. P-values for a two-way type Il ANOVA show the effects of four ginger essential oil supplementation levels and
five sampling points (after feeding trial, after stress induction, and 3, 6 and 24 h after challenge with Aeromonas hydrophila)
on immunological variables of Pseudoplatystoma reticulatum. *Statistically significant (5%), WBC: white blood cells,

PAS*: periodic acid-Shiff stained leukocyte.

Variable

Two-way ANOVA P-values

Ginger Sample point  Ginger*Sample point
WBC 0.752 <0.001 0.004*
Thrombocytes 0.010 <0.001 0.006*
Lymphocytes 0.514 <0.001 0.009*
Immature leukocytes 0.117 <0.001* 0.603
Monocytes 0.056 <0.001* 0.260
Eosinophils 0.443 <0.001* 0.647
PAS* 0.519 0.002* 0.730
Neutrophils 0.362 <0.001* 0.837
Basophils 0.097 <0.001 0.035*
Respiratory burst activity — 0.846 0.003* 0.538

Survival after bacterial challenge

There was no significant difference between the
survival curves after the fish were submitted to the
bacterial challenge (Fig. 4).

DISCUSSION

Evaluating the hematological variables of reared fish is
useful to monitor their physiological and health status
because their values reflect the animal's response to
factors such as nutrition, stress, and microbial
infections (Fazio 2019). In this study, when considering
each ginger essential oil supplementation level as a
mean, we found that the fish fed the highest
concentration (1.5%) exhibited significantly higher
values of RBC when compared to fish fed the control
diet, suggesting enhanced blood oxygen-carrying
capacity. Ferri-Lagneau et al. (2012) demonstrated that
ginger extract stimulated hematopoiesis in zebrafish
(Danio rerio), which could explain our results. Another
possibility could be that the ginger essential oil -due to
the antioxidant potential of its constituents (Jeena et al.
2013)- may have protected the RBC against hemolysis
by free radicals (Mohammadi et al. 2020). When
observing the hematocrit values, only fish fed the
control diet exhibited a significantly lower value when
comparing the initial sampling point (0) and the final
post-challenge sampling point (24 h). Fish fed the
ginger essential oil supplemented diets seem to have
maintained more stable values, resulting in non-
significant differences when comparing the initial
sampling point (0) and the last post-challenge sampling
point (24 h), which could also have been a result of the
ginger components properties.

In hemoglobin, no significant effect was observed,
either considering each factor or their interaction,
consistent with studies evaluating a ginger essential oil
supplemented diet for Nile tilapia Oreochromis
niloticus (Brum et al. 2017) and ginger supplemented
diet for beluga (Huso huso) (Kanani et al. 2014), in
which no effect of the supplemented diets on fish
hemoglobin was found.

In addition to the significantly lower values of RBC
for the three post-challenge points when compared with
the pre-challenge results, the lowest values for MCV
and MCHC, when considering each sampling point as
a mean, were found in the 24 h post-challenge point.
These alterations in the fish hematology are to be
expected for fish infected with diseases (Hrubec &
Smith 2010). Regarding the MCH, the results are a
reflection of what occurred, especially with the RBC.
Although it was not a statistically significant result,
there was a trend for erythrocyte values to increase as
the ginger essential oil supplementation increased in the
24 h post-challenge sample point. As erythrocytes
count is the denominator in that hematimetry
calculation, that resulted in a significantly higher value
of MCH when comparing the fish fed the control diet
with the animals fed the 1.5% ginger essential oil
supplemented diet at the 24 h post-challenge sample
point.

Blood glucose can be used as an indicator of stress
in fish, as it tends to increase due to the release of
catecholamines and corticosteroids during stressful
situations (Ross & Ross 2008). This study found that its
level increased significantly after the fish were
submitted to the stress induction. It then reached the



602 Latin American Journal of Aquatic Research

Table 4. Immunological variables of Pseudoplatystoma reticulatum fed different dietary levels of ginger Zingiber officinale
essential oil (ZO-EO) and submitted to stress induction and bacterial challenge with Aeromonas hydrophila. Data presented
as mean * standard error of the mean. Different superscript numbers across ginger essential oil levels indicate significant
differences when considering each treatment as a mean. Different superscript capital letters across sample points indicate
significant differences when considering each sample point as a mean. For variables that a significant interaction effect was
found, lowercase letters across columns and capital letters across rows indicate significant differences between means. In
all instances, Tukey's test at a significance level of 0.05 was employed. PAS™: periodic acid-Shiff stained leukocyte, WBC:

white blood cells, OD: optical density.

: Z0O-EO Sample point
Variable level (%) 0 Stress 3 6 24
WBC 0 1296+ 6.72 1384+ 145  257+26° 16.7 + 0.0° 0.6 +0.2°
05 81.5+10.0? 1493+ 254>  30.8 +2.8% 56.5+4.2%  5020.1°
(x10°% L) 1 107.1 + 10.0* 117.3 + 9.0 714 £57% 2045+21%  32+1.4°
15 118.7 + 17.42 1120+ 136  37.6+55 35.4 + 7.2 5.6 + 0.5
Thrombocytes 0 81.1+251~A% 1009+142%  69.0% 3.6® 48100 8845
05 163.1+ 16.082 89.5+13.7%  57.4+13.1° 41.9+4.8  34.4+245
(%103 pLt) 1 62.1+5.2A 63.2+4.6 65.2+14.5 36.9+5.6 224+11.3
15 729+9.7A 105.5 + 24.7 60.9 +17.2 68.2+26.1 57.0+8.0
Lymphocytes 0 959+ 10.6®  103.9+13.1%  22.6+25% 165+0.0°  05+0.1°
0.5 49.2 + 4.2% 97.7+17.22  257+4.0b 523+33%  49+01°
(x10° pLt) 1 64.8 + 9.3 81.8 +7.5% 58.1+52®c  238+220¢  28+12°
15 80.1 + 16.3% 81.6+11.8°  32.6+ 4.4 34.4+70%  50+0.3°
Immature 0 58+13° 16+05° 0.5 +0.18¢ 0.0+£00%  0.0+00°
leukocytes 0.5 5.4+ 1.9° 54+188 0.4 + 0.18¢ 1.8+1.08¢  0.1+01°
1 8.9+ 167 3.8+ 158 2.2+ 1.08C 0.0+0.0%¢  0.1+00°¢
(x10° pL?) 15 10.6 + 3.1~ 46+1.18 1.1 +0.38¢ 0.1+0.18¢  0.0+0.0°
Monocytes 0 45+ 16~ 6.7+ 13~ 11+0.18 0.0+ 0.0 0.0+ 0.0°
0.5 7.0+ 2.7A 15.0 + 4.1~ 0.4+0.18 1.0+0.78 0.0+ 0.08
(x10% uL) 1 8.8+ 128 80+ 114 4.2 +2.08 01+018  0.1+0.08°
15 6.0+ 1.0A 7.7+ 167 0.4+ 0.08 0.3+0.18 0.2+0.18
Eosinophils 0 2.6+ 1.0~ 2.9+ 0.5° 0.3%0.18 0.1+0.0° 0.0+ 0.0°
0.5 0.8+ 0.4A 2.8+ 1.1A 0.3+0.18 0.2+0.28 0.0+ 0.08
(x10% uLY) 1 2.4+ 12A 1.6 + 0.4A 1.2+0.38 0.1+0.08 0.0+0.08
15 1.2+ 0.6 2.2+0.7A 0.4+0.18 0.2+ 0.0 0.1+0.08
PAS" 0 0.5+ 0.27B 1.0£027 0.0+ 0.0° 0.0+ 0.0° 0.0+ 0.0
0.5 0.5+ 0.2°8 2.4+ 1.9° 0.3+0.08 0.0+ 0.08 0.0+ 0.08
(x10% uLY) 1 2.1+13°8 1.0+ 0.3A 0.4+0.18 0.0+0.08 0.0+0.08
15 0.8+ 0.378 2.0+ 0.6 0.2+0.18 0.0+ 0.08 0.2+0.18
Neutrophils 0 145+33A 100+2.7A 0.7+0.1° 0.1+0.08 0.0+ 0.0°
0.5 15.7 + 4.0° 21.2+7.0° 24+168 0.6+0.38 0.0+ 0.08
(x10% uLY) 1 13.8+2.8° 132+ 477 43+168 0.2+0.18 0.1+0.18
15 15.2 + 3.5A 9.4+ 1.4A 2.3+0.88 0.3+0.28 0.1+0.18
Basophils 0 43+08 121+ 1.4AP 05%0.1° 0.0%0.0° 0.0%0.0°
0.5 3.0+12 52+1.18 12+03 0.7+0.4 0.0+0.0
(¥10% pL) 1 6.4+ 1.7b 794272 10403 0.2+ 0.0 0.1+ 0.0
1.5 65+1.8 45+138 06+0.2 0.1+0.1 0.1+0.1
Respiratory burst 0 0.15+0.02 0.14+0.03 0.22+0.02 019+005 0.15+0.02
activity (OD) 0.5 0.09 +0.02 0.16 + 0.03 0.19+0.03 0.16+0.03  0.25+0.00
1 0.14+0.03 0.16 + 0.02 0.18 +0.01 0.15+0.02 0.22+0.04
15 0.15+0.02 0.17 +0.02 0.20 +0.03 0.15+001 0.18+0.02

statistically lowest value in the 24 h post-challenge
point, probably resulting from both the infection and
fasting.

Feeding fish with diets supplemented with essential
oils has been shown to produce immunomodulatory
effects in various studies (Sutili et al. 2018). However,
these effects are not consistent. For instance, Valladdo

et al. (2017) fed Nile tilapia with diets containing
essential oils of Mentha piperita and Melaleuca
alternifolia and sampled the fish on the 7", 30™", and
60" days. Except for a significant effect on the count of
monocytes at the 30-day sampling point, no alterations
on total leukocyte count or the differential counts were
observed. In our case, after the feeding trial, only a sig-
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Table 5. Liver histomorphometry of Pseudoplatystoma reticulatum fed different dietary levels of ginger Zingiber officinale
essential oil (ZO-EQO). Data presented as mean * standard error of the mean. Different letters on the same line indicate
statistical difference by Tukey's test (P < 0.05). N/C: nucleus to hepatocyte ratio as regards area or perimeter.

ZO-EO level (%)

Variable 0 05 1 15 P-value
Nucleus circularity (0-1) 0.89 £ 0.00? 0.91+0.00>  0.91+0.00° 0.91+0.00° <0.001
Nucleus area (Um?) 12.58+0.18% 13.71+0.18> 1557+0.22° 13.77+0.20° <0.001
Hepatocyte area (Lm?) 96.37 £157% 92.83+1.13%* 1005+1.38° 109.9+1.19° <0.001
N/C (area) (%) 13.53+0.23%¢ 15.12+0.24®> 15.85+0.24° 12.72+0.18 <0.001
Nucleus perimeter (m) 13.23+0.090 13.66+0.09* 14.55+0.10° 13.71+0.09° <0.001
Hepatocyte perimeter (um)  36.73+0.29° 36.32+0.24* 37.76+0.26° 39.65+0.22° <0.001
N/C (perimeter) (%) 36.35+0.31* 37.89+0.31> 38.79+0.31°> 34.72+0.26° <0.001
Nucleus volume (um?) 32.35+0.46% 33.26+0.67° 35.64+0.45° 33.66+0.70® <0.001
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Figure 4. Kaplan-Meier cumulative survival curves for Pseudoplatystoma reticulatum catfish fed different dietary levels
of ginger Zingiber officinale essential oil and challenged with Aeromonas hydrophila.

nificant difference between treatments in the throm-
bocyte count was found, in which a significantly higher
value occurred in fish fed the 0.5% ginger essential oil
supplemented diet. Thrombocytes are part of the fish's
innate immune system, having phagocytosis and
coagulation capacity (Biller-Takahashi & Urbinati
2014). Also, regarding the 0.5% treatment, only fish fed
this diet had a significantly higher WBC count after the
induction of stress. Fish immune response to stress is
complex, with studies reporting both immunosu-
ppression and immunostimulation (Wendelaar-Bonga
1997), and it seems that the ginger supplementation
modulated this response.

Interestingly, although it was not statistically
significant, the numerically highest survival after the

bacterial challenge occurred in fish fed the 0.5%
supplemented diet. Perhaps the induction of stress
impaired the immune response of the fish, reducing the
positive effect obtained after the feeding trial and
rendering effects on post-challenge survival less
intense.

Overall, the values for the hemato-immunological
variables obtained after the feeding assay are within the
range of values for those reported for healthy
Pseudoplatystoma reticulatum (Sanchez et al. 2014,
Jerdnimo et al. 2015, Mourifio et al. 2016, Sousa et al.
2019, Campos et al. 2020, Silva et al. 2020).

Fish undergoing various types of nutritional
stressors, such as feed restriction (Souza et al. 2001),
unbalanced diets (Raskovi¢ et al. 2019) and lower fee-
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ding frequency (Rodrigues et al. 2017), or exhibiting
nutritional pathologies due to certain plant-derived feed
additives (Zake$ et al. 2008), were found to exhibit
smaller hepatocyte nuclei. Accordingly, the essential
oil supplementation at the levels evaluated seem to not
have been a stressor in our study, as the measures of
hepatocyte nuclear size (i.e. nuclear area, nuclear
perimeter, and nuclear volume) were not significantly
lower than fish fed the control diet.

Although fish fed the 0.5 and 1.0% levels did not
differ significantly from the control ones, the 1.5%
group exhibited a significantly higher hepatocyte area
when compared to the other ones, perhaps suggesting a
better nutritional status. Increased fish hepatocyte size
has been associated with increased reserves of glycogen
and lipids, suggesting an enhanced liver nutritional
status (Oliveira et al. 2010, Ferreira et al. 2016). This
hypothesis could be evaluated in a specific study.

Feed additives may enhance the early stages of the
immune response of fish. Judging on the results
mentioned above, the ginger essential oil dietary level
of 0.5% appears to have had positive immuno-
modulatory effects on the fish. However, the inclusion
of these substances may not positively affect the
outcome of the integrated immune response, which in
our study would be the survival after the bacterial
challenge, in which no significant differences were
found between treatments. It could be related to a series
of factors, such as dosing, feeding regime, and
supplementation times (Pohlenz & Gatlin 111 2014).

CONCLUSION

Our results indicate that the dietary supplementation of
Zingiber officinale essential oil at the supplementation
level of 0.5% had a positive immunomodulatory effect
on Pseudoplatystoma reticulatum juveniles, judging
from the significantly higher counts of thrombocytes
and total leukocytes. However, that did not result in a
statistically significant enhanced survival to infection
by Aeromonas hydrophila, which could have been
caused by the stress induction before the challenge.
Liver histomorphometry indicates that the essential oil
in levels employed does not negatively affect P.
reticulatum hepatocytes because their nuclei were not
significantly smaller than fish fed the control diet.
Furthermore, a significantly larger hepatocyte area
found in fish fed the highest does (1.5%) suggests an
enhanced nutritional status, a hypothesis that could be
evaluated in a further study.
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