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ABSTRACT

Cereal grains are usually ensiled to improve their nutritional value and are one of the main sources of feed for dairy cattle.
However, during storage, grains can be contaminated with toxicogenic fungi. Sorghum is one of the most economically
important cereals in the world. Therefore, the aim of this work was to evaluate the influence of storage duration and tannin and
moisture content (MC) on toxicogenic fungal populations in sorghum grain storage. Samples that were prepared with varieties
high in tannins (genotypes Morgan 108 and ACA 558, .5 g/kg dry matter) and with varieties low in tannin content (genotypes
Flash 10 and ACA 546, ,1 g/kg dry matter) were collected and manually compacted in experimental laboratory silos where
they received different MC treatments: low (15 to 25%), medium (26 to 32%), and high (33 to 42%). Freshly harvested grains
were analyzed at time 0, and stored grains were analyzed at 30, 90, and 180 days. Fungal isolation and identification were
performed following conventional mycological methods. Penicillium citrinum (34%), Aspergillus flavus (60%), and Fusarium
nygamai (68%) were the most abundant species. Rapid detection of aflatoxins and fumonisins in each sample was performed
using enzyme-linked immunosorbent assay according to the AOAC method, and the quantification of aflatoxin B1 was
performed using high-performance liquid chromatography. In four samples of pre- and poststorage grains, aflatoxins were
detected with levels of 6.7 to 28.8 μg/kg and aflatoxin B1 with a level of 2 to 14 μg/kg. Fumonisins were only detected in two
freshly harvested samples, with levels of 500 to 900 μg/kg. In general, storage time favored the increase of Penicillium
populations and reduced Aspergillus and Fusarium. Conversely the abundance of the three populations was not affected by the
MC. The results of this study show that fungal populations must be analyzed at different times.

HIGHLIGHTS

� Storage favored Penicillium colonization; fresh grains favored Fusarium.
� Aspergillus abundance in high-tannin grains decreased with storage time.
� Storage for 180 days inhibited fungal colonization in high- and low-tannin grains.
� Aflatoxins and fumonisin were found in few samples and at low levels in grains.
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Sorghum is the fifth most economically important
cereal crop, with an average production over the last two
decades of 60.2 Mt (19). In Uruguay, over 10 years (2004-
2005 to 2014-2015), production ranged from 84,700 to
238,000 tons (20). In addition to its importance as a food,
feed, and forage crop, sorghum also provides raw material
for production of starch, fiber, dextrose syrup, biofuels, and
alcohol, among other products (35).

Thousands of years ago, ancient Egyptians were known
to store harvested grains. In Uruguay, particularly, wet grain
silage has played a preponderant role in the various dairy

and livestock production systems of the country. In wet
grain silage, harvested grain is conserved under anaerobic
conditions with a humidity between 23 and 40% (optimum
is 28%) without prior drying (14). Because storage systems
for seeds are artificial ecosystems, maintaining their quality
and nutritional value is very important; fungal spoilage and
mycotoxin contamination are among the greatest risks to
stored feed, such as silage (5). Fungal populations interact
according to certain basic principles in ecology. Growth
rate, frequency, and abundance of potential abilities to
degrade seeds are related to the interaction of fungal and
seed characteristics with the environment and the ecophys-
iological requirements for fungal growth (55).
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Fungal growth on stored grains is an obvious sign of
poor quality, indicating diminished sensory quality and
nutritional value. Mycotoxins produced by grain fungi also
pose a health hazard to animals and humans. Hence, grains
must be safely stored after harvest at specific times of the
year to ensure supply throughout the remainder of the year
(39). Microbial colonization of grains starts soon after grain
emergence and may continue until the grain is utilized, but
the major disturbance of the ecosystem occurs as the grain
is harvested and placed in storage, with the change from the
environmental conditions in the field to those in storage.

Several methods have recently been developed for
efficient mass storage of grains. Environmental control via
manipulation of ecological factors at storage facilities
remains a basic and efficient measure to control fungal
contamination in stored grains.

In addition to fungal spoilage, mycotoxin contamina-
tion is one of the greatest risks to stored feed, such as silage.
The mycotoxins in stored grains are produced by three
genera: Aspergillus, Penicillium, and Fusarium (16, 23, 31).
However, to date, there is no legislation to regulate the
maximum acceptable content of mycotoxins in sorghum for
commercial purposes, as there is for other cereals (9).

García y Santos et al. (24) found that, for moist
sorghum grains stored in silo bags, a long storage time of
180 days was beneficial for decreasing toxicogenic fungal
populations, particularly on high-tannin grains. Consequent-
ly, the aim of this work was to study the effects of storage
time, tannin level, and moisture content (MC) on the
abundance of the main mycotoxigenic fungi that colonize
freshly harvested and stored sorghum grains and to select
the best conditions to reduce grain spoilage. Because
mycotoxins in food and feed are one of the main food
safety problems worldwide, this work also examines the
occurrence of mycotoxins in freshly harvested and stored
sorghum grains.

MATERIALS AND METHODS

Sampling procedure and silo grain treatments. Samples of
Sorghum varieties with condensed tannins at low and high levels
were collected immediately before the start of the ensiling process
from five commercial dairy farms located in San José, Flores, and
Canelones Departments (33833028.30 0 S 56852037.70 0 W, and
34831007.50 0 S 56832021.10 0 W) in south-central Uruguay. The
rainfall during the Sorghum growing period (April to June) was
300 mm, an average precipitation for these months. At the time of
harvest, grains had a MC of 26 to 32%.

Grain samples were collected from five farms selected in the
previous study according to the variety of sorghum grains used for
preparing the silages (24). Three of the farms produced varieties
with high tannin (HT) content (.5 g/kg dry matter [DM]). Of
these, farm 1 produced genotype Morgan 108 (12.3 g/kg DM of
tannin), and farms 2 and 3 produced ACA 558 (7.8 and 5.6 g/kg
DM of tannin, respectively). The other two farms produced
varieties with low tannin (LT) content (,1 g/kg DM). Of these,
farm 4 produced genotype Flash 10 (0.9 g/kg DM of tannin), and
farm 5 produced ACA 546 (0.7 g/kg DM of tannin).

From each of the five farms, 30 kg of grains was collected
during the ensiling process. A 3-kg portion (moisture ranging from
26 to 32%) was homogenized and sampled for mycological
analysis at time 0. The rest (27 kg) was used to develop

experimental silos, under laboratory conditions. From each farm,
nine experimental silos (observation units) were used for this
study. In field conditions, farmers in Uruguay store wet sorghum
grains in silo bags under MC that ranges widely, from 16 to 40%
(14). Fermentation problems have been detected under low and
high MC, and we evaluated three MC levels to determine which
was the best for grain storage: low (15 to 25), medium (26 to 32),
and high (33 to 42%). For each farm and MC level, three
experimental silos were developed. To evaluate storage time, one
silo per farm and MC level was randomly assigned to be opened at
either 30, 90, or 180 days. Then, a total of 50 samples (observation
units) were analyzed: five samples of freshly harvested grains
(three of HT and two of LT, one sample corresponding to each
farm) and 45 experimental silos (one per storage time, MC, and
farm). Experimental silos were round, white, 3-kg-capacity plastic
containers (12 by 20 cm; polypropylene random copolymer,
ATMA, La Paz, Uruguay), according to the methodology
proposed by Aguerre et al. (3) and Brambillasca et al. (12). Silos
were hermetically closed and sealed. At each storage time (30, 90,
and 180 days), they were weighed to evaluate whether MC had
varied. If the variation was between 0 and 1%, modifications in
MC were considered to be unnecessary. For mycological analysis,
silos were opened and grains were randomly collected and
afterward were discarded.

Chemical analyses. MC was determined using AOAC
Official Method 925.09 (7). A crucible was dried in an oven at
1058C for 1 h and placed in desiccators to cool. Condensed tannins
were determined with the butanol-HCl method described by
Makkar (17, 38).

Mycological analysis. For fungal isolation, 100 grains of
sorghum from each sample were randomly selected; after surface
disinfection in a 0.4% solution of NaOCl for 1 min, they were
rinsed three times with sterile distilled water and dried with sterile
absorbent paper. Next, seeds were placed in Petri dishes
containing potato dextrose agar (70139, Sigma-Aldrich, St. Louis,
MO) and were incubated at 258C for 7 to 10 days. At the end of
this period, the resulting colonies were transferred to selective
culture media for isolation: Czapek yeast extract agar supple-
mented with the antibiotics BC-RB for Aspergillus spp. (15),
AFPA for Aspergillus flavus group (50), and CZID for Fusarium
spp. (2, 34, 58). The identification was performed according to the
available guides for Aspergillus spp. (30), for A. flavus group (50,
53), for Penicillium spp. (45, 46, 49, 51, 61, 64), and for Fusarium
spp. (6, 13, 27, 29, 33, 44). The identification of isolates
corresponding to Fusarium spp. and Aspergillus spp. was
confirmed by means of molecular techniques as described by
Mionetto (42). Fusarium spp. were identified using the EF1 and
EF2 specific primers, according to O’Donell et al. (47).
Aspergillus spp. were analyzed by means of ITS1 and ITS4,
according to Vargas et al. (62).

The isolation frequency and the relative abundance of genera
or species were calculated according to McMullen and Stack (40)
for each tannin content, MC, and storage time: relative frequency
was the number of samples of occurrence per the total number of
samples; relative abundance, the number of isolates of a fungal
taxon per total number of isolates.

Analysis of mycotoxins in sorghum grains. Rapid detection
of total aflatoxins from each sample was performed in triplicate
using enzyme-linked immunosorbent assay (ELISA) with the
Ridascreen Fast Aflatoxin SC (R-Biopharm AG, Darmstadt,
Germany) commercial kit, according to the AOAC method (8).
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Approximately 2 g of each sample was disintegrated, weighed,
and extracted with 10 mL of a methanol-water mixture (7þ3) to
separate aflatoxins. Sample extract (100 μL) and horseradish
peroxidase enzyme conjugate (100 μL, diluted in 1% bovine
serum albumin [BSA] in phosphate-buffered saline [PBS]) were
added to the antibody-coated wells, and the mixed solution was
incubated for 60 min. After washing with 0.1% Tween 20 in PBS,
substrate-chromogen solution (3,30,5,50-tetramethylbenzidine–hy-
drogen peroxide in acetate buffer, pH 5.5, 100 μL) was added to
all testing wells, and the plate was incubated for 30 min. The plate
was read in a dual wavelength mode (450/650 nm) after stopping
the color development with 1.25 M sulfuric acid (50 μL). For the
control and blank wells, 16% methanol and diluted sample extract
were used for their respective standard curves. The final
absorbance was calculated by subtracting the absorbance of the
corresponding blank wells (background color). The limit of
detection of aflatoxins (ELISA) was 2 μg/kg, and the range of
detection was 2 to 100 μg/kg.

Aflatoxin B1 (AFB1) standard or undiluted sample extract
(50 μL) and horseradish peroxidase enzyme conjugate (100 μL,
diluted in 1% BSA in PBS) (in a direct assay) or a coating
antigen (in an indirect assay) were prepared from a hapten that is
structurally similar but not identical to that used for antibody
production. Detection and quantification of AFB1 from each
sample was performed in triplicate using high-performance
liquid chromatography according to the methodology proposed
by Trucksess et al. (61). Twenty-five grams of sample and 100
mL of acetonitrile:water (84:16, v/v) were placed in a high-
speed blender for 3 min. The mixture was filtered through
Whatman No. 4 filter paper, and a 5-mL aliquot of this filtrate
was passed through a MycoSep 224 cleaning column (Romer
Labs Inc., Union, MO). Of this extract, 2 mL was brought to
dryness and then resuspended in 400 μL of water:methanol:a-
cetonitrile at (4:1:1, v/v). An aliquot (200 μL) was derivatized
with 700 μL of trifluoroacetic acid:acetic acid:water (20:10:70,
v/v). Chromatographic separations were performed on a reverse-
phase column (150 by 4.6 mm id., 5-μm particle size; silica gel,
Varian, Inc., Palo Alto, CA). Methanol:water (60:40, v/v) was
used as the mobile phase at a flow rate of 1 mL min�1. The
fluorescence of aflatoxin derivatives was recorded at λ 360 nm
and λ 460 nm. Standard curves were constructed with different
levels of AFB1. This toxin was quantified by correlating the
peak heights of the sample extracts with those of standard
curves. The recovery of AFB1 ranged from 73 to 98%, the range
of detection from 0.02 to 2 μg/kg, and the range of quantification
from 0.05 to 5 μg/kg. The limit of quantification of AFB1 was
0.05 μg/kg (21). The detection limit of the analytical method
was 0.4 μg/kg (48).

Fumonisin analysis was performed using ELISA with the
Ridascreen Fast Fumonisins (R-Biopharm AG, Darmstadt,
Germany) commercial kit. In triplicate, 5 g of ground sample
was weighed and extracted with 25 mL of methanol-water mixture
(7þ3) to separate fumonisins. The sample extract was shaken
vigorously for 3 min with a shaker, filtered through Whatman No.
1 filter paper and diluted 1:14 (1þ13) with distilled water. Then, 50
μL was added to each microtiter well with equal volumes of
enzyme conjugate and anti-fumonisin antibody solution, and the
mixture was incubated for 10 min. After washing, 100 μL of
substrate-chromogen solution was added to the well, mixed, and
incubated for 5 min in the dark. The reaction was stopped with 100
μL of 1 N sulfuric acid. The detection limit for fumonisins
(ELISA) was 0.222 mg/kg, and the range of detection was 0.222 to
6 mg/kg, according to the manufacturer’s specifications. TA
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Statistical analysis. The relative frequency of Aspergillus,
Fusarium, and Penicillium isolates was evaluated by chi-square
and Fisher’s analysis. The relative abundance of fungi and
mycotoxins was determined by the logistic regression model to
evaluate the association between the study variables. Split-plot
designs were analyzed for each grain variety (HT or LT) using the
generalized linear mixed model in R (54). Interactions between
MC and storage time were included as a fixed effect. MC (high,
medium, and low) was considered by main plot and the fresh
harvest (time 0) and storage time (30, 90, and 180 days) were
considered by split plot. Significance was declared at P , 0.05.

RESULTS

The presence of fungi was observed in 49 of 50
sorghum samples. The most frequent fungi isolated in
freshly harvested and stored samples corresponded to
Penicillium spp. (88%), Aspergillus spp. (70%), and
Fusarium spp. (18%).

As shown in Table 1, the frequencies of all fungi
increased after grains were freshly harvested (time 0) up to
30 days of storage and then gradually decreased over time
until the end of the period (day 180); only Fusarium showed
a statistically significant difference (P¼ 0.04) (Table 1).

In freshly harvested and storage samples, the distribu-
tion of species within each genus showed that one species
was dominant and several were rare. A. flavus (60%) was
the most abundant species of this genus, and A. fumigatus
(14%), A. niger (14%), A. candidus (6.5%), and A. clavatus
(3.5%) were present with lower abundance and as rare
species, along with A. ochraceus (1.1%) and A. niveus
(0.6%). In Fusarium, F. nygamai (68%) was the most
abundant; F. graminearum was less abundant (26.4%); and
F. tricintum (2.8%), F. oxysporum (1.4%), and F. semitectum
(1.4%) were rare species. Of Penicillium isolates, Penicil-
lium citrinum (34%) was the most abundant species of this
genus present in all samples, and P. verrucosum (4%) was
present in a few samples with low abundance.

In HT and LT fresh grain samples (time 0), the relative
abundance of Penicillium spp. was significantly lower (P ,
0.01) than in stored grains at 30, 90, and 180 days with the
three MCs (Table 2), as shown in Table 3. But only the
relative abundance of LT grains with medium and low MC

evidenced a statistically significant difference in relation
with the grains with high MC (Table 3). If the interactions
of MC and time are considered, a statistically significant
difference in relative abundance can be observed in HT
grains with medium MC at 30 days and with low MC at 90
days and in LT grains with medium MC at 30 days and with
low MC at 30 and 180 days (P , 0.01).

The relative abundance of Aspergillus spp. in HT fresh
samples (time 0) was higher than in stored samples with the
three MC levels, except at 30 days with high MC (Table 2),
without evidence of significant difference (Table 3). In LT
fresh samples (time 0), the relative abundance of Aspergil-
lus was lower than at 30, 90, and 180 days of storage with
high and medium MC. However, in grains with low MC at
180 days, Aspergillus abundance was slightly higher than in
freshly harvested grains (time 0), without significant
difference. However, the effect of storage time evidenced
a significant difference (P , 0.01) in the relative abundance
of Aspergillus present in grains of both varieties. The effect
of MC levels on Aspergillus spp. abundance was not
statistically significant (Table 3). However, if interactions of
MC and time are considered, a statistically significant
difference in relative abundance can be observed only in HT
grains with medium MC at 30 day (P , 0.01) (Table 4).

The relative abundance of Fusarium spp. in HT fresh
grains (time 0) was significantly higher (P , 0.01) than in
storage grains at 30, 90, and 180 days (Table 2), as shown in
Table 3. Conversely, the effect of MC levels on the relative
abundance was not statistically significant (Table 3).
Moisture and time interactions did not occur.

Total aflatoxins were detected in only 4 (8%) of the 50
samples, one from a freshly harvested sample and three
from stored samples. In the freshly harvested (time 0) HT
sample, 6.7 μg/kg total aflatoxins and 2 μg/kg of AFB1 were
detected. Total aflatoxins detected in the three stored
samples were as follows: (i) 20 μg/kg in a LT sample with
high MC at day 90 (AFB1 was not detected); (ii) 14 μg/kg in
a LT sample with medium MC at day 180 (14 μg/kg of
AFB1 was detected); (iii) 28.8 μg/kg in a HT sample with
low MC at day 180 (AFB1 was not detected).

Fumonisin was detected only in two freshly harvested
samples contaminated with Fusarium, with levels ranging

TABLE 2. Analysis of the relative abundance of Penicillium spp., Aspergillus spp., and Fusarium spp. from two varieties of freshly
harvested and ensiled sorghum grainsa

Variable

Penicillium Aspergillus Fusarium

High MC Medium MC Low MC High MC Medium MC Low MC High MC Medium MC Low MC

High tannin
0 days — 0.11 — — 0.29 — — 0.29 —
30 days 0.23 0.88 0.2 0.42 0.03 0.28 0 0 0.03
90 days 0.55 0.73 0.23 0.05 0.09 0.3 0 0 0.03
180 days 0.42 0.58 0.39 0.05 0.08 0.19 0 0.02 0.03

Low tannin
0 days — 0.04 — — 0.01 — — 0.14 —
30 days 0.37 0.02 0.04 0.21 0.08 0.04 0 0.05 0.13
90 days 0.62 0.53 0.18 0.15 0.12 0.35 0 0 0
180 days 0.79 0.47 0.47 0.14 0.13 0.07 0 0 0

a Freshly harvested, time 0; MC, moisture content (%).
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from 500 μg/kg in HT grains to 900 μg/kg in LT grains; it
was not detected in stored samples.

DISCUSSION

The abundance of the most important toxicogenic fungi
was significantly different between freshly harvested and
stored grains with different MC levels and storage times.
MC affected only the Penicillium population in LT grains:
Penicillium levels were lower in grains with medium and
low MC levels compared to grains with high MC. On the
other hand, storage time favored the increase of Penicillium
populations but reduced Aspergillus and Fusarium popula-
tions. A previous study found that, for moist sorghum grains
stored in silo bags, 180 days of storage led to decreases in
populations of the three toxicogenic fungi, particularly on
HT grains (24).

The main fungal contamination of sorghum grains
found in this study was qualitatively comparable to that
found in other sorghum-producing countries worldwide
(33). However, no similar quantitative comparison could be
established because studies investigating fungal contami-
nants of stored sorghum grains for a long period (180 days)
are not frequently performed. Wheat grains stored for 6
months showed the presence of Aspergillus spp., Penicil-
lium spp., and Fusarium spp., as recorded here (11, 52).
These fungi were associated with cereal seeds and growing
plants from the time the seed was sown as part of the
agroecosystem to the time the new seeds were harvested,
transported, and stored as part of a new grain ecosystem
(55).

Fungal contamination varies in occurrence and magni-
tude depending on the conditions under which a crop is
grown, harvested, and stored (47). In the sorghum grains
analyzed here, Penicillium was favored in HT and LT grains
under storage conditions, and Aspergillus was favored more
in HT than in LT freshly harvested grains. Hence, it is
important to take into account the amount of precipitation in
the crop season to select the MC of sorghum grains for
storage (25).

The infrequent contamination and low levels of
aflatoxins found in the freshly harvested grain samples
could probably be related to rainfall values during the
growing period. In stored grains, aflatoxins were absent or
were detected at low levels in few samples; they were
lowest in samples with medium MC, similar to fresh grain
samples, and highest in samples with low or high MC.
Conversely, Magan and Aldred (36), under silage condi-
tions, found that grains with low water content were critical
for safe storage. On the other hand, under laboratory
conditions, Montani et al. (43) showed that medium MC
was the most favorable condition for AFB1 production in
corn grains for all incubation times; the equivalence was
approximately calculated according to values from Magan
et al. (37). Lahouar et al. (32) found that AFB1 production
could be avoided by storing sorghum grains with low MC
and that the highest levels were produced with higher MC.
Weledesemayat et al. (65) detected AFB1 (2.26 μg/kg) in
sorghum grains with low MC. Comparison of the MC
percentage of sorghum grains with the water activity of
other grains was approximately calculated according toTA
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values from Magan et al. (37). These conflicting results
likely stem from different conditions during the sorghum
growing period and at the time of sampling.

Uruguay follows the limits determined by the common
legislation of countries that constitute Mercosur; the
maximum limit of aflatoxins allowed is 20 μg/kg for corn
destined for dairy cow consumption (41). Moreover, the
Ministry of Livestock, Agriculture, and Fisheries of
Uruguay recommends a maximum limit of 5 μg/kg for
AFB1 in diets intended for dairy cows, as indicated by
European Union regulations (22). Because stored grains are
one of the main sources for dairy cow nutrition in Uruguay,
there is a risk of aflatoxicosis, which has severe clinical
symptoms and which reduces milk yield and feed
conversion (57, 59, 63). The most important impact on
human health is due to the metabolic transformation of
AFB1 to AFM1, present in milk (56, 60).

Fumonisins produced by isolates of F. nygamai were
only detected in two freshly harvested samples of HT and
LT grains, corresponding to the scarce presence or absence
of F. nygamai in silage grains. According to Da Silva et al.
(18), the levels of aflatoxins and fumonisins detected in
freshly harvested and silage sorghum grains depend on the
prevailing abiotic factors (MC, temperature, relative
humidity, and mean rainfall) during the sorghum growth
period and at the time of sampling.

It seems probable that, apart from environmental
conditions during preharvest and storage of grains, tannin
content may also influence fungi abundance during storage.
Tannins are recalcitrant resources for biodegradation,
mainly due to the ability of these molecules to inhibit
microbial growth by binding strongly to proteins and
polysaccharides such as cellulose and pectin (10). Con-
densed tannins are more resistant to microbial decomposi-
tion, whereas hydrolysable tannins are more easily degraded
by some microorganisms (17).

On the other hand, Aspergillus and Penicillium species
are the most active microorganisms capable of producing
tannase (1). In animal feed, tannase is used to reduce the
antinutritional effects of tannins and to improve digestibil-
ity, an activity that is accomplished by these fungi (4, 26,
43).

Although the results of this study have shown that few
samples were contaminated and mycotoxin levels were low,
sorghum silage must be periodically monitored to avoid
animal production impairment and hazards to animal and
human health (28). In addition, because sorghum grains are
an important resource in Uruguay, legislation is needed to
regulate the maximum acceptable limits of mycotoxins in
these grains used for commercial purposes (9).

Briefly, the results of this study showed that stored
grain was more favorable to Penicillium spp. colonization
than fresh grain (time 0); in contrast, after 30 days of silage,
the relative abundance of Fusarium spp. decreased. Also,
the abundance of Aspergillus spp. in HT grains decreased
with storage time. Low toxicogenic fungal contamination
and low levels of mycotoxin were detected, which suggests
that periodic monitoring of sorghum silage must be
performed at different times according to fungal population
evolution and mycotoxin production.

ACKNOWLEDGMENTS

This work was supported by Comisión Sectorial de Investigación
Científica (CSIC) and CONAPROLE S.A. The authors thank Alejandra
Capelli, Rosmari Domínguez, Santiago Sosa, Ismael Hugo, and Rafael
González for assistance with sampling.

REFERENCES

1. Abdel-Naby, M., A. A. Sherief, and A. B. El-Tanash. 2011. Tannin
biodegradation and some factors affecting tannase production by two
Aspergillus sp. Biotechnology (Faisalabad) 10:149–158. https://dx.
doi.org/10.3923/biotech.2011.149.158

2. Abildgren, M. P., F. Lund, U. Thrane, and S. Elmholt. 1987. Czapek
Dox agar containing iprodione and dicloran as a selective medium
for the isolation of Fusarium species. Lett. Appl. Microbiol. 5:83–86.
https://doi.org/10.1111/j.1472-765X.1987.tb01620.x

3. Aguerre, M., C. Cajarville, and J. L. Repetto. 2015. Impact of water
addition, germination, ensiling and their association on sorghum
grain nutritive value. Anim. Feed Sci. Technol. 205:75–81. https://
doi.org/10.1016/j.anifeedsci.2015.04.016

4. Aguilar, C. N., R. Rodríguez, G. Gutiérrez-Sánchez, C. Augur, E.
Favela-Torres, L. A. Prado-Barragán, A. Ramírez-Coronel, and J. C.
Contreras-Esquivel. 2007. Microbial tannases: advances and per-
spectives. Appl. Microbiol. Biotechnol. 76:47–59. https://doi.org/10.
1007/s00253-007-1000-2

5. Alonso, V. A., C. M. Pereyra, L. Keller, A. Dalcero, C. Rosa, S.
Chiacchiera, and L. Cavaglieri. 2013. Fungi and mycotoxins in

TABLE 4. Statistical analysis of the interactions between moisture content and storage time on the relative abundance of Penicillium spp.
and Aspergillus spp. of two varieties of sorghum grainsa

MC 3 time

Penicillium Aspergillus

HT LT HT LT

OR 95% CI P OR 95% CI P OR 95% CI P OR 95% CI P

Medium MC 3 30 days 31.5 8.99, 110 ,0.01 0.02 0.00, 0.15 ,0.01 0.04 0.01, 0.16 ,0.01 0.22 0.02, 2.02 0.2
Low MC 3 30 days 1.26 0.45, 3.54 0.7 0.12 0.03, 0.53 ,0.01 0.49 0.21, 1.12 0.09 0.24 0.02, 2.31 0.2
Medium MC 3 90 days 3.03 0.91, 10.0 0.07 0.64 0.82, 12.9 0.09 0.69 0.04, 12.7 0.8
Low MC 3 90 days 0.12 0.05, 0.34 ,0.01 0.17 0.10, 4.15 0.6 3.24 0.31, 73.3 0.3
Medium MC 3 180 days 3.02 0.71, 12.8 0.13 0.22 0.04, 1.30 0.10 2.40 0.02, 1.32 0.09 3.31 0.06, 14.4 .0.9
Low MC 3 180 days 0.70 0.18, 2.64 0.6 0.15 0.03, 0.76 ,0.01 5.40 0.59, 49.2 0.13 0.31 0.02, 4.55 0.4

a OR, odds ratio; CI, confidence interval; HT, high tannin; LT, low tannin; MC, moisture content (%). Numbers in bold indicate
significance differences.

J. Food Prot., Vol. 85, No. 5 MOISTURE CONTENT, TANNIN, TIME, AND FUNGI IN SORGHUM GRAINS STORAGE 783

https://dx.doi.org/10.3923/biotech.2011.149.158
https://dx.doi.org/10.3923/biotech.2011.149.158
https://doi.org/10.1111/j.1472-765X.1987.tb01620.x
https://doi.org/10.1016/j.anifeedsci.2015.04.016
https://doi.org/10.1016/j.anifeedsci.2015.04.016
https://doi.org/10.1007/s00253-007-1000-2
https://doi.org/10.1007/s00253-007-1000-2


silage: an overview. J. Appl. Microbiol. 115:637–643. https://doi.org/
10.1111/jam.12178

6. Aoki, T., K. O’Donnell, and D. M. Geiser. 2014. Systematics of key
phytopathogenic Fusarium species: current status and future
challenges. J. Gen. Plant Pathol. 80:189–201. http://dx.doi.org/10.
1007/s10327-014-0509-3

7. Association of Official Analytical Chemists. 2000. Methods of
analysis 925.10, 65.17, 974.24, 17th ed. AOAC, Gaithersburg,
MD.

8. Association of Official Analytical Chemists. 2002. Aflatoxins in
corn, raw peanuts, and peanut. Method of analysis 991.3 1994.
Available at: http://www.aoacofficialmethod.org/index.php?main_
page¼product_info&products_id¼1723. Accessed 17 October 2020.

9. Astoreca, A. L., L. G. Emateguy, and T. M. Alconada. 2019. Fungal
contamination and mycotoxins associated with sorghum crop: its
relevance today. Eur. J. Plant Pathol. 155:381–392. http://dx.doi.org/
10.1007/s10658-019-01797-w

10. Bhat, T. K., B. Singh, and P. O. Sharma. 1998. Microbial degradation
of tannins a current perspective. Biodegradation 9:343–357. https://
doi.org/10.1023/A:1008397506963

11. Birck, N. M. M., I. Lorini, and V. M. Scussel. 2006. Fungus and
mycotoxins in wheat grain at postharvest. Proceedings of the Ninth
International Working Conference on Stored Product Protection.
Available at: http://spiru.cgahr.ksu.edu/proj/iwcspp/pdf2/9/6281.pdf.
Accessed 17 October 2020.

12. Brambillasca, S., M. Fernández-García, M. Aguerre, J. L. Repetto,
and C. Cajarville. 2019. Characterization of the in vitro digestion of
starch and fermentation kinetics of dry sorghum grains soaked or
rehydrated and ensiled to be used in pig nutrition. J. Cereal Sci.
89:102817. https://doi.org/10.1016/j.jcs.2019.102817

13. Burgess, L. W., B. A. Summerell, S. Bullock, K. P. Gott, and D.
Backhouse. 1994. Laboratory manual for Fusarium research, 3rd ed.
Department of Crop Science, University of Sydney, Australia.

14. Chalkling, D., and R. Brasesco. 1997. Ensilaje de grano húmedo: una
alternativa promisoria. Plan Agropecuario, National Agricultural
Research Institute, Montevideo, Uruguay.

15. Cotty, P. J. 1994. Comparison of four media for the isolation of
Aspergillus flavus group fungi. Mycopathologia 125:157–162.
https://doi:10.1007/BF01146521

16. Council for Agricultural Science and Technology (CAST). 2003.
Mycotoxins: risks in plant, animal and human systems. CAST, Ames,
IA. Available at: https://www.international-food-safety.com/pdf/
Mycotoxins%20%20Risks%20in%20Plant,%20Animals%20and%
20Human%20Systems.pdf. Accessed 18 September 2020.

17. Cruz-Hernández, M., J. C. Contreras-Esquivel, F. Lara, R. Rodrí-
guez, and C. N. Aguilar. 2005. Isolation and evaluation of tannin-
degrading fungal strains from the Mexican desert. Z. Naturforsch. C
J. Biosci. 60:844–848. https://doi.org/10.1515/znc-2005-11-1205

18. Da Silva, J. B., P. Dilkin, H. Fonseca, and B. Correa. 2004. Production
of aflatoxin by Aspergillus flavus and fumonisin by Fusarium species
isolated from Brazilian sorghum. Braz. J. Microbiol. 35:182–186.
http://dx.doi.org/10.1590/S1517-83822004000200002

19. De Bernardi, L. A. 2019. Perfil del sorgo. Ministerio de Ganadería
Agricultura y Pesca. Presidencia de la Nación, Buenos Aires.
Available at: https://www.magyp.gob.ar/sitio/areas/ss_mercados_
agropecuarios/informes/perfil-de-sorgo-2019.pdf. Accessed 15 Octo-
ber 2020.

20. DIEA (Área de Estadísticas Agropecuarias). 2016. Anuario estadís-
tico agropecuario. Ministerio de Ganadería Agricultura y Pesca.
DIEA, Montevideo, Uruguay. Available at: https://www.gub.uy/
ministerio-ganaderia-agricultura-pesca/comunicacion/publicaciones/
anuario-estadistico-diea-2016. Accessed 18 October 2020.

21. Elbashir, A. A., and S. E. A. Ali. 2014. Aflatoxins, ochratoxins and
zearalenone in sorghum and sorghum products in Sudan. Food Addit.
Contam. B 7:135–140. https://dx.doi.org/10.1080/19393210.2013.
859741

22. European Commission. 2002. Directive 2002/32/EC on undesirable
substances in animal feed. Off. J. Eur. Union. Available at: https://
eur-x.europa.eu/eli/dir/2002/32/oj. Accessed 17 October 2020.

23. Flannigan, B. 1978. Primary contamination of barley and wheat grain
storage fungi. Trans. Br. Mycol. Soc. 71:37–42. https://doi.org/10.
1016/S0007-1536(78)80005-9

24. García y Santos, C., L. Bettucci, S. Brambillasca, and C. Cajarville.
2020. Storage time and condensed tannin content of high-moisture
sorghum grains: effects on in vitro fermentation and mold
populations. Anim. Nutr. 6:92–97. https://doi.org/10.1016/j.aninu.
2019.08.002

25. González, H. H. L., E. J. Martínez, and S. L. Resnik. 1997. Fungi
associated with sorghum grain from Argentina. Mycopathologia
139:35–41. https://doi.org/10.1023/A:1006803901969

26. Graminha, E. B. N., A. Z. L. Gonçalves, R. D. P. B. Pirota, M. A. A.
Balsalobre, R. da Silva, and E. Gomes. 2008. Enzyme production by
solid-state fermentation: application to animal nutrition. Anim. Feed.
Sci. Technol. 144:1–22. https://doi.org/10.1016/j.anifeedsci.2007.09.
029

27. Hawksworth, D. L. 2012. Managing and coping with names of
pleomorphic fungi in a period of transition. IMA Fungus 3:15–24.
https://doi.org/10.5598/imafungus.2012.03.01.03

28. Keller, L. A. M., C. M. Pereyra, L. R. Cavaglieri, K. M. Keller, T. X.
Almeida, M. V. Deveza, R. Q. Assad, and C. A. R. Rosa. 2012. Fungi
and aflatoxin B1 in pre and post fermented sorghum trench type silos
destined to bovine intensive-rearing in Brazil. Rev. Biocien. 2:81–91.
https://doi.org/10.15741/revbio.02.01.08

29. Klaasen, J. A., and P. E. Nelson. 1998. Identity of Fusarium nygamai
isolates with long and short microconidial chains from millet,
sorghum and soil in Africa. Mycopathologia 140:171–176. https://
doi.org/10.1023/A:1006863825469

30. Klich, M. A. 2002. Identification of common Aspergillus species.
CBS, Utrecht, The Netherlands.

31. Lacey, J. 1989. Pre- and post-harvest ecology of fungi causing
spoilage of foods and other stored products. J. Appl. Microbiol.
67:11–25. https://doi.org/10.1111/j.1365-2672.1989.tb03766.x

32. Lahouar, A., J. Jedidi, V. Sanchis, and S. Saïd. 2018. Aflatoxin B1,
ochratoxin A and zearalenone in sorghum grains marketed in Tunisia.
Food. Addit. Contam. B 11:103–110. https://doi.org/10.1080/
19393210.2018.1433239

33. Leslie, J. F. 2014. Mycotoxins in the sorghum grain chain, p. 282–
296. In J. F. Leslie and A. F. Logrieco (ed.), Mycotoxin reduction in
grain chains, 5th ed. John Wiley & Sons, Ames, IA. https://doi.org/
10.1002/9781118832790.ch20

34. Leslie, J. F., and B. A. Summerell. 2006. The Fusarium laboratory
manual. Blackwell Professional, Ames, IA.

35. Machio, A. 2016. Mycoflora compositions of sorghum (Sorghum
bicolor L. Moench) grains from eastern region of Kenya. J. Agric.
Environ. Int. Dev. 8:1–13. https://doi.org/10.9734/JAERI/2016/
26316

36. Magan, I., and D. Aldred. 2008. Environmental fluxes and fungal
interactions: maintaining a competitive edge, p. 19–35. In P. van
West, S. Avery, and M. Stratford (ed.), Stress in yeast and
filamentous fungi. Elsevier, Amsterdam. https://doi.org/10.1016/
S0275-0287(08)80044-6

37. Magan, N., D. Aldred, and E. S. Baxter. 2014. Good post-harvest
storage practices for wheat grain, chap. 18, p. 258–267. In J. F. Leslie
and A. F. Logrieco (ed.), Mycotoxin reduction in grain chains, 5th ed.
John Wiley & Sons, Ames, IA. http://doi.org/10.1002/
9781118832790.ch18

38. Makkar, H. P. S. 2000. Quantification of tannins in tree foliage. FAO/
IAEA, Vienna. Available at: http://www-naweb.iaea.org/nafa/aph/
public/pubd31022manual-tannin.pdf. Accessed 18 October 2020.

39. Mannaa, M., and K. D. Kim. 2017. Influence of temperature and
water activity on deleterious fungi and mycotoxin production during
grain storage. Microbiology 45:240–254. https://doi.org/10.5941/
MYCO.2017.45.4.240

40. McMullen, M. P., and R. W. Stack. 1983. Fusarium species
associated with grassland soils. Can. J. Bot. 61:2530–2538. https://
doi.org/10.1139/b83-277

41. Mercosur. 2002. Reglamento técnico Mercosur sobre límites
máximos de aflatoxinas admisibles en leche, maní y maíz. GMC/

784 GARCÍA Y SANTOS ET AL. J. Food Prot., Vol. 85, No. 5

https://doi.org/10.1111/jam.12178
https://doi.org/10.1111/jam.12178
http://dx.doi.org/10.1007/s10327-014-0509-3
http://dx.doi.org/10.1007/s10327-014-0509-3
http://www.aoacofficialmethod.org/index.php?main_page=product_info&amp;products_id=1723
http://www.aoacofficialmethod.org/index.php?main_page=product_info&amp;products_id=1723
http://dx.doi.org/10.1007/s10658-019-01797-w
http://dx.doi.org/10.1007/s10658-019-01797-w
https://doi.org/10.1023/A:1008397506963
https://doi.org/10.1023/A:1008397506963
http://spiru.cgahr.ksu.edu/proj/iwcspp/pdf2/9/6281.pdf
https://doi.org/10.1016/j.jcs.2019.102817
https://doi:10.1007/BF01146521
https://www.international-food-safety.com/pdf/Mycotoxins%20%20Risks%20in%20Plant,%20Animals%20and%20Human%20Systems.pdf
https://www.international-food-safety.com/pdf/Mycotoxins%20%20Risks%20in%20Plant,%20Animals%20and%20Human%20Systems.pdf
https://www.international-food-safety.com/pdf/Mycotoxins%20%20Risks%20in%20Plant,%20Animals%20and%20Human%20Systems.pdf
https://doi.org/10.1515/znc-2005-11-1205
http://dx.doi.org/10.1590/S1517-83822004000200002
https://www.magyp.gob.ar/sitio/areas/ss_mercados_agropecuarios/informes/perfil-de-sorgo-2019.pdf
https://www.magyp.gob.ar/sitio/areas/ss_mercados_agropecuarios/informes/perfil-de-sorgo-2019.pdf
https://www.gub.uy/ministerio-ganaderia-agricultura-pesca/comunicacion/publicaciones/anuario-estadistico-diea-2016
https://www.gub.uy/ministerio-ganaderia-agricultura-pesca/comunicacion/publicaciones/anuario-estadistico-diea-2016
https://www.gub.uy/ministerio-ganaderia-agricultura-pesca/comunicacion/publicaciones/anuario-estadistico-diea-2016
https://dx.doi.org/10.1080/19393210.2013.859741
https://dx.doi.org/10.1080/19393210.2013.859741
https://eur-x.europa.eu/eli/dir/2002/32/oj
https://eur-x.europa.eu/eli/dir/2002/32/oj
https://doi.org/10.1016/S0007-1536(78)80005-9
https://doi.org/10.1016/S0007-1536(78)80005-9
https://doi.org/10.1016/j.aninu.2019.08.002
https://doi.org/10.1016/j.aninu.2019.08.002
https://doi.org/10.1023/A:1006803901969
https://doi.org/10.1016/j.anifeedsci.2007.09.029
https://doi.org/10.1016/j.anifeedsci.2007.09.029
https://doi.org/10.5598/imafungus.2012.03.01.03
https://doi.org/10.15741/revbio.02.01.08
https://doi.org/10.1023/A:1006863825469
https://doi.org/10.1023/A:1006863825469
https://doi.org/10.1111/j.1365-2672.1989.tb03766.x
https://doi.org/10.1080/19393210.2018.1433239
https://doi.org/10.1080/19393210.2018.1433239
https://doi.org/10.1002/9781118832790.ch20
https://doi.org/10.1002/9781118832790.ch20
https://doi.org/10.9734/JAERI/2016/26316
https://doi.org/10.9734/JAERI/2016/26316
https://doi.org/10.1016/S0275-0287(08)80044-6
https://doi.org/10.1016/S0275-0287(08)80044-6
http://doi.org/10.1002/9781118832790.ch18
http://doi.org/10.1002/9781118832790.ch18
http://www-naweb.iaea.org/nafa/aph/public/pubd31022manual-tannin.pdf
http://www-naweb.iaea.org/nafa/aph/public/pubd31022manual-tannin.pdf
https://doi.org/10.5941/MYCO.2017.45.4.240
https://doi.org/10.5941/MYCO.2017.45.4.240
https://doi.org/10.1139/b83-277
https://doi.org/10.1139/b83-277


RES. No. 25/02. Available at: https://www.impo.com.uy/bases/
decretos-reglamento/155-2006. Accessed 15 October 2020.

42. Mionetto, A. 2017. Hongos toxicogénicos y producción de
micotoxinas en silos de sorgo húmedo. MSc. thesis, Universidad
de la República, Montevideo, Uruguay. Available at: https://www.
colibri.udelar.edu.uy/jspui/bitstream/20.500.12008/10220/1/uy24-
18501.pdf.

43. Montani, M. L., G. Vaamonde, S. L. Resnik, and P. Buera. 1988.
Water activity influence on aflatoxin accumulation in corn. Int. J.
Food. Microbiol. 6:349–353. https://doi.org/10.1016/0168-1605(88)
90029-3

44. Murugan, K., and A. Al-Sohaibani. 2010. Biocompatible tannin and
associated color from tannery effluent using the biomass and tannin
acyl hydrolase enzymes of mango industry solid waste isolate
Aspergillus candidus MTCC 9628. Res. J. Microbiol. 5:262–271.
https://doi.org/10.3923/jm.2010.262.271

45. Nelson, P. E., T. A. Tousson, and W. F. O. Marasas. 1983. Fusarium
species: an illustrated manual for identification. Pennsylvania State
University Press, Abington.

46. O’Brien, M., D. Egan, P. O’Kiely, P. D. Forristal, F. M. Doohan, and
H. T. Fuller. 2008. Morphological and molecular characterisation of
Penicillium roqueforti and P. paneum isolated from baled grass
silage. Mycol. Res. 112:921–932. https://doi.org/10.1016/j.mycres.
2008.01.023

47. O’Donnell, K., H. Kistler, E. Cigelnik, and R. Ploetz. 1998. Multiple
evolutionary origins of the fungus causing Panama disease of
banana: concordant evidence from nuclear and mitochondrial gene
genealogies. Proc. Natl. Acad. Sci. USA 95:2044–2049. http://dx.doi.
org/10.1073/pnas.95.5.2044

48. Ojeda, F., O. Caceres, and M. Esperance. 1990. Nutrición de
rumiantes: guía metodológica de investigación. RISPAL-IICA, San
José, Costa Rica.

49. Osman, M. A., A. Salama, K. H. M. Naguib, M. A. Abdel-Wahhab,
and S. R. Sherif. 2017. Fungi and mycotoxins associated with
Egyptian sorghum. MOJ Toxicol. 3:51–56. http://medcraveonline.
com/MOJT/MOJT-03-00052.pdf

50. Pereyra, C., L. Cavaglieri, S. Chiacchiera, and A. Dalcero. 2010.
Fungi and mycotoxins in feed intended for sows at different
reproductive stages in Argentina. Vet. Med. Int. 10:1–7. https://doi.
org/10.4061/2010/569108

51. Pitt, J. I. 1979. The genus Penicillium and its teleomorphic states
Eupenicillium and Talaromyces. Academic Press, London.

52. Pitt, J. I. 2014. Mycotoxins: Ochratoxin A, p. 304–309. In Y.
Motarjemi, G. Moy, and E. Todd (ed.), Encyclopedia of food safety,
vol. 2. Elsevier, Amsterdam.

53. Pitt, J. I., A. D. Hocking, and D. R. Glenn. 1983. An improved
medium for the detection of Aspergillus flavus and A. parasiticus. J.
Appl. Bacteriol. 54:109–114. https://doi.org/10.1111/j.1365-2672.
1983.tb01307.x

54. Pitt, J. I., R. A. Samson, and J. C. Frisvad. 2000. List of accepted
species and their synonyms in the family Trichocomaceae, p. 9–79.
In R. A. Samson and J. I. Pitt (ed.), Integration of modern taxonomic
methods for Penicillium and Aspergillus classification. Harwood
Academic Publishers, Amsterdam.

55. R Core Team. 2021. R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna. https://
www.R-project.org/.

56. Sinha, S. K. 1993. Response of tropical agroecosystems to climate
change, p. 281–289. In D. R. Buxton, R. Shibles, R. A. Forsberg, B.
L. Blad, K. H. Asay, G. M. Paulsen, and R. F. Wilson (ed.),
International crop science. Crop Science Society of America,
Madison, WI.

57. Sreenivasa, M. Y., R. Dass, and G. R. Janardhana. 2010. Survey of
postharvest fungi associated with sorghum grains produced in
Kkarnataka (India). J. Plant Prot. Res. 50:335–339. https://doi.org/
10.2478/v10045-010-0057-6

58. Stoloff, L. 1980. Aflatoxin M in perspective. J. Food Prot. 43:226–
230. https://doi.org/10.4315/0362-028X-43.3.226

59. Sulzberger, S. A., S. Melnichenko, and F. C. Cardoso. 2017. Effects
of clay after an aflatoxin challenge on aflatoxin clearance, milk
production, and metabolism of Holstein cows. J. Dairy Sci.
100:1856–1869. https://doi.org/10.3168/jds.2016-11612

60. Thrane, U. 1996. Comparison of three selective media for detecting
Fusarium species in foods: a collaborative study. Int. J. Food
Microbiol. 29:149–156. https://doi.org/10.1016/0168-1605(95)
00040-2

61. Trucksess, M. W., F. S. Thomas, and S. W. Page. 1994. High-
performance liquid chromatographic determination of 1,10-ethyl-
idenebis(L-tryptophan) in L-tryptophan preparations. J. Pharm. Sci.
83:720–722. https://doi.org/10.1002/jps.2600830525

62. Vargas, J., J. Frisvad, and R. Samson. 2011. Two new aflatoxin
producing species, and an overview of Aspergillus section Flavi.
Stud. Mycol. 69:57–80.

63. Veldman, J. A. C., A. Meijs, G. J. Borggreve, and J. J. Heeres-van der
Tol. 1992. Carry-over of aflatoxin from cows’ food to milk. Anim.
Prod. 55:163–168. https://doi.org/10.1017/S0003356100037417

64. Visagie, C. M., J. Houbraken, J. C. Frisvad, S.-B. Hong, C. H. W.
Klaassen, G. Perrone, K. A. Seifert, J. Varga, T. Yaguchi, and R. A.
Samson. 2014. Identification and nomenclature of the genus
Penicillium. Stud. Mycol. 78:343–371. http://dx.doi.org/10.1016/j.
simyco.2014.09.001

65. Weledesemayat, G. T., T. B. Gezmu, A. Z. Woldegiorgis, and H. F.
Gemede. 2016. Study on Aspergillus species and aflatoxin levels in
sorghum (Sorghum bicolor L.) stored for different period and storage
system in Kewet Districts, Northern Shewa, Ethiopia. J. Food Sci.
Nutr. 2:1–8.

J. Food Prot., Vol. 85, No. 5 MOISTURE CONTENT, TANNIN, TIME, AND FUNGI IN SORGHUM GRAINS STORAGE 785

https://www.impo.com.uy/bases/decretos-reglamento/155-2006
https://www.impo.com.uy/bases/decretos-reglamento/155-2006
https://www.colibri.udelar.edu.uy/jspui/bitstream/20.500.12008/10220/1/uy24-18501.pdf
https://www.colibri.udelar.edu.uy/jspui/bitstream/20.500.12008/10220/1/uy24-18501.pdf
https://www.colibri.udelar.edu.uy/jspui/bitstream/20.500.12008/10220/1/uy24-18501.pdf
https://doi.org/10.1016/0168-1605(88)90029-3
https://doi.org/10.1016/0168-1605(88)90029-3
https://doi.org/10.3923/jm.2010.262.271
https://doi.org/10.1016/j.mycres.2008.01.023
https://doi.org/10.1016/j.mycres.2008.01.023
http://dx.doi.org/10.1073/pnas.95.5.2044
http://dx.doi.org/10.1073/pnas.95.5.2044
http://medcraveonline.com/MOJT/MOJT-03-00052.pdf
http://medcraveonline.com/MOJT/MOJT-03-00052.pdf
https://doi.org/10.4061/2010/569108
https://doi.org/10.4061/2010/569108
https://doi.org/10.1111/j.1365-2672.1983.tb01307.x
https://doi.org/10.1111/j.1365-2672.1983.tb01307.x
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.2478/v10045-010-0057-6
https://doi.org/10.2478/v10045-010-0057-6
https://doi.org/10.4315/0362-028X-43.3.226
https://doi.org/10.3168/jds.2016-11612
https://doi.org/10.1016/0168-1605(95)00040-2
https://doi.org/10.1016/0168-1605(95)00040-2
https://doi.org/10.1002/jps.2600830525
https://doi.org/10.1017/S0003356100037417
http://dx.doi.org/10.1016/j.simyco.2014.09.001
http://dx.doi.org/10.1016/j.simyco.2014.09.001



