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Abstract Canadian goldenrod (Solidago canadensis) is
one of the most destructive invasive weeds in South-
eastern China. To evaluate its potential application as
dietary supplement in red swamp crayfish (Procambarus
clarkii), the antibacterial properties of aqueous and ethanol
extracts of this plant against three major pathogenic
bacteria in crayfish aquaculture were examined. Inhibition
zone tests and determination of minimum inhibitory
concentration revealed that the extracts had lower
antibacterial activity than extracts from two traditional
medicinal plants that possess antibacterial properties,
garlic (Allium sativum) and cortex phellodendri (Phello-
dendron chinense). However, they did exhibit greater
antibacterial effects than extracts from another widely used
medicinal plant, Sophora flavescens, and an aquatic weed,
Alternanthera philoxeroides. Aqueous extracts of Cana-
dian goldenrod gave greater inhibition than the ethanol
extracts. Crayfish fed a diet with 2% these aqueous
extracts exhibited significantly higher enzyme activity of
alkaline phosphatase, catalase and phenoloxidase
(P < 0.05). Based on the results of this study, we conclude
that aqueous extracts of Canadian goldenrod are highly
promising for the development of new dietary supplement
for use in crayfish aquaculture.
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1 Introduction

Bacterial species from numerous Gram-negative genera
including Aeromonas and Vibrio can cause asymptomatic
bacteremia and bacterial septicemia in freshwater crayfish,
with the former condition representing an early phase of
the latter. Aeromonas is one of the most frequently reported
asymptomatic genera that have been isolated from the
hemolymph of apparently healthy crayfish!'!. Ingestion of
food contaminated with Aeromonas hydrophila and
Aeromonas veronii bv. Sobria has been frequently reported
to cause gastrointestinal diseases in human'?. While the
abundance of Vibrio species can lead to the development of
vibriosis in crayfish, Vibrio parahemolyticus is also of
great concern for food safety because it is recognized as a
human pathogen and is a leading cause of food poisoning
especially in Asian countriest’). With the growth of
intensive crayfish aquaculture, the occurrence of disease
outbreaks caused by these bacteria is likely to increase and
the consumption of food contaminated with A. hydrophila,
A. veronii bv. Sobria and V. parahemolyticus involves a
great risk to public health. The development of safe
therapeutants and the implementation of effective disease
control methodologies are urgent requirements not only for
the crayfish culture system but also for consumers.

In China, red swamp crayfish (Procambarus clarkii) was
introduced for human consumption in the early 1940s and
is now the most common freshwater crayfish eaten. To
defend crayfish against pathogens, the implementation of
preventive and control strategies always involves pesti-
cides, disinfectants, and antimicrobial drugs and their use
has been growing in parallel with the development of
aquaculture. However, there is now worldwide concern
that the use of such products represents an increasing risk
for human health and for the sustainable use of aquatic
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environments'* . In this regard, studies on the develop-
ment of alternative feed additives, such as oligosacchar-
ide!”), emodin!®, cornstarch! and L-carnitine'”; to
stimulate the crayfish immune system and protect them
from different stressors, have been undertaken. Plant
extracts have received special attention as biologically-
active feed additives and growth enhancers and have been
suggested as potential alternatives for disease control in
aquaculture. However, limited research on such additives
has been reported for crayfish.

Canadian goldenrod (Solidago canadensis), a perennial
composite native to North America, was introduced into
China as a horticultural plant in the early 1930s and has
become naturalized in Shanghai, Jiangsu and Zhejiang.
Since the 1980s, it has spread rapidly as an exotic invasive
weed. In colonized areas, it significantly reduces overall
species abundance and diversity, and has caused serious
damage to agricultural production and ecosystems!''). Its
high adaptability to various environments!'?, rampant
reproductive capacity in response to disturbance!'*!] and
the absence of natural herbivores makes it one of the most
destructive invasive weeds in south-eastern China. To date,
there has been no research on the effects of extracts from
Canadian goldenrod on the nonspecific immune system of
crayfish. The aim of the present study was to evaluate the
antimicrobial activity of extracts from Canadian goldenrod
as well as the side effects of its dietary supplementation on
the antioxidant status of adult red swamp crayfish using
superoxide dismutase (SOD), catalase (CAT), alkaline
phosphatase (AKP), acid phosphatase (ACP) and pheno-
loxidase (PO) activities as biological indices.

2 Materials and methods

2.1 Plant material

Canadian goldenrod (S. canadensis) and Alternanthera
philoxeroides were collected from Shugang ridge in the
Slender West Lake Park, Yangzhou, China in the month of
September. Garlic (4/lium sativum) was purchased from a
farmer's market. Phellodendron chinense and Sophora
flavescens were purchased from a traditional Chinese
medicine dispensary. Plant materials were washed under
running tap water followed by sterilized distilled water, air-
dried in the shade for 30 days and then powdered with the
help of a sterilized pestle and mortar. The ground powders
were kept in airtight bags separately at room temperature
before use.

2.2 Plant extracts

The aqueous extracts were prepared by decocting dried
plants with boiling distilled water (50 g-L™") for 1h. The
hot decoction was first filtered through four layers of
gauze, and then filtered with syringe filters (Millex-LH,

0.45 pm pore size, Millipore, Billerica, MA, USA). The
filtrates were then evaporated using a rotary evaporator
(R5003K2B, Shanghai SENCO Technology Co. Ltd.,
China) to give a concentrated extract.

The ethanol used in this experiment for extraction was of
analytic grade and purchased from Sinopharm Chemical
Reagent Co. Ltd. (Shanghai, China). Fifty gram of air-
dried and powered plants were first soaked in 1L ethanol
for 24h at room temperature and then homogenized
completely by electromagnetic stirring for 1h. The
solution was centrifuged (3000 x g for 5min) and the
supernatant then collected and filtered through 0.45 pm
syringe filters. Extraction was repeated on the residues
three times using the same method, and all supernatants
combined and blended. The combined extract was rotary
evaporated to dryness under reduced pressure at 40°C.
Both aqueous and ethanol extracts were stored at —20°C
until use. Extract yields were determined dividing the
weight of extract by the original weight of ground sample.

2.3 Antimicrobial screening

2.3.1 Microorganisms

Three Gram-negative bacteria, biochemically and mor-
phologically identified as A. hydrophila, A. veronii bv.
Sobria and V. parahemolyticus were used. A. hydrophila
and 4. veronii bv. Sobria were provided by the Freshwater
Fisheries Research Institute, Jiangsu, China. V. parahemo-
Iyticus was obtained from the Zoonosis Laboratory,
Yangzhou University, Jiangsu, China. They were main-
tained on nutrient agar slants. Each of the microorganisms
was subcultured before susceptibility testing by transfer-
ring them into a separate test tube containing nutrient broth
and incubated overnight at 28°C.

2.3.2  Turbidity measurement

Four to five colonies from an agar plate culture grown
overnight were inoculated into 5 mL of the beef extract-
peptone medium. After incubating at 28°C and shaking at
200 r-min ' for 18 h, McFarland standards were used to
estimate the cell concentration and assess the approximate
number of bacteria. The bacterial suspensions were
visually adjusted with broth to a 0.5 McFarland standard,
which corresponded to 1.5 x 10% colony forming units
(CFU) per milliliter.

2.3.3 Agar well diffusion method

The antibacterial activity of the extracts was determined by
the Kirby-Bauer method of agar well diffusion!'*. Briefly,
A. hydrophila, A. veronii bv. Sobria and V. parahemoly-
ticus were subcultured in the beef extract-peptone medium
at 28°C for about 18 h in an incubator and adjusted to a
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turbidity of 0.5 McFarland standard. Then agar plates of
the beef extract-peptone media were prepared. Each
plate was inoculated by spreading bacterial suspension
(10* CFU-mL™") evenly on the surface of solid agar media
with the help of a cotton swab. Plates were then air-dried at
room temperature for 20 min and then 6-mm-diameter
wells, equidistant from one another and from the dish edge,
were punched in the agar, four wells per dish. Extracts
were dissolved separately in dimethyl sulfoxide (DMSO)
to a stock concentration of 200 mg-mL ' and then diluted
to the working concentrations of 50, 75, 100, 125 and
150 mg-mL". Each well received 50 uL solution extracts.
The negative control wells were filled with 50 pL DMSO
only. All the plates were incubated in a thermostat at 28°C
for 18 h. After incubation, the resulting inhibition zones
were measured to an accuracy of +0.1 mm. The mean
inhibition-zone diameter was calculated. All experiments
were repeated three times.

2.3.4 Estimation of minimum inhibitory concentration

The minimum inhibitory concentration (MIC) of all plant
extracts was determined using the standard agar dilution
method. Each extract was first dissolved in DMSO to the
stock concentration of 200 mg-mL . Then serial twofold
extracts dilutions were prepared using DMSO at concen-
trations of 12.5, 25, 50 and 100 mg-mL". After mixing 1
mL plant extract solution with 19 mL sterile beef extract-
peptone agar (cooled to 50°C) plates (90 mm in diameter)
were poured containing various concentration of plant
extracts (0.625, 1.25, 2.5, 5 and 10 mg-mL™"). Three
bacterial species were grown to the early logarithmic phase
in beef extract-peptone medium at 28°C. Each species was
adjusted to a 0.5 McFarland standard and diluted 10 times
before inoculation. All plates except those acting as
sterility controls were inoculated with 1 pL bacterial
suspension containing approximately 10" CFU. After the
bacteria suspensions were absorbed completely onto the
medium, plates were incubated at 28°C for 18 h in stacks
of less than two layers to ensure appropriate humidity and
air circulation. Plates with bacteria growing on solid
medium containing a corresponding amount of DMSO and
without any plant extracts were set as negative controls.
The MIC determinations were independently repeated
three times. The MIC for each species was determined as
the highest dilution at which there was no apparent
growth.

2.4 Feeding trial

All animal experiments were performed in accordance with
the recommendations in the Guide for the Care and Use of
Laboratory Animals of China. Healthy red swamp crayfish
(P, clarkii), about 15 to 20 g each, were collected with D-
shaped dip nets from crayfish culture ponds at the

Freshwater Fisheries Research Institute, Jiangsu, China.
Immediately after collection, groups of crayfish were
transported to the laboratory and acclimated for 7 days in
aerated tap water at ambient temperature of 2541°C under
a natural day-night cycle. Ten crayfish were maintained in
a single glass tank (1 m x 0.5 m x 0.5 m) supplied with
continuous aeration to ensure that the dissolved oxygen
concentration was greater than 6 mg-L ' O,. Commercial
crab pellets, containing 32% of crude protein, 3% crude
fat, 7% crude fiber, 17% crude ash, 1%—2% calcium, 1%
total phosphate, 12.5% water and 1.6% lysine, were
purchased from Tongwei Feedstuff Co. Ltd., Suzhou,
Jiangsu, China. During the acclimation period, the crayfish
were fed twice daily to satiation at 6 am and 6 pm. Uneaten
food was collected by siphoning and half of the tank water
was replaced with aerated tap water (pH 7.0-7.2) each
afternoon before feeding.

Aqueous extracts from the six test plants were used as
dietary supplements. Crayfish in the control group were
fed with the commercial diet. Aqueous extracts from plants
were supplemented to the basal diet to formulate experi-
mental diets containing 2% (W/W) of plant extracts.
Briefly, dry basal diets ground through a 60-mm mesh,
aqueous extracts from plants and an appropriate amount of
water were thoroughly mixed to form a stiff dough. The
dough was then made into 1 mm diameter pellets by means
of a laboratory extrusion machine, oven-dried at 60°C and
stored at —20°C until used.

2.5 Sample collection

A total 0f 420 acclimated crayfish were randomly allocated
to six test groups and one control group and distributed
into 42 tanks. On day 3, 7, 14 and 21 of the trial, five
crayfish were randomly removed from each group for
hemolymph collection. Hemolymph was obtained by
pericardial cavity puncture (20-gauge needle) and trans-
ferred via capillary tube into a microcentrifuge tube.
Samples were placed immediately on ice, allowed to clot,
stored at 4°C overnight and then centrifuged (4000 x g
for 20 min at 4°C) to extract the supernatant serum.
Hepatopancreases were subsequently removed and the
dissected tissues were homogenized with a blender using
10 volume ice-cold potassium phosphate buffer (pH 6.4,
0.1 mol-L™"). Cell debris was removed by centrifuging at
8000 x g for 20 min and the supernatants from the crude
tissue samples prepared for subsequent determination of
enzyme activity.

2.6 Determination of enzyme activity

The activity of total SOD (superoxide dismutase), CAT
(catalase), AKP (alkaline phosphatase) and ACP (acid
phosphatase) was spectrophotometrically measured using
commercial enzyme assay kits (A001-1, A005, A059-1
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and A060-1 from Nanjing Jiancheng Bioengineering
Institute, Nanjing, Jiangsu, China) in accordance with the
manufacturer’s instructions. The total protein content was
estimated by the method of Bradford!"”! using bovine
serum albumin as standard.

Phenoloxidase (PO) activity was measured spectro-
photometrically by monitoring the rate of formation of
dopachrome from L-3,4-dihydroxyphenylalanine (L-
DOPA, Sigma-Aldrich, St. Louis, MO, USA) as previously
described!'®). Some modifications were made in order to
make sure that the absorbance lay between 0.1 and 1.0.
Briefly, 3 mL phosphate buffer solution (0.1 mol-L™,
pH 6.0), 100 pL L-DOPA (0.01 mol-L™) and 100 uL
serum were mixed completely and kept at 25°C in water
bath for 10 min. The optical density (OD) was measured at
2 min intervals for 10 min at 490 nm. One unit of enzyme
activity was defined as an increase in absorbance of
0.001 per minute per milliliter serum.

2.7 Statistical analysis

Statistical analysis was performed with the SPSS 13.0
software package. All data were subjected to one-way
analysis of variance. Significant differences were deter-
mined at the 0.05% probability level, the Fisher's Least
Significant Difference then used to identify significant
differences among different groups.

3 Results
3.1 In vitro antibacterial assay

The antibacterial activity of plant extracts against three
Gram-negative bacteria is shown in Fig. 1. These results
reveal that 4. sativum extracts exhibited the strongest
antibacterial effects against tested microorganisms fol-
lowed by P. chinense. When concentrations of the aqueous
and ethanol extracts were higher than 50 mg-mL™, the
highest inhibition was always observed in extracts from 4.
sativum, which was demonstrated by the significantly
larger diameters of inhibition zones. The only exception
was that at a concentration of 75 mg-mL™, aqueous
extracts from A. sativum and P. chinense had the same
antibacterial activity against A. hydrophila. At the
concentration of 50 mg-mL™', extracts from A. sativum
had either significantly higher or equal antibacterial effects
to those from P. chinense with the exception that aqueous
extracts from P. chinense had a significantly larger
diameter of inhibition zone against V. parahemolyticus
than A. sativum extracts. These findings are consistent with
the fact that A. sativum and P. chinense are commonly
recognized as medicinal plants with various antimicrobial
activities.

The antibacterial activity of aqueous extracts was
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highest for 4. sativum, and decreased in the order P.
chinense, then S. canadensis, A. philoxeroides and finally
S. flavescens. However, no obvious trend could be detected
for ethanol extracts, except that ethanol extracts from A.
sativum had significantly higher antibacterial activity than
those from any other plants. Interestingly, the water
extracts from S. canadensis were more effective than
ethanol extracts.

Determination of MIC revealed that in most cases,
extracts from A. sativum and P. chinense were equivalent in
antibacterial activity with similar MIC (Table 1). Ethanol
extracts from A. sativum had relatively higher antibacterial
activity against A. hydrophila and A. veronii bv. Sobria
(MIC = 2.5 mg-mL™) than those from P. chinense (MIC =
5 mg-mL"). These results were consistent with those
obtained in the inhibition zone test. S. canadensis showed
moderate antibacterial activity against the test bacteria
followed by extracts from S. flavescens. Extracts from A.
philoxeroides showed the lowest activity against the three
test bacteria with MIC larger than 10 mg-mL™".

3.2 Enzyme activity in serum and hepatopancreas

Although extracts from A. sativum and P chinense
exhibited promising antibacterial activity against the
three commonly found bacteria in crayfish aquaculture,
the addition of aqueous extracts from these two plants as
dietary ingredients in crayfish did not give rise to
significant elevation of any enzyme activity studied in
serum or hepatopancreas. Compared to the control
animals, significantly higher enzyme activity was only
observed at two time points, day 14 and 21, in crayfish
supplemented with aqueous extracts from P. chinense,
which was CAT activity in the hepatopancreas (17.7£2.2
vs. 9.84£1.6 U per milligram protein) and PO activity in the
serum (1.4£0.1 vs. 0.7£0.1 U per milligram protein).

In contrast, crayfish fed with aqueous extracts from S.
canadensis exhibited significantly higher enzyme activity
in serum and hepatopancreas tissue than the control group
at some time points (Table2). These results indicate that
day 7 was crucial for the effect of S. canadensis
supplement on the AKP activity. At this time point both
the hepatopancreas and serum AKP levels were the
highest. Addition of aqueous extracts from S. canadensis
also resulted in significantly higher activity of CAT in the
hepatopancreas. Notably, the CAT activity showed a
significant decrease on day 7 before it increased again on
day 14 then remained at the higher level till day 21. The
influence of dietary S. canadensis on the PO activity
followed a different trend. A significant increase of PO
activity was observed only on day 3. From day 7 till the
end of the experiment, no significant difference in PO
activity was detected between the S. canadensis and
control groups. However, on day 21, when the PO activity
in the serum of the control animals decreased to half of the
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Fig. 1 Results of the agar well diffusion assay. (a, b) Plant extracts against Aeromonas hydrophila; (c, d) plant extracts against 4. veronii
bv. Sobria; (e, f) plant extracts against Vibrio parahaemolyticus. Data are presented as mean+SE. The diameters of the inhibition zone
were compared between plant extracts at the same concentration. The same superscripted letters indicate no difference, and the different
superscript letters indicate significant difference (P < 0.05) among different plant extracts. AS, Allium sativum; PC, Phellodendron
chinense; SC, Solidago canadensis; AP, Alternanthera philoxeroides; SF, Sophora flavescens.

Table 1 Minimum inhibitory concentrations

Aqueous extracts Ethanol extracts
Bacteria
AS PC SC AP SF AS PC SC AP SF
Aeromonas hydrophila 5.0 5.0 5.0 > 10 10 2.5 5.0 10 >10 10
Aeromonas veronii bv. Sobria 2.5 25 5.0 > 10 10 2.5 5.0 10 >10 10
Vibrio parahemolyticus 2.5 2.5 5.0 > 10 10 5.0 5.0 10 >10 10

Note: AS, Allium sativum; PC, Phellodendron chinense; SC, Solidago canadensis; AP, Alternanthera philoxeroides; SF, Sophora flavescens.
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value of day 14, crayfish in the S. canadensis group still
had about the same level of PO activity. These preliminary
results provided the first evidence of the potential activity
of aqueous extracts from S. canadensis in maintaining the
crayfish enzyme activity at a relatively high level, which
was supported by the change of serum AKP and PO level
on day 21.

During the experiment, sporadic elevation in enzyme
activity in crayfish supplemented with S. flavescens was
also observed, such as serum AKP level (3.7£0.7 vs.
1.7£0.3 U per milligram protein) on day 7 and CAT level
in the hepatopancreas (21.7+4.4 vs. 9.841.6 U per
milligram protein) on day 14. In most cases, enzyme
activity in crayfish in the group supplemented with A.
philoxeroides was lower than in the control group (data not
shown).

4 Discussion

Crayfish constitute an important commodity in aquacul-
ture, have direct and indirect value for humans, and are
important in ecosystems!'*'®. A range of fungal, viral and
bacterial pathogens can cause various diseases in crayfish,
which were partly related to the exposure to environmental
stresses, such as elevated temperature, low dissolved
oxygen and increasing holding time in tanks under
unfavorable conditions!'”?”. With increasing sales of
crayfish for human consumption in China, the develop-
ment of health-improving natural feed additives in crayfish
diet is important for increasing the profitability and
sustainability of crayfish aquaculture.

It is well known that crude extracts from plants can
contain a mixture of several active substances which may
have different antimicrobial effects in animals, and thus
reduce the occurrence of resistant pathogen popula-
tions*'). The use of plants extracts for limiting infections
in this way is usually considered to be safe and beneficial.
The use of Canadian goldenrod for the treatment of chronic
nephritis, cystitis, urolithiasis, rheumatism and as an
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antiphlogistic drug has a history of more than 700 years
in European phytotherapy!*?!. It was also used by
indigenous people in North America for the treatment of
diabetes mellitus™®*). However, its application as a dietary
supplement in crayfish diet has not been documented.

In this study, we identified the antibacterial activity of
Canadian goldenrod extracts against three bacteria com-
monly found in crayfish culture systems. Our results
indicated that their antibacterial effects were significant
although less than extracts from A. sativum and P
chinense, two plants with numerous therapeutic effects in
herbal medicine®* %), and were stronger than 4. philox-
eroides and S. flavescens extracts. Since the continuous use
of antimicrobials will increase bacterial resistance, our
results indicate the potential use of Canadian goldenrod
extracts as an environmentally safe control measure for
these bacteria in the intensive crayfish production.

The activity of two biomarkers of oxidative stress (SOD
and CAT), one immune factor (PO), and two important
enzymes involved in metabolic regulation (ACP and
AKP), were also determined in this study. This appears
to be the first report of aqueous extracts from Canadian
goldenrod enhancing PO, CAT, and AKP activity in adult
crayfish. The significantly higher activity of these enzymes
indicated lowered lipid peroxidation, improved resistance
to oxidative stress, and reduced risk of immunosuppression
in crayfish®”). Since oxidative stress is known to be linked
to many diseases, these results demonstrate that aqueous
extracts from Canadian goldenrod might be a beneficial
dietary supplement for improving the performance of
crayfish under suboptimal conditions and with bacterial
exposure.

Compared with crayfish in the control group, no
significant change of enzyme activity was detected in
crayfish treated with aqueous extracts from 4. sativum and
P. chinense. The most likely explanation is that the extract
procedure, including selection of plant part and collecting
protocol, significantly affects active principles in crude
extracts. Although the antioxidant activity of aqueous
extracts from Canadian goldenrod may come from various

Table 2 Significant change of enzyme activity in crayfish supplemented with aqueous extracts from Canadian goldenrod compared with a control

group
Tissues Enzy.m.e activity . Groups e
(U per milligram protein) Day 3 Day 7 Day 14 Day 21
Hepatopancreas AKP Control 242+£3.5 41.3+9.4 30.4+£3.0 39.5+£5.4
SC 33.5+£7.7 69.8+13.7* 24.4+7.7 38.4+1.7
CAT Control 15.9+2.2 19.0£2.5 9.8+1.6 13.9+4.7
SC 18.9+2.5 10.1+£1.8* 21.0+2.8* 21.3+3.5%
Serum AKP Control 1.5+0.2 1.7+0.3 42+£1.5 1.5+0.04
SC 1.5+0.4 5.7£1.0% 2.640.6 2.6+0.6
PO Control 1.6+0.5 1.4+0.2 1.4+0.7 0.7+0.1
SC 2.74£0.3* 1.0+0.3 1.3+£0.3 1.3£0.1

Note: AKP, alkaline phosphatase; CAT, catalase; PO, phenoloxidase; SC, Solidago canadensis; *, significant difference (P < 0.05).
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substances, such as antioxidant vitamins, phenolics or
tannins, our observations did show that the extraction
method used resulted in efficient dissolution of functional
compounds from crude plant powder. Further study on the
physiological functions of these extracts is needed to
determine their most appropriate use before they can be
approved as dietary antioxidants. Also, their synergistic
antioxidant effects in combination with other aqueous
extracts from plants needs further study. With the
development of intensive aquaculture, water pollution,
underlying environmental conditions and frequent occur-
rence of diseases have resulted in economic losses in
crayfish production, and natural compounds with antiox-
idant properties, and without the toxic side effects of
synthetic antioxidants, are becoming the most promising
dietary immunoenhancers. The strategy of using aqueous
extracts from Canadian goldenrod as a dietary supplement
in crayfish culture systems will improve the production of
crayfish and contribute to making crayfish consumption
safer as well.

5 Conclusions

In this work, the antibacterial activity of aqueous and
ethanol extracts from Canadian goldenrod against three
pathogenic bacteria common in crayfish aquaculture was
evaluated. The effects of aqueous plant extracts supple-
mented in the crayfish diet on the activity antioxidant
enzymes were also determined. The result indicates the
potential for Canadian goldenrod to be a simple,
economical and convenient dietary supplement to protect
crayfish against infectious microorganisms and enhance
their antioxidant defense system.
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