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1. Purpose  

The main goal of Task 2.1 is to mapping the solutions to addresses 2 major problems that occur in the 

storage and handling of rice from farm to fork and that have serious impact on the value of the product 

and significant potential for public health hazards, resulting from the consequence of insect infestation 

and microbial contamination. The solutions must be evaluated in operational and financial terms in 

order to ensure that the selected one for testing will focus on the most promising solutions in real-life 

scenarios. It is also important to note implications of some of these solutions with a life-cycle view (for 

instance, in the use of circular economy approaches for protective packaging solutions). 

Considering the 3 sub-tasks of DoA (2.1.1, 2.1.2, 2.1.3), the following attached review articles were 

published:  

SUBTASK 2.1.1 INSECT AND FUNGAL GROWTH MITIGATION: Advances in environmentally 
friendly techniques and circular economy approaches for insect infestation management in 
stored rice grains. In this review it was possible to verify that there are several examples of 
alternative and non-chemical treatments that are promising to investigate their effectiveness 
for applying at an industrial scale. 
 
SUBTASK 2.1.2 MYCOTOXINS AND PESTICIDES RESIDUES-Mycotoxins Contamination in Rice: Analytical 

Methods, Occurrence and Detoxification Strategies. Compilation of the most relevant studies and 

review the main methods used in the detection, quantification and detoxification strategies 

of mycotoxins in rice. 

 

SUBTASK 2.1.3 BACTERIAL CONTAMINATION AND PREDICTIVE SOLUTIONS-Risk of Bacillus cereus in 

Relation to Rice and Derivatives. Review from the perspective of risk assessment of the risk posed 

by B. cereus to the health of consumers and of some control measures that can be used to 

mitigate such a risk. 
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Abstract: Rice (Oryza sativa L.) is a staple food for about half of the world's population. Therefore, it 19 

is extremely important to investigate solutions that minimize losses and production costs for pro- 20 

ducers and ensure food quality and safety for consumers. Chemical methods are used to prevent 21 

rice losses due to infestations, however, it is urgent to change this situation, as it is harmful to the 22 

environment and human health. Some alternative methods can be current petroleum-based pack- 23 

aging with modified atmospheres, radiofrequency, biopesticides, essential oils from plants, among 24 

others that it is necessary to study their effectiveness and economic viability. Considering the bio- 25 

packaging produced from rice by-products (rice bran, rice husk/hull and rice straw) reported in 26 

literature, and according to the principles of the Circular Economy, it is recommended an integra- 27 

tion of the best selected treatments/solutions for insect management with the bio-packaging from 28 

rice by-products. In this review it was possible to verify that there are several examples of alterna- 29 

tive and non-chemical treatments that are promising, so it is important to investigate more for ob- 30 

tain effective technological solutions that can be applied at an industrial scale.  31 

Keywords: rice, non-chemical, treatments, prevention 32 

 33 

1. Introduction 34 

Rice wastage occur at every stage of the production process, from the farm to the 35 

consumer’s homes (Qu et al., 2021). Also, there is an increasing concern to continuously 36 

improve food production and minimize crop losses, as it is necessary to respond to the 37 

demands of the growing population. In this way, it is very important to understand the 38 

rice wastage origins and minimize rice losses that occur due to insect infestation.  39 

 Occurrence of damages and losses in rice stored can be direct (physical loss of 40 

grains) or indirect (loss in quality and nutrition) (Mesterházy et al., 2020). Beyond that, 41 

insect pests are known by promote the weight loss, which is very important factor because 42 

it causes nutritional value loss, commercial loss, and quality degradation (Zulaikha & 43 

Yaakop, 2021). Insect damage can be significant when rice is stored for long periods of 44 

time and insect populations reach very high levels. The increase in temperature and water 45 
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content results from the activity of insects and can promote the deterioration of the grains. 46 

However, these damages are difficult to estimate and are affected by several factors, such 47 

as temperature, relative humidity, atmosphere conditions and storage duration, as well 48 

as the intrinsic properties of the various rice varieties. Therefore, due to inappropriate 49 

storage conditions, rice can be an ideal substrate for several contaminations of larvae 50 

and/or live insects.  51 

Post-harvest procedures have as main objective to maintain the quality of the grain, 52 

preventing the contamination by insects or fungi. Therefore, the choice of that procedures 53 

can strongly influence rice quality (Müller et al., 2022). If rice is maintained stored in cool 54 

temperatures and dry conditions, eggs that might still exist would not hatch, hence the 55 

advice to store rice in cool and dry conditions. However, a rice miller has little control 56 

over storage conditions in client’s warehouses and consumers homes.  57 

Meanwhile, the use of pesticides in field and grain storage units to control infesta- 58 

tions is still common, mainly chemical agents (commonly fumigations) during storage. 59 

Usually, organophosphates and pyrethroids are the most used insecticides, due to their 60 

effectiveness against insects (Yao et al., 2020). The pesticides are being used worldwide 61 

but their overuse is causing serious environmental problems, such as the development of 62 

insect pests’ resistance (Lee et al., 2003). Also, the chemical residues affect public health 63 

(Chou et al., 2022). The fumigations generate residues of chemical contaminants that com- 64 

promise the natural quality of rice, and its products and consumers are increasingly con- 65 

cerned about insecticide residues in food products (Lee et al., 2003). 66 

In line with the advancement of insect resistance mechanisms, there is a growing in- 67 

crease in restrict the use of chemical pesticides, being replaced by alternative solutions in 68 

the management of insect pests in stored food products, to protect the food quality and 69 

the environment. Biopesticides appear as novel eco-friendly tools and an adequate imple- 70 

mentation of them could generate a great alternative to protection of stored grain against 71 

pests’ agents (Herrera et al., 2018).  72 

The search for solutions to prevent insect infestations and the evaluation of their ef- 73 

fectiveness are therefore priority aspects for the sustainability of the rice value chain and 74 

which may also have an impact to a large extent on food products derived from rice and 75 

other cereals.  76 

The objective of this review was to analyse all potential alternative solutions that 77 

have been proposed in scientific and technical literature, to then select the most promising 78 

approaches to mitigate losses due to insect infestation.  79 

 80 

2. Importance of cleaning the grains and the equipment 81 

Cleaning the rice grains and the equipment is a common postharvest treatment. Rice 82 

cleaning is extremely important during the harvesting process, which function is to sepa- 83 

rate the stems and weeds from the rice grains mixture (Zhao et al., 2022).  84 

 85 

When prescribed as a quarantine treatment, it is usually followed by inspection 86 

by the importing regulatory agencies to ensure that the cleaning was successful in re- 87 

moving undesired pests. However, cleaning alone may be insufficient and often needs 88 

to be followed by another treatment. 89 

 90 

3. Rice insect infestation 91 

The origin of pests as well as the intensity of their attacks and the damage they can 92 

cause are considered important aspects for the defence of stored products.  93 

Insect infestation is a major cause of produce loss. However, the presence of insects 94 

in rice is nearly inevitable and the deterioration of rice can start before harvest, from in- 95 

sects that attack in the field. Inside the grains, insect movement can be determined by 96 
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seasonal conditions and grain temperature. This means that, in the months when temper- 97 

atures are higher, insect infestations will occur more on the surface of the grain, while 98 

when temperatures are low, infestations will occur more in the centre of the grain. In the 99 

latter situation, insect infestations may not be detected early, until the insects are present 100 

in large numbers (Hagstrum et al., 2012).  101 

All stages of the insect life cycle occur inside the grain. Some species of common in- 102 

sects identified in rice grains are rice weevil (Sitophilus oryzae L.), granary weevil (Sitophi- 103 

lys granaries L.), lesser grain borer (Rhysopertha dominica F.), and angoumois grain moth 104 

(Sitotroga cerealella O.), and they are considered primary pests (Hagstrum et al., 2012). 105 

These insects that occur during rice storage can develop inside the grain (internal or hid- 106 

den infestation), consuming the endosperm, or develop outside the rice grain (external 107 

infestation), feeding on the bran, dust, or broken grains.  108 

The rice weevil and the rice moth are the most relevant indoor infestations for stored 109 

rice and are part of a set of insect species that pierce the grains and reduce them to flour. 110 

Sitophilus oryzae and Sitophilus granarius are the most common and are quite similar, but 111 

each has unique physical characteristics and capabilities. Adult weevils have long snouts 112 

with chewing mouth parts at the end. A female that has been fecundated will chew a hole 113 

in the kernel with her long snout, excavates a small cavity into which she places an egg 114 

and then seals the hole with a gelatinous plug. An infected kernel is almost indistinguish- 115 

able with the naked eye. Normally, only one egg will become larvae per kernel, but an 116 

adult female can lay about 400 eggs in her lifetime. The rice weevil usually lays more eggs 117 

than does a granary weevil. Eggs hatch in few days under favourable conditions but may 118 

lay dormant for a long while until such conditions are set (namely temperature and hu- 119 

midity). The complete metamorphosis from egg to larvae, then pupa and then adult can 120 

occur inside the kernel in 35 to 40 days and the adult then chews its way out. The rice 121 

weevil is one of the most widespread and destructive insect pests found in stored cereals 122 

throughout the world, and the interaction with rice involves all life stages of the insect. 123 

These insects cause losses in cereals and affects the quantity and quality of the grains 124 

(Mesterházy et al., 2020). This specie can also infest the rice in the field and usually turn 125 

that commodity into flour. 126 

Rhyzopertha dominica is also one of the most damaging insects that normally appear 127 

in rice grains. Infestations caused by these insects are difficult to detect since larvae and 128 

pupae develop inside infested grains (Mancini et al., 2007). The chances of infestations by 129 

this insect on stored rice are increased as this insect has the ability to fly easily. Both adults 130 

and larvae of Rhyzopertha dominica feed on rice grains and, in the case of large infestations, 131 

the grain can develop a musty odour and may also become heavily soiled with excrement. 132 

Sitotroga cerealella is the most abundant grain moth in the storage of paddy rice. Usu- 133 

ally, moth infestations affect in the upper layers of stored grains in bulk, which limits the 134 

direct losses that this insect can cause. These insects can also infect the grains in the field 135 

and most of the damages are provoked by larvae inside rice grains (Mancini et al., 2007). 136 

  137 

4. Detecting and Monitoring tools 138 

The search for solutions to detect and monitor the internal (hidden) infestation is of 139 

greater relevance for the industry because the grain is normally stored with husk (paddy 140 

rice), whose structure provides protection against external insects. 141 

Regarding the techniques to inspect grain for internal infestation, the most 142 

conventional ones resort to the methods described in ISO 6339-4:2015 (REF) describing a 143 

total of 5 methodologies for estimating the degree of, or detecting the presence of, hidden 144 

insect infestation. These include: the determination of carbon dioxide production; the 145 

ninhydrin method; whole grain flotation method; acoustic method and X-ray method. The 146 

principles of these methods will be explained bellow, and we will also provide 147 

information in recent advances that can improve the performace of the different tecniques.  148 
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Starting with the determination of carbon dioxide, this method is based on the fact 149 

carbon dioxide figure is largely a measure of insect infestation (as a result of the insect 150 

respiration rate) (Howe & Oxley, n.d.), considering that the metabolic rate of dry grain is 151 

very low. It has been shown that mature larval instars of grain weevils produce more 152 

carbon dioxide than adults and that accumulation of carbon dioxide of infested grain 153 

sample during a period of 24 hours is easily measurable by atmospheric sensors (Xmgwei 154 

et al., n.d.). Nontheless, it is also known that moisture content and temperature can 155 

interfer with carbon dioxide release in grain, specially because they can potentiate the 156 

grow of fungi, such as Aspergillus spp, which can produce significant amounts of carbon 157 

dioxide (suprior to the amounts produced by insects) (Fleurat-Lessard, 2011; Zhai et al., 158 

2015). As such, increases in carbon dioxide can often be a result of fungal spoilge instead 159 

of hidden infestation. Advances on carbone dioxide determination have been made 160 

reagarging wireless, in locus, sensors that resort to machine learning algorithms for a real- 161 

time monitoring and early warnings on possible grain infestation/spoilage (Singh & Fielke, 162 

2017).  163 

As such, recent sensor can help predicting detecting with good accuracy incipient or 164 

ongoing spoilage/infestation. 165 

In what concern to accustic methods, these rely on the identification of sound patterns 166 

of targeted insects. An acoustic vibration sensor, connected to an amplification system, 167 

will transmits the noise from the feeding activity of hidden insects. The use of acoustic 168 

technology in insect pest management applications has increased significantly between 169 

1980 and 2010 (Mankin et al., 2021). Currently, different acoustic devices are 170 

commercialized for detection of hidden insect infestations (Banga et al., 2018; Mankin et 171 

al., 2021). Advances on this systems include digital signal processing and statistical 172 

analyses tools, such us those based in neural networks or machine learning/deep learning, 173 

to distinguish targeted pests from each other and from background noise (Santiago et al., 174 

2017; Rabano et al., 2018). These advances enable an accurate automated monitoring of 175 

the abundance and distribution of pest insects in stored grains, which might have a great 176 

impact on the value of future commercial solutions.  177 

 178 

Ninhydrin method is based on a colorimetric reaction of ninhydrin, originally yellow, 179 

with a free α-amino group of primary amino acids, producing a purple colored dye 180 

known as Ruhemann's purple. As such, when an infested dry grain is crushed, the amino 181 

acids from the insects body fluid will react with ninhydrin in thea paper surface, 182 

originatying a purple spot. Amino acids of the grain are not released and do not react. The 183 

number of  spots indicates the level of hidden infestation (REF ISO). Not much 184 

developments have been reported on this method, and this tecnquine is less ameable to 185 

automated, in loco application; nontheless new method adaptation have been proposed 186 

to increase accuracy regarding the detection of worm's ovum and low instar larvae 187 

(https://patents.google.com/patent/CN105806843A/en). 188 

Whole grain flotation method relies on the fact that internal insect infestation reduces 189 

the mass of grain, making the grains to float. When sound and infested grains are 190 

immersed, the sound ones will just sink, while the infested will float to the surface. The 191 

floation method has found a good level of implementation wordwide and adaptations of 192 

this method have been reported that allow the detection of insect fragments in bran, fine 193 

bran and flower (Fu et al., 2021; Germinara et al., 2010). Nonetheless, this method is time- 194 

consuming and results are of qualitative value, but not of quantitative value, mostly 195 

because the method is most likely to produce an underestimate of the level of infestation 196 

present in the sample. 197 

Regardign X-ray imaging tecniques, these are based on the exposute to soft X-ray of a 198 

one-grain thinkness layer of rice, followed by inspection to identy insects within the 199 

grains. There are many advantages on using X-ray since it is a fast, non-destructive and 200 
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accurate technique for internal and external detection of insects, regardless of the life stage 201 

of the insect. Furthermore, recent algorithms focused on X-ray image contrast 202 

enhancement, or microcomputed tomography for 3D imaging, enable superior diagnostic 203 

images and, consequently, high accuracy (Shah & Khan, 2014; Srivastava et al., 2020). 204 

Nevertheless, the automatic inspection of insect infestation is still a challenge. On this 205 

regards, deep learning, in particular artificial neural networks and convolutional neural 206 

networks, has been applied to discriminate infected and non-infested maize grains; and 207 

this knowledge is likely to be translated to rice infestation (Boniecki et al., 2020; da Silva 208 

et al., 2021). 209 

In addition the most conventional tecniques, other efforts have been put into 210 

tecniques that have the potential to optimize the test-time, improve accuracy or/and to 211 

apply non-destructive tecquines. NIRS (near infrared spectroscopy) analysis or the, 212 

profile/presence of specific volatile compounds produced by specific insects (wich 213 

analysis can be performed by chromatography or mass spectrometry techniques, after 214 

solic phase extraction; or, more recently, electronic noses that sense specific volatile 215 

compunds) are good examples of recent strategies/techniques that have been applied to 216 

this research field that that can be review by Banga et al., 2018.  217 

Molecular- based tecquines, resorting to the detection of specific genetic regions of a 218 

target species, are another good exmaple of recent developments for their ability to 219 

identify the causing agents. Those tecniques have emerged in the last decades due to their 220 

accuracy, limit of detection, specificy and high throughput capabilities. Among the 221 

diverse tecnologies, polimerase chain reaction (PCR)A detection tecquines, in particular 222 

those based on quantitaive approches (qPCR), have gain great relevance. However, 223 

although PCR is routinely used in food industry to detect foodborne pathogens or 224 

genetically modified organisms (GMOs) in foods, its use to detect insects presence is still 225 

at an early stage. Regarding grains/cereals infestation, there are a few reaserch works that 226 

resort to PCR and insects species-spcific DNA regions to accuratly detect, and even 227 

quantify, early infestation (Negi et al., 2021). Examples can be found for both 228 

internal/hidden and external infestation and for different grains/samples. 229 

 A study conducted by Nowaczyk et al. (2009) on the development of a real time PCR 230 

method for detecting Tribolium confusum infestations in stored products, has shown the 231 

method ability to detect as low as 1 insects per kg of oat flakes. Also, the detection of 232 

Tribolium castenaum external infestation by a quantitative (qPCR) method has also been 233 

validated in wheat flour, showing a detection limit of 0.046 adult insects in 5 g of wheat 234 

flour (Negi et al., 2021). These works clearly show the potencial of this tecnique to quantify 235 

infectation to very low levels. Considering that FDA has defined a maximum permissible 236 

limit of insect fragments in flour of 75 insect fragments, or approx. 3 adults, per 50 g of 237 

flour (Negi et al., 2021), the value of PCR tecquines becames quite clear. 238 

Back in 2016, a real time PCR method has been developed to identify hidden 239 

infestations of Rhyzopertha dominica in grain (rice, maize and wheat) (Solà, 2016). Later on, 240 

that study has evolved to include the five most relevant internal pest. Thus, in the work 241 

of Solà et al. (2018), we can find the most paradigmatic example of the PCR potential for 242 

detecting hidden infestation. A multiplex PCR was deleloped and tested in different 243 

grains, including rice. Insects species included R. dominica, Sitophilus granarius, S. oryzae, 244 

S. zeamais and Sitotroga cerealella. The estimated detection limit was found to be 0.1 245 

pupa/kilo of rice, except for R. dominica (10 pupae/kilo). 246 

As such, taking into consideration the specificity and limit of detection of this 247 

detection tecniques, as well as the broad distribution/use of PCR instruments in food- 248 

related laboratories, it is expected that industry can resort more often to this techniques. 249 

Nonetheless, their potential for application in loco for a real-time monitoring is limited, 250 

as they require laboratory settings. Because of this, methodologies such as those based on 251 

acoustic or carbon dioxide sensors, which are more amiable to in loco automated 252 

monitoring, are expected to find a higher degree of dissemination in industrial settings. 253 
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 254 

5. Control measures 255 

5.1. Fumigation methods: limitations and health concerns 256 

Fumigation is a chemical treatment and one of the most effective methods for the 257 

control of insects’ growth in stored cereal grains (Refª). This method can be used against 258 

several species of insets and is unexpensive (Paul et al., 2020). If properly applied, the 259 

treated rice would remain in a hermetic container (or silo) for sufficient time to kill living 260 

insects as they are formed but fumigation will not destroy the eggs. As most likely infec- 261 

tion has already occurred on the field, rice producers and millers could only rely on re- 262 

ceiving the rice, fumigate it properly, hope that all live insects die and all eggs turn to 263 

larvae, pupa, adult and then die. Rice kernels damaged by the infection will be removed 264 

in the sorting process.  265 

Despite the success of fumigation, resistant insects have been identified (Donahaye 266 

et al., 2007) and this implies that over time the insect species becomes more tolerant of the 267 

chemicals that thus lose efficiency (Refª). Furthermore, fumigation is not always properly 268 

applied, for instance, an Australian Grains Research and Development Corporation 269 

(GRDC) survey carried out during 2017 revealed that only 49 per cent of growers using 270 

phosphine applied it correctly — in a gas-tight, sealed silo.  271 

The fumigants applied to control pest populations, can have negative effects and be 272 

toxic to humans (Paul et al., 2020), and some stored-product pests have developed re- 273 

sistance to them (Donahaye et al., 2007). Organophosphorus and pyrethroids are widely 274 

used to control various pests because they are unexpensive and have high efficiency, how- 275 

ever, organophosphorus have provoked pollution to the environment and ecosystems, 276 

leaving toxic residues in water and soil, which can easily enter in the food chain. Pyre- 277 

throids contain synthetic chemicals derived from modification of pyrethrin obtained from 278 

flowers, there being several pyrethroids used in agriculture.  279 

A deltamethrin incorporated polypropylene bag (ZeroFly® Storage Bag) has been 280 

developed (Vestergaard SA, Lausanne, Switzerland) for which it claimed great potential 281 

to reduce postharvest losses of cereal grains and grain legumes (P Anankware et al., 2014). 282 

This compound However, the study found that the bags were indeed efficient to present 283 

insects from entering the bags, but seemed to leave those already in unaffected, so its use- 284 

fulness is doubtful. k-obiol is other pesticide produced by Bayer®, which is being used in 285 

industry recently as an alternative to phosphine. Unpublished trials though were uncon- 286 

vincing regarding its performance for fumigation compared to phosphine. Its impregna- 287 

tion in packages would therefore likely give dubious results as well. 288 

However, the continued use of these pesticides increases the risk of exposure (Yao et 289 

al., 2020). In fact, there has been an increasing concern worldwide in the substitution of 290 

chemical treatments for methods of biological origin, since chemical pesticides have tre- 291 

mendous impact on biodiversity, environmental, animal, and human health. To address 292 

this necessity, it is important to identify and experiment realistic solutions that could min- 293 

imize the use of insecticides and reduce their impact in the environment (Ali et al., 2017). 294 

 295 

5.2. Control by environmental parameters 296 

Critical environmental parameters such as temperature and atmosphere (extrinsic 297 

factors) affect the storability of rice because can cause problems related with insect infes- 298 

tation and other biological contaminations. Therefore, temperature and CO2 control is 299 

highly important to prevent rice losses due to those problems and to estimate the greatest 300 

risk periods (Mancini et al., 2007). 301 

 302 

5.2.1. Temperature 303 
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Grain temperature is one of the most important factors to control insect infestation 304 

and monitoring the temperature of rice grains is mandatory for maintaining quality 305 

throughout storage (Li et al., 2018).  306 

Temperature control is an effective method to prevent insect infestation in rice stor- 307 

age (Champagne, 2004), since insects can’t survive or thrive outside a temperature range 308 

of 13 – 35 °C (Fields, 1992). Although treatments using high temperatures are possible for 309 

controlling pests in stored products, they can lead to quality degradation (Paul et al., 310 

2020). Bringing the grain temperature to a level, where heat treatment is effective using 311 

hot air is very difficult, since the grain would dry, and the evaporative cooling would keep 312 

the rice temperature much lower than the applied air temperature. Heat treatment with 313 

hot air hence would lead to an undesirable, substantial overdrying of the grain. Further- 314 

more, any kind of isochoric heating of the grain, that would have a positive effect on insect 315 

infestation issues, would significantly change the product properties and lead to discolor- 316 

ation triggered by the so-called Maillard Reaction (Bhattacharya, 2011), as is observed, 317 

and in these cases desirable, during paddy steaming and parboiling. 318 

On the other hand, cooling rice, with or without refrigeration, has been shown to be 319 

effective against insects (Champagne, 2004). There are many storage situations where am- 320 

bient conditions are not sufficient to cool the grain, hence refrigerated air units for chilling 321 

grain have been developed in answer to these situations (Maier & Navarro, 2002). In fact, 322 

the chilled aeration of grain has been successfully utilized to preserve grain quality and 323 

has already been applied commercially during the past 60 years (Maier, 1994). Maintain- 324 

ing low temperature- and moisture levels in bulk-stored grain was identified in a major 325 

study on “Enhancing the quality of U.S. grain for international trade” (U.S. Congress, 326 

1989), as the main way to preserve grain quality, and to prevent damage from moulds and 327 

insects as early as 1989. Today, grain chilling is the most used technology in the rice in- 328 

dustry to remove the excess of heat after harvest or drying, significantly preserving the 329 

quality of the rice stored and allowing long-term storage regardless of the ambient condi- 330 

tions. 331 

In grain chilling, grain is cooled using a mobile refrigeration system that controls 332 

both the temperature and relative humidity of the aeration air independent of the ambient 333 

conditions (Maier, 1994).  334 

Although storage temperatures of as low as 5°C have been recommended in litera- 335 

ture (Katta et al., 2019), it has been shown, that keeping the grain temperature below 20°C 336 

already significantly reduces the development rate of insects when compared to 25°C 337 

product temperature (Morales Quiros, 2017).  338 

Several studies could proof, that the use of grain chilling in industrial silo complexes 339 

can keep the stored paddy insect free, even for extended storage periods and extreme 340 

weather conditions, if the product temperature is kept at 15°C or below. Lazzari et al. 341 

(1994) found that chilling of a 5,000t metallic paddy silo to 15°C in Brazil controlled the 342 

insect populations for about 60 days without the need of re-chilling. Similarly, Lazzari et 343 

al. (2010) reported, that after initial chilling to 12-14°C, stored rice in a huge rice facility in 344 

Brazil, kept its temperature about 60 days without re-chilling. Keeping the rice at this tem- 345 

perature level, it was found free of external insects after 8 months of storage.  346 

These studies furthermore highlight the fact, that once the grain has been initially 347 

cooled, “only occasional re-chilling for short time periods is required to maintain chilled 348 

storage conditions due to the insulating properties of the grain itself” (Maier, 1994).  349 

A simulation carried out for a paddy silo in Costa Rica (Morales Quiros, 2017) re- 350 

vealed, that it would take less than 5 days to cool the product to a top layer temperature 351 

of 14.6°C and that once cooled, the average grain temperature would only increase to 352 

15.5°C, over a storage period of 6 month despite the high local ambient temperatures. 353 

Since the average grain temperature remained within the range in which insect develop- 354 

ment would stop (Fields, 1992), the need of chemical control of stored-product insects 355 

would reduce or be eliminate completely. 356 
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Chilling grain below 15°C in less than a week avoids that most insect species com- 357 

plete even one life cycle because most of them take at least a month to develop from egg 358 

to adult at ideal temperatures between 30°C and 35°C (Rees, 2004). Morales Quiros (2017) 359 

concludes, that “chilled aeration is the only technically feasible strategy to achieve average 360 

grain temperatures sufficiently low to reduce or eliminate the need for chemicals to con- 361 

trol stored product insects”. 362 

Due to the fact, that after initial chilling only occasional re-chilling is required, grain 363 

chilling could be proven to be an economic solution for chemical free pest control even in 364 

tropical conditions. Morales Quiros (2017) found the operational cost of grain chilling to 365 

be lower than for the combined cost of aeration with ambient air and fumigation com- 366 

bined. Even in moderate climates in Europe, the use of grain chillers can be cheaper than 367 

the use of aeration fans, when the weather is unfavourable for longer time periods (for 368 

example during the unusually wet summer 2021 in southern Germany), given the ex- 369 

tremely long time to bring down the grain temperature using aeration fans in this case.  370 

It is furthermore important to note, that chilling not only hinders the growth of pest 371 

populations, but also allows to avoid quality losses in cereal storage and the deterioration 372 

of the product (Mancini et al., 2007). 373 

Lazzari et al. (2010) however highlighted the importance of proper cleaning of the 374 

storage facility before storage for a successful chemical free and insect free paddy storage 375 

using a grain chiller. A one-time phosphine fumigation cycle followed by grain chilling to 376 

15°C, is widely used in the industry, if living insects are present before storage and has 377 

proved to be effective for insect free long-term storage. It is however important to remem- 378 

ber, that phosphine fumigation is not effective at low temperatures and hence has to be 379 

carried out, before the grain is cooled. 380 

It can be concluded that grain chilling is an economical and efficient method for insect 381 

control even during long term storage and independent of the ambient conditions, that 382 

furthermore preserves the quality and quantity of product stored. 383 

 384 

5.2.2. Atmosphere 385 

The control of the atmospheric composition for the protection of grain stored prod- 386 

ucts, such as rice, has been extensively reported (Carvalho et al., 2019; Covele et al., 2020; 387 

Guenha et al., 2014; Martin et al., 2015). In fact, insect eggs would not hatch under certain 388 

conditions such as the absence of oxygen. Therefore, whether in a silo or in a small con- 389 

sumer package, if the environment is hermetic and has no oxygen, infestation will not 390 

occur.  391 

There are a few options for control the rice grain surrounding atmosphere. 392 

• Vacuum packaging. All air is removed, the packaging material ensuring her- 393 

meticity will also protect from humid storage environments (high water va- 394 

pour barrier) and therefore infestation will not occur all the way to the final 395 

consumer. This is a bit more expensive than normal packaging because the 396 

packaging material must be more resistant and requiring a vacuum packag- 397 

ing machine, but this is an efficient option to prevent the growth of insects.  398 

• Hermetic packaging. This option requires a more expensive packaging ma- 399 

terial than usual, with a very high barrier to gas permeance, being cheaper 400 

than the option above as it would not require the vacuum packing. This tech- 401 

nology avoids the interactions with the surrounding environment and in ad- 402 

dition to maintaining food quality, it can extend shelf life during storage 403 

(Carvalho et al., 2019). If eggs would be present, their development would 404 

consume the oxygen and then the growth would stop. This is known as pas- 405 

sive Modified Atmosphere Packaging (the modified atmosphere is created 406 

by the metabolisms ongoing in the product itself). This has been tested for 407 

instance by Guenha et al. (2014), concluding that the use of hermetic packag- 408 

ing is safe, pesticide-free, and sustainable. It also contributed to a decrease in 409 
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insect infestation. A particular type of bag (PICS - Purdue Improved Crop 410 

Storage bags), consisting of two inner layers of high-density polyethylene 411 

and an outer layer of woven polypropylene, was reported to give excellent 412 

results by Martin et al., (2015). In this case, the results proved that wheat 413 

grains stored in the PICS bags had lower levels of insect damage, comparing 414 

to conventional packaging. Covele et al. (2020) also studies hermetic contain- 415 

ers as an alternative to preserve rice grains, since this method proved to be 416 

efficient during 12 months without being necessary the use of pesticides. The 417 

results showed that this could be a green alternative for safe storage of rice 418 

with several advantages.  419 

• Active MAP. Active Modified Atmosphere Packaging consists of removing 420 

the normal air and injecting a different gas composition instead. It also obvi- 421 

ously requires a hermetic package, so the cost of this solution is higher than 422 

even vacuum packaging, as one has to add the cost of the gases. However, 423 

there are some cost-effective solutions to generate a modified atmosphere to 424 

inject into the packages. Several options have been reported in this regard: 425 

o Carbon dioxide. Carvalho et al. (2012) reported a comprehensive 426 

trial of use of CO2 enriched atmospheres (90-95%) in actual storage 427 

silos and big bags. The modified atmosphere very successfully elim- 428 

inated infestation. CO2 would also have anti-fungicidal properties, 429 

thus providing an additional benefit for that equally important cause 430 

of losses during storage at rice milling companies. Their treatment 431 

suppressed insects in the state of egg, early larvae, and adult. Thus, 432 

can be applied modified atmosphere technologies either in the final 433 

product, during the packaging process, or in other stages of the pro- 434 

cess to preserve the quality and flavour of rice during storage, as 435 

they are safe and environmentally friendly tools (Carvalho et al., 436 

2012). 437 

o Ozone. Ozone gas can be used for disinfestation and decontamina- 438 

tion, since it does not produce residues (Paul et al., 2020) and has 439 

important advantages comparing to conventional food preservation 440 

methods (Savi et al., 2020). Ozone would be used as fumigation in 441 

silos, it is not suitable for packaging because ozone decomposes 442 

quickly and therefore it is necessary to keep generating to maintain 443 

its concentration. Its use is described in Amoah and Mahroof (2019), 444 

for instance. The results reported by these authors are not very en- 445 

couraging. While ozone can affect all stages of the insect life cycle, it 446 

very much depends on how deep in the kernel the egg was located, 447 

as the ozone effect is rather limited to the surface and close to it. Even 448 

with treatment for 60 hours with high ozone concentration, at depths 449 

of 15 cm and higher there was still significant survival. Rice kernels 450 

are much smaller than this though, so the treatment could be quite 451 

effective if applied in a fluidized bed for such time as needed for all 452 

eggs to eventually be destroyed as they hatch. Ozone also has some 453 

disadvantages as a stored product fumigant as it is a strong oxidizer 454 

and the effect of ozone exposure on silo materials needs to be as- 455 

sessed. It may increase corrosion rates on metal components and de- 456 

grade equipment such as rubber seals, and electrical equipment at 457 

unacceptable rates. There are also some reports that the ozone gives 458 

an off taste to the rice (Refª). Not directly related to contamination 459 

by insects but with the residues of chemical treatments, de Ávila et 460 

al. (2017) studied ozone gas as degradation agent of pesticide resi- 461 

dues in stored rice grains. The samples of rice treated with insecti- 462 

cides were exposed to the gas, being that after ozonation the quality 463 
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of rice grains were not affected, and the technique was promising to 464 

remove insecticide residues in rice grains.  465 

o Nitrogen. Total removal of oxygen while maintaining nitrogen in- 466 

stead of vacuum has been proposed (Refª) to implement in silos by 467 

using pressure-swing adsorption to gradually replace normal air by 468 

an environment rich in nitrogen (above 98%), extracting oxygen 469 

from the kernels themselves. It would have no advantage over using 470 

CO2 except that prices are a bit lower, but it would not have the same 471 

anti-fungicidal effect. However, it is perfectly inert and give no 472 

change to the organoleptic quality of the rice (Refª). 473 

o Silica. Silica has given good results in preventing insect develop- 474 

ment in cereals (Debnath et al., 2010; Kar et al., 2021). It has been 475 

proposed initially by using cheap inert dust, like volcanic ash which 476 

is high in silica (over 50%). However, there would be issues with the 477 

residues left from the dust that would now become part of the rice, 478 

which includes significant potential for off-flavours and insoluble 479 

particles to float as rice is cooked. Thus, Kar et al. (2021) proposed a 480 

nanotechnology approach using silica nanoparticles. The treatment 481 

was considered effective, but there was residual presence for all 482 

treatment conditions reported. 483 

 484 

5.3. Natural oils and biopesticides in packages 485 

Natural oils and biopesticides are some examples of chemical substitutes that can be 486 

used to control and prevent rice losses due to insect infestations.  487 

In fact, natural oils could be an excellent alternative treatment to prevent rice biolog- 488 

ical contaminations. Some natural oils extracted from several plants have been shown to 489 

possess significant antifungal and repellent properties, and insecticidal activity against 490 

stored-product pests. Natural products that would be organoleptic acceptable could be 491 

mixed with the rice and offer an insecticide type of protection. A few options have been 492 

reported in this regard: 493 

• Spice oils. Garlic has well known properties against insect infestation. How- 494 

ever, its use as is would concede strong flavours to the rice. Essential oils 495 

obtained from garlic, ginger, black pepper, and fennel could be used instead, 496 

providing less organoleptic impact. Their effectiveness was reported by 497 

Chang et al., 2017, placing these different types of oil extracts in sachets in- 498 

stead of mixing them with the rice, to avoid flavour impacts. Sensory assess- 499 

ment proved no organoleptic impact. However, the fumigation capacity was 500 

just around 80% at best. 501 

• Basil oil. Basil oil has proven effective in killing rice weevils in open air and 502 

thus suggested as a potential means to control infestation. However, Follett 503 

et al., 2013 reported low effects on weevil mortality and reproduction rate 504 

when applied in packed rice. 505 

• Cinnamon oil emulsion.  Shi et al. (2022) have just claimed very high effi- 506 

ciencies in preventing rice weevil infestation by using an emulsion of cinna- 507 

mon oil, which prevents its otherwise rapid oxidation and loss of toxicity. 508 

The emulsion used anhydrous ethanol and there was no analysis of potential 509 

organoleptic impact though. 510 

 511 

In addition to those already mentioned, there are other studies about natural oils ex- 512 

tracted from plants that had activity against insect’s metabolism. Guettal et al. (2020) con- 513 

cluded that the natural oil from Citrus limonum exhibited fumigant toxicity against S. gran- 514 

arius adults, confirming its potential as a natural alternative to synthetic insecticides for 515 

the control of stored-product pests. To study the fumigant toxicity of C. limonum essential 516 
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oil, after washing, the leaves were dried in the shade and ground into powder. Then, the 517 

obtained oil was dried over anhydrous sodium sulphate and was analysed by gas chro- 518 

matography mass spectrometry (GC-MS). The components were identified based on re- 519 

tention index that was compared with the reference mass spectra. 520 

The orange oil has also been used as an alternative agent for controlling many insect 521 

pests since it is neurotoxicity to insects while in a study developed by Chou et al. (2022) it 522 

showed low mammalian toxicity and short environmental persistence. In addition, 523 

Mishra et al. (2013) concluded that essential oils of Syzygium aromaticum and Aegle mar- 524 

melos could be recommended as an alternative to synthetic insecticides, since they are in- 525 

expensive, easily available at farm level, environmentally sound with low mammalian 526 

toxicity. Finally, Bhavya et al., 2018, shows that essential oil of O. tenuiflorum had a signif- 527 

icant fumigant activity against S. oryzae, concluding that this essential oil could be used in 528 

the formulation of biofumigants as a safer alternative to chemical fumigants.  529 

Al-Harbi et al. (2021) evaluated the insecticidal activity of Ocimum basilicum, Nigella 530 

sativa, and Lavandula angustifolia essential oils against S. oryzae, by assessing mortality per- 531 

centage assay in the adult stage of the insect, as well as analysing genes associated to tox- 532 

icity effect the natural oils.  533 

 534 

Biopesticides are frequently part of the natural defence mechanism of many plant 535 

species, usually showing high selectivity against target pests with low toxicity, besides 536 

being biodegradable. They can be applied to protect crops and seeds, which can be seri- 537 

ously damaged by insect infestation during storage and transport, causing important eco- 538 

nomic losses (Goñi et al., 2017). The use of biopesticides is increasing since regulation 539 

agencies are setting lower residue limits for synthetic pesticides and encouraging the use 540 

of no synthetic alternatives (Codex Alimentarius, 2018). Also, consumers are encouraged 541 

for the replacement of chemical substances by biopesticides. 542 

Biopesticides can be impregnated in the packaging material in order to create an anti- 543 

insect effect and avoid significant changes in the rice grain composition. This may work 544 

in killing adult insects, but it must be noted that the dead insects will not disappear from 545 

the inside of the package. The insecticide is released from the package over a given period 546 

of time. This is the critical issue for application to rice weevils, as an egg can take over a 547 

month to become an adult, which is then killable. Some options have been suggested in 548 

literature: 549 

• Terpenes. Goñi et al. (2017) impregnated low density polyethylene films 550 

with supercritical CO2 and obtained a good result in 100% mortality of adult 551 

insects but only for up to two days, with the toxicity decreasing to very low 552 

in just seven days. These researchers developed these films as a strategy for 553 

developing a packaging material for protecting seeds, kernels and deriva- 554 

tives during storage and transport. Although this study was related to maize 555 

and its pests, it had a positive effect, and it would be important to verify its 556 

effectiveness on stored rice. 557 

• Biopesticides in double layered bags. Soujanya et al. (2018) proposed to 558 

place a biopesticide in between 2 layers of plastic for a double layered bag 559 

with the biopesticide not being in contact with the rice. The biopesticide used 560 

in this study was leaf powder of Tinospora cordifolia. Reported results show a 561 

good efficacy, despite not being 100%. 562 

• Chitosan. Silva et al. (2022) reported some fungicidal effect of chitosan 563 

coated paperboard. The best efficiency in preventing insect infestation was 564 

however under 80%. 565 

The development of active packaging with incorporation of biopesticides is an inno- 566 

vative technology for food preservation considering their antifungal, insecticidal, repel- 567 

lent, and herbicidal activities. Herrera et al. (2018) obtained a bioactive material for stored 568 

grains protection by incorporating 1-octen-3-ol in low density polyethylene films. The su- 569 

percritical CO2-assisted impregnation of LDPE films with that biopesticide was carried 570 
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out in a high-pressure cell, with magnetic stirring and using a high-pressure impregnation 571 

system. The films developed by these authors indicated that this biopesticide has insecti- 572 

cidal activity against S. zeamais, since the results showed 100% of mortality after 24 hours. 573 

Although S. zeamais is a maize pest, it is also common in stored rice, and it would be im- 574 

portant to test the efficiency of the 1-octen-3-ol on rice samples contaminated with S. ory- 575 

zae.  576 

 577 

5.4 Application of radiations 578 

Radiations such as ultraviolet, visible light, microwaves, infrared and radiofrequency 579 

waves can also be used as a tool for disinfestation. Some studies related to the application 580 

of these radiations have already been developed, obtaining very positive results. 581 

Duangkhamchan et al. (2017) studied the infrared heating method against S. oryzae in an 582 

egg stage, consisted of an electrical emitter with adjustable intensity by tuning the tem- 583 

perature. The results showed 100 % of insect mortality after two minutes of exposure, at 584 

all temperatures tested. (Pei et al., 2018) also studied the lethal effects of infrared radiation 585 

on S. zeamais (maize pest) and Tribolium castaneum in rice, concluding that heating the rice 586 

to 60 oC under infrared radiation of 2780 W/m2 could be a feasible method for disinfesta- 587 

tion. To treat the rice and insect samples, it was used a ceramic infrared drying device that 588 

consists of an infrared radiation emitter, a circulating fan, and a control panel. The mixture 589 

of rice and insects were heated to different temperatures under different infrared emitter 590 

temperatures. Then, the radiation of intensity of heated rice was measured and the au- 591 

thors concluded that with this treatment it was possible to achieve high insect mortality. 592 

Other researchers have also been studied application of radiations as alternatives to 593 

the conventional treatments. Follett et al. (2013) studied an irradiation quarantine treat- 594 

ment for stored-products pests and the authors found out that this treatment has potential 595 

as a method to control rice weevil. They randomly selected 15 insect adults and placed on 596 

500 g of rice in each of 20 plastic containers, which were treated with different radiation 597 

doses, and the number of live and dead adults was counted every week during five 598 

months. The conclusion was that 120 Gy radiation dose could be used for this pest control, 599 

and no further damage occurs to the rice grains.  600 

Srivastava & Mishra (2022) investigated the application of microwave, ultraviolet, 601 

and vacuum, as well the combination of these three radiations in controlling adult stage 602 

of R. dominica in rice grains. The analysis was conducted in an equipment with microwave, 603 

ultraviolet irradiation, and temperature control. The process and status of the reactions in 604 

a container were observed via real time of the instant camera system. Their conclusions 605 

were that combination of the three treatments resulted better and leads to minimal 606 

changes in rice quality attributes. 607 

The application of radiofrequency electromagnetic waves has been proposed to 608 

stored grain insect pest disinfestation. Radiofrequency technology is well developed for 609 

various applications such as pasteurization, being a form of rapid heating (similar to mi- 610 

crowaves, just in different bandwidth). This method is a common nonchemical disinfes- 611 

tation process with effective and rapid action (Paul et al., 2020). The organic material like 612 

insect contains high moisture, shows high dielectric loss factors and heat can be trans- 613 

ferred rapidly under electromagnetic field. When the energy is absorbed, the heat is gen- 614 

erated rapidly in insects (Vearasilp et al., 2015) and radiofrequency technology can be ap- 615 

plied to eliminate all stages of the insect lifecycle, from egg to adult. Vearasilp et al. (2015) 616 

report the construction of a simple radiofrequency heating pilot system whereby the rice 617 

simply falls through the radiofrequency field, reaches temperatures not in excess of 55 oC, 618 

and comes out completely clear of contamination of all forms of the weevil lifecycle after 619 

just 1-3 min of treatment. The quality of the rice before and after cooking was determined 620 

by instrumental methods and showed no significant difference to that of untreated rice. 621 

This system is environmentally friendly and safe for consumers, beyond that the authors 622 

concludes that this system is able to eliminate completely the rice weevils at any stage, 623 
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and no organoleptic assessment was verified. This technology appears very useful, as it 624 

could be applied to rice as in is transported into the storage silos and would then leave all 625 

rice free of infestation for storage.  626 

 627 

6. Bio-packaging from rice by-products 628 

The rice by-products (rice bran, rice husk/hull, and rice straw) are abundant wastes, 629 

partly used for low-value animal feed, which disposal is costly. However, added-value 630 

food bio-packaging, with biodegradable properties, may be produced from rice by-prod- 631 

ucts. The resultant bio-packaging protects food against light, humidity, and other contam- 632 

inants, and contributes to the increase in revenues of the rice industry. This waste reduc- 633 

tion and valorisation into food bio-packaging, with a local production, are according to 634 

the Circular Economy basis. 635 

 636 

6.1. Rice bran  637 

Rice bran is the layer covering the rice grain, produced during the wet-milling pro- 638 

cess. Rice bran is rich in a huge number of bioactive compounds, very appealing to food 639 

ap-plications: phenolic and cinnamic acids, anthocyanins, flavonoids, steroidal com- 640 

pounds such as tocopherols, arabinoxylan and proteins (Friedman, 2013).  641 

As far as bioplastics are concerned, rice bran has a relatively high content of valuable 642 

protein (about 10-15% (Amagliani et al., 2017; Fabian & Ju, 2011)) and of starch. Starch is 643 

a suitable and common biopolymer for packaging, its tensile properties are adequate for 644 

this application, and 50% of the commercial bio-packaging is prepared from starch 645 

(Marichelvam et al., 2019). Rice Bran-based bio-packaging typically comprises starch and 646 

protein, besides a plasticizer, commonly glycerol or sorbitol (Alonso-González et al., 2021, 647 

2022a). Rice Bran-based bio-packaging has appealing thermoplastic properties, being pro- 648 

duced by injection moulding, similarly to current petroleum-based packaging. Although 649 

rice bran oil is increasing its importance in cosmetic, food, and pharmaceutical applica- 650 

tions, it should be removed during bio-packaging formulation, as it contributes negatively 651 

to the mechanical properties of bioplastics (Alonso-González et al., 2022b). 652 

 653 

6.2. Rice husk/hull 654 

Rice husk/hull is the layer covering the rice bran, produced during the wet-milling 655 

process. Rice husk/hull is composed mostly of lignin, hemicellulose, cellulose, and hy- 656 

drated silica (Friedman, 2013), very hard materials. Rice husk/hull is commonly inciner- 657 

ated to produce energy and rice husk ash, a low-cost product with a high content of silica 658 

(83-90%). Rice husk ash is used in the production of silica gels, silicon chips, activated 659 

carbon and silica, lightweight construction materials, zeolites, and lithium batteries 660 

(Friedman, 2013). 661 

Rice husk-based bioplastics are composed of mainly cellulose, and silica is used as 662 

fillers, with cellulose (Karaca et al., 2022). Starch-based bioplastics with silica as filler were 663 

demonstrated to be promising when compared to currently used plastics (Shafqat et al., 664 

2021). 665 

 666 

6.3. Rice straw 667 

Rice straw is produced during harvesting and has a high content of cellulose. A bio- 668 

plastic was produced based solely on the cellulose extracted from rice straw (Bilo et al., 669 

2018). A composite bioplastic with starch as the matrix and the previously isolated cellu- 670 

lose nanocrystal CNC were formulated by casting with different starch-to-CNC ratios. 671 

The incorporation of cellulose nanocrystals in the bioplastic increased both its tensile 672 

strength and modulus but decreased its thermal stability (Agustin et al., 2014). Another 673 

composite bioplastic was proposed with cellulose from rice straw cellulose, and chitosan 674 
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and glycerol as additives. The increase of glycerol content led to a reduction in oil swell- 675 

ing, a more flexible (higher elongation at break), weaker (low tensile strength) (Inayati et 676 

al., 2019). 677 

 678 

6. Conclusions 679 

The conventional methods require the use of chemical insecticides, however, over the 680 

years some problems have arisen, such as potential risks to human health and the emer- 681 

gence of insecticide-resistant insects. Therefore, in view of this, some alternative treat- 682 

ments can be the used such as biopesticides, ozone gas, radiofrequency, microwaves, ul- 683 

traviolet, vacuum, and infrared heating. The reported techniques are promising for the 684 

removing of insecticide residues in rice grains and some of them could be viable options 685 

for environmentally friendly insect management in stored rice grains. In future work, in- 686 

stead of using current petroleum-based packaging with the selected treatments for insect 687 

management, bio-packaging from rice by-products should be employed, following the 688 

principles of the Circular Economy. 689 
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Abstract: The prevalence of mycotoxins in the environment is associated with potential crop con-

tamination, which results in an unavoidable increase in human exposure. Rice, being the second 

most consumed cereal worldwide, constitutes an important source of potential contamination by 

mycotoxins. Due to the increasing number of notifications reported, and the occurrence of myco-

toxins at levels above the legislated limits, this work intends to compile the most relevant studies 

and review the main methods used in the detection and quantification of these compounds in rice. 

The aflatoxins and ochratoxin A are the predominant mycotoxins detected in rice grain and these 

data reveal the importance of adopting safety storage practices that prevent the growth of produc-

ing fungi from the Aspergillus genus along all the rice chain. Immunoaffinity columns (IAC) and 

QuECHERS are the preferred methods for extraction and purification and HPLC-MS/MS is pre-

ferred for quantification purposes. Further investigation is still required to establish the real expo-

sition of these contaminants, as well as the consequences and possible synergistic effects due to 

the co-occurrence of mycotoxins and also for emergent and masked mycotoxins.  

Keywords: Co-occurrence; HPLC-MS; Mitigation; Mycotoxins; QuEChERS; Rice 

Key Contribution: Rice is one of the most consumed cereals worldwide, resulting in a large expo-

sure to its potential contaminants. IAC and QuECHERS are the preferred methods for extraction 

and purification of mycotoxins in rice, also HPLC-MS/MS is preferred for quantification of myco-

toxins in rice. 

 

1. Introduction 

Mycotoxins are secondary products resulting from toxigenic fungal metabolism. 

They consist of low molecular weight metabolites and are mostly produced by the genus 

Aspergillus, Fusarium, and Penicillium [1]. Over 400 types of mycotoxins have been identi-

fied, but attention is mainly given to those with the greatest public health relevance, 

such as aflatoxins (AFs), ochratoxin A (OTA), fumonisins (FUMs), trichothecenes (TCs) 

and zearalenone (ZEA) [1,2]. Their structural diversity results in different chemical and 

physicochemical properties, and they are associated with the development of acute and 

chronic problems such as carcinogenicity, teratogenicity, mutagenicity, and hepatotoxi-

city [1,3]. 

Due to their worldwide prevalence and their association with health disorders, my-
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cotoxins have been recognized as a major health and economic issue [4]. In fact, these 

toxins are considered by European Food Safety Authority (EFSA) as a threat and are one 

of the most reported hazards on RASFF (Rapid Alert System for Food and Feed) [5]. 

The European Commission (EC) has established a regulation where the maximum 

levels allowed for some mycotoxins are established, but many studies have reported 

cases where those limits are exceeded [6]. Therefore, and due to climate change, strict 

control is required, as well as the development and validation of suitable analytical 

methods [7]. 

It is almost impossible to avoid the presence of mycotoxins in the food chain, but 

their levels can be controlled by the implementation of good agriculture practices and 

decontamination processes [1]. 

The present review comprises a review of the most commonly found mycotoxins in 

rice and the main methods used for their extraction, detection, and quantification, as 

well as the techniques used in decontamination processes.  

2. Mycotoxins 

Over 400 mycotoxins have been identified to date, but only a few represent known 

concerns to human health, including AFs, OTA, DON, T-2/HT-2 toxins, FUMs, and ZEA 

[1]. 

Aflatoxins are a family of mycotoxins produced by a fungus of the genus Aspergillus 

(mainly A. flavus and A. parasiticus), which can be found in rice [2]. Among all classes of 

mycotoxins, aflatoxins are thought to be the most toxic, and the greatest concern, not on-

ly at economic level (mainly in the United States and European Union) but also in health 

terms, contributing to hundreds of hepatocellular carcinoma (HCC) cases every year in 

developing countries [8,9].  

The most relevant aflatoxins are aflatoxin B1 (AFB1), aflatoxin B2 (AFB2), aflatoxin 

G1 (AFG1), aflatoxin G2 (AFG2), and aflatoxin M1 (AFM1), with aflatoxin B1 being the 

most commonly occurring and toxic one [10].  

Ochratoxins are produced by Aspergillus or Penicillium, mainly A. ochraceus and P. 

verrucosum, under variable environmental conditions. Ochratoxin A is known to be the 

most toxic and prevalent in this class [10,11]. Ochratoxins are found to be stable in acidic 

conditions and elevated temperatures. This thermal resistance makes them difficult to 

eliminate under normal cooking conditions [11]. OTA is considerably prevalent in cere-

als [12]. 

Fumonisins are fungal toxins produced by Fusarium spp. (mainly F.verticilloides and 

F. proliferatum), found most frequently in maize and cereals. This class of mycotoxins is 

known to be non-fluorescent and hydrophilic, unlike other classes, that can be complete-

ly dissolved in organic solvents [11]. There are more than 28 known fumonisins, divided 

into four main groups: A, B, C, and P. The fumonisins B group is the most frequent in 

nature and comprises fumonisin B1 (FB1), fumonisin B2 (FB2), and fumonisin B3 (FB3), 

with FB1 being the most toxic and frequent member of the family (70-80% of all 

fumonisins) [13]. 

TCs are a group of mycotoxins mainly produced by fungal species of Fusarium spp. 

This family is organized into four groups: the trichothecenes A, B, C, and D, each with 

structurally related toxins. Types A and B TCs are the most frequent in the group [14]. 

Type A TCs are the most toxic and include T-2 and HT-2 toxins. These toxins are mainly 

produced by F. lansehtiae, F. sporotrichioides, F.poae, and F.acumminatum, and have been 

detected in many food matrices including barley, oat, wheat, rice, and maize [13]. Type B 

TCs include nivalenol and deoxynivalenol (DON), with the last one being the most fre-

quent, although less toxic, of the group. DON is predominantly produced by F. cul-

morum and F. graminearum and can be found in cereal and cereal-based products, widely 

distributed [14]. Of all classes of mycotoxins, trichothecenes are the most structurally di-

versified, and mainly contaminate cereals, such as maize, rice, oats, wheat, and barley 

[15]. 
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Zearalenone (ZEA) is a macrocyclic lactone produced by multiple species of Fusari-

um, mainly F. graminearum, F. sporotrichioides and F. semitectum. It is usually associated 

with maize crops, but it can also be found in other cereals such as wheat, barley, rice, 

and oats. This toxin tends to appear mostly in temperate and warm countries with high 

humidity levels [13]. ZEA´s contamination usually occurs concurrently with DON or, 

less frequently, with aflatoxins. This mycotoxin can be partially eliminated under elevat-

ed temperatures but is stable under normal cooking conditions [16].  

2.1. Emerging Mycotoxins 

Emerging mycotoxins can be defined as a group of mycotoxins that has not been 

routinely determined or legislatively regulated, but the evidence of their incidence has 

been rapidly increasing in the last few decades [16]. 

Enniatins (ENNs) and beauvericin (BEA) are structurally related mycotoxins that 

belong to this class, produced by many filamentous fungi. ENNs are mainly produced 

by Fusarium spp, Alternaria spp, Halosapheia spp, and Verticillum spp, while BEA is most-

ly produced by Beauveria spp., Paecilomyces spp., Polyporus spp., and Fusarium spp 

[17,18]. These emerging mycotoxins have been reported in several matrices in recent 

publications, but their toxic effects have not yet been well established. The main source 

of contamination of these mycotoxins are cereals (including maize, wheat, barley, and 

rice), not only for being ideal matrices for fungal growth but also because of their great 

consumption among the population [17]. 

To date, 29 enniatin analogs have been reported, with enniatin A (ENN A), A1 

(ENN A1), B (ENN B), B1 (ENN B1), and B4 (ENN B4) being the most prevalent, but there 

have also been found lower amounts of enniatins C, D, E, and F. Their structural differ-

ences are responsible for the distinct bioactivities of these analogs [18]. 

Studies have shown that emerging mycotoxins are prevalent worldwide and are 

able to co-occur with other classes of mycotoxins. Therefore, they might be a hazard to 

human and animal health. There have been no reports found on mycotoxicosis caused 

by BEA and ENNs, although some studies have described possible risks associated with 

their ingestion due to their ionophoric properties. Further investigation needs to be done 

in order to evaluate their health risk and eventually come up with regulatory levels 

[17,18].  

Moniliformin (MON) and sterigmatocystin (STC) are also emerging mycotoxins 

that have also already been reported in rice. STC has the particularity of being a precur-

sor of AFB1, and so they share a similar mechanism of toxicity, by forming Deoxyribo-

nucleic acid (DNA) adducts and generating reactive oxygen species (ROS). This can lead 

to false negatives or underdetermination of AFB1 since STC can be later converted into 

its successor, considered by many authors as the most toxic and concerning mycotoxin 

[16]. Alternaria toxins, such as alternariol and tenuazonic acid, and citrinin (CIT) are oth-

er examples of emerging mycotoxins, mostly detected in fruits and vegetables [16]. 

2.2. Masked Mycotoxins 

Masked mycotoxins are produced by plant enzymes involved in detoxification pro-

cesses or during food processing through conjugation with polar substances such as glu-

cose, sulfate, and amino acids. This structure modification leads to difficulty in their de-

tection by conventional analytical methods [17,19]. 

Deoxynivalenol-3-glucoside (DON-3G) and ZEA-14-glucoside (ZEA-14G) are 

among the most commonly detected conjugates. Those conjugations are an attempt of 

the plants to make the compounds more soluble in water for faster elimination, and they 

usually exhibit lower toxicity in comparison with parent forms [20]. 

When metabolized, the masked mycotoxins suffer hydrolyzation and release the 

original mycotoxin. This can also happen during processing and constitutes a concern, 

because masked mycotoxins are not being accounted for by analytical methods and a 
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food commodity that was judged as compliant might become non-compliant at a later 

stage, because of the release of the mycotoxin [19]. 

2.3. Co-Occurrence 

Co-occurrence consists of the occurrence of multiple mycotoxins within the same 

food matrix [2]. Multiple exposures are very frequent, being even more common than 

the presence of a single mycotoxin [10]. Although there is still a lot to know, the co-

occurrence of mycotoxins may result in additive or synergistic effects, increasing the tox-

icity of the contaminated material [2]. 

In rice, the occurrence of different mycotoxins and their metabolites is unavoidable 

due to the simultaneous infection with multiple fungi, that are toxigenic, i.e. they are 

able to produce multiple mycotoxins [21]. 

AFB1 and AFB2 are the most frequently documented as co-occurring mycotoxins, 

but it has also been reported that the co-occurrence of mycotoxins is produced by differ-

ent fungi species [21]. It has been described in several studies the combined effects of 

mycotoxins; however, it is still unknown the nature of the observed effects, the relative 

potencies of each mycotoxin, and the way those interactions could enhance their respec-

tive toxic effects [10,17]. 

2.4. Mycotoxins-Producing Fungi 

Mycotoxin-producing fungi mostly belonging to the genera Aspergillus, Fusarium 

and Penicillium are among the organisms able to contaminate rice [15]. 

Fungi growing conditions are dependent on many factors, such as the presence of 

fungal inoculum on susceptible crops, fertilization balance, insect damage, inadequate 

storage conditions, temperature, humidity, water activity (aw), pH and nutritional com-

position of the food product, and so their relevance is different around the world [21,22]. 

Weather variables are the leading factors contributing to mycotoxin occurrence, but the 

cropping system used is a powerful tool for farmers to mitigate grain contamination 

[23]. 

Even inside the same genera, different species may grow during different stages of 

production [15]. 

Aspergillus grows predominately in tropical countries, with high temperatures 

paired with high values of RH and aw. For example, rice in tropical Asia is mostly con-

taminated with Aspergillus fungi (such as A. flavus and A. ochraceus) because of the condi-

tions during pre-harvest (improved crop management and agronomic practices, control 

of insects that favor fungal infection, host plant resistance, and biological control, such 

Afla-Guard® GR from Syngenta ® (Iowa, United States) that can be used in maize, 

which active ingredient is a nontoxigenic strain of A. flavus that acts by competitively 

displacing toxigenic, aflatoxin-producing strains, something similar should be specific to 

rice), harvest and postharvest stages [21,22]. Despite being difficult to predict the occur-

rence of fungal diseases and toxin contamination in food grains predictive models can be 

used and most publications on predictive mycology have just come up during the last 

decade [22,24,25]. A model is a simplified representation of a system, which is a limited 

part of reality and contains interrelated elements and attempts to summarize the main 

processes, put forward hypotheses, and verify their coherence and consequences [22]. 

Prediction models have been developed, based on several impact factors that might in-

fluence mycotoxins occurrence. Especially, in terms of the effect that climate change may 

have nowadays in the future, those models have been used to calculate the associated 

risks for human and animal health and with these models, the final levels of mold or 

mycotoxins contamination may be predicted (a useful tool for the food industry) [24,25]. 

Fusarium spp. grows under high temperatures and moisture and is the major cause 

of a decline in rice quality during cultivation due to environmental conditions [15]. Peni-

cillium spp. is not found in the field during the growing period, and their contamination 

is usually associated with rice storage conditions [15]. 
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It is well known that not all fungi are threatening and not all their secondary me-

tabolites are toxic. Mycotoxins’ toxicity depends not only on their producer but also on 

their interaction with each other and with other microorganisms, on the edaphoclimatic 

conditions, and on the system of farm management (organic versus conventional) to 

which they are submitted [21]. Moreover, fungal contamination of certain food matrices, 

is not a synonym of contamination with mycotoxins, since fungi only produce these me-

tabolites under specific circumstances as a strategic defensive mechanism. Therefore, the 

production of mycotoxins might not be associated with the presence of the fungal itself, 

but with the presence of other fungi or microbes, or even with the fluctuation of the en-

vironmental conditions (such as water availability and temperature) [26]. 

2.5. Factors Associated with Rice Contamination by Mycotoxins 

Food contamination by mycotoxins is dependent on the presence of fungi, the ap-

plication of unsuitable agricultural practices and the conditions of harvesting, and stor-

age. Since most mycotoxins are thermostable and consequently able to persist under 

food processing and cooking temperatures, the key to their absence must be based on 

the prevention of their occurrence [27]. 

Mycotoxins’ contamination may occur in different stages, from pre-harvest to post-

harvest steps, during processing, packaging, distribution, or even storage. The rice grain 

is harvested with husk and their physical structure exerts a protective effect against field 

mycotoxin contaminations. Usually, mycotoxins’ contamination in rice grain is associat-

ed with fungal growth due to improper storage conditions [28]. 

Despite the protective grain layers, paddy rice is susceptible to contamination after 

harvesting, since almost of worldwide rice production is harvested in subtropical envi-

ronments (under warm and humid conditions), and then stored for large amounts of 

time before its consumption. When stored under inappropriate conditions it constitutes 

a great substrate for fungal growth. According to the Food and Agriculture Organization 

(FAO), every year around 15% of the rice harvest is lost due to fungal growth and myco-

toxin contamination [29,30]. 

Rice crop development is strongly dependent on temperature since it has a great 

impact on plant photosynthesis, which when submitted to temperature stress, suffers a 

reduction in physiological activity. Therefore, climate change may have a substantial 

impact on rice grain production. Along with temperature increase, projections point to a 

decrease in precipitation along the Mediterranean basin area, which should have a nega-

tive impact on this crop, since it is very dependent on water supply [31,32]. 

Climate changes are also increasing mycotoxins’ contamination. Earth temperature 

is expected to increase 1.5 to 4.5 ºC until the end of the 21st century. Global warming 

boosts water evaporation from the surface, which results in an increase in moisture 

within the atmosphere. Consequently, an increase in the fungal population and myco-

toxins’ occurrence is expected since temperature and humidity are key factors for their 

growth [32]. 

2.6. Toxicity and Mechanisms of Action of Mycotoxins 

Mycotoxins’ contamination is associated with multiple risks to human health due to 

their toxicity, in particular their carcinogenicity. In order to avoid these risks, taking into 

account epidemiological, experimental, and mechanism studies, the International Agen-

cy for Research on Cancer (IARC) has come up with a scale of hazard assessment of my-

cotoxins in human health [33]. 

Mycotoxin ingestion can result in both acute and chronic toxicity. Acute toxicity is 

associated with a rapid toxic response, while chronic toxicity is a result of low-dose ex-

posure over a long period. Although chronic toxicosis has been found to be a global 

problem, acute toxicosis is more common in developing countries, particularly in Africa 

[8,33]. 
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Aflatoxins have carcinogenic, mutagenic, hepatotoxic, teratogenic, and immuno-

suppressive effects, with the liver being the most affected organ. AFB1 is the most toxic 

of all aflatoxins, with AFB2, AFG1, and AFG2 having, respectively, 50, 20, and 10% of its 

toxigenic power [17]. Aflatoxins have been classified by IARC as a Group 1 carcinogen, 

due to the high risk of development of HCC after chronic exposure. AFM1 is a result of 

AFB1’s biotransformation and has been classified as a Group 2B (possibly carcinogenic 

to humans). In humans, acute aflatoxicosis usually results in abdominal pain, vomiting, 

pulmonary and cerebral edema, coma, convulsions, or even death [33,34].  

After being ingested, aflatoxins are biotransformed in the liver by a family of en-

zymes called CYPP450. These are responsible for turning AFB1 into its carcinogenic 

form: AFB-8,9-epoxide. This metabolite is able to form adducts with cellular macromole-

cules, such as DNA, which results in a modification of its structure and biological activi-

ty, and therefore in the carcinogenic and mutagenic effects of the toxin. A mutation of 

gene p53 seems to be the base of the association between aflatoxins and HCC, and this 

type of cancer is found to be more prevalent in regions with high consumption of afla-

toxins [35]. 

In countries with a high rate of hepatitis B virus (HBV), exposure to AFB1 may con-

stitute an even bigger issue, since the risk of liver cancer development after exposure to 

aflatoxins in HBV-positive people is about 30 times greater than in HBV-negative people 

[27]. 

Ochratoxin A is a fat-soluble mycotoxin that has been classified by IARC as Group 

2B (possible human carcinogen) and is associated with immunotoxicity, neurotoxicity, 

genotoxicity, and embryotoxicity in both humans and animals [34,36]. Its toxicity seems 

to be related to its structural similarity with phenylalanine, an essential amino acid. OTA 

inhibits proper protein synthesis in the kidney and liver, by interfering with phenylala-

nine hydroxylase. It also seems to interfere with DNA and RNA synthesis [36]. 

Fumonisins are classified by IARC as belonging to Group 2B (possibly carcinogenic 

to humans) and seem to be associated with esophageal tumors and liver toxicity [34,37]. 

FB1 is found to be the most abundant and toxic of the group, followed by FB2 and FB3. 

Recent studies have been focusing on FUM’s mechanism of action, and their similarity to 

sphinganine and sphingosine has come to attention with their possible role in the inhibi-

tion of sphingolipids biosynthesis. These sphingolipids are allocated on the membrane 

of eukaryotic cells and are responsible for the formation of secondary messengers, in-

volved in the regulation of several cellular processes such as gene expression and pro-

tein activation/deactivation. By disrupting these mechanisms, this class of mycotoxins 

might contribute to many effects at a cellular level such as apoptosis induction and car-

cinogenic effects [38].  

Some studies have correlated the levels of FBs in food with the development of 

esophageal cancer in humans. Moreover, they also seem to be associated with brain and 

spinal cord neural tube defects, when ingested at high levels during pregnancy [38]. 

ZEA is frequently described as an estrogenic mycotoxin due to its structural simi-

larity to estrogens. Because of that, ZEA and its metabolites are able to bind competitive-

ly to estrogen receptors, activate the estrogen gene, and induce reproductive disorders. 

Long-time exposure to ZEA has also been shown to be associated with liver lesions and 

HCC development in the worst cases [39]. ZEA is associated with cytotoxic, hematolog-

ic, genotoxic, hepatotoxic, and immunotoxic effects, and has been classified by IARC as a 

group 3 carcinogenic (not classified as human carcinogenic) due to reduced evidence in 

experimental animals and inadequate evidence in humans [4,34]. 

Trichothecenes can easily penetrate cell membranes and react with cellular orga-

nelles and nucleic acids, which justifies their high toxicity. The major mechanism de-

scribed consists of the inhibition of ribosomal protein synthesis, followed by disruption 

of DNA and RNA synthesis [40].  

DON has been found to be immunosuppressant and genotoxic, but due to a lack of 

evidence of carcinogenicity, was classified by IARC as group 3 carcinogenic (not classi-
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fied as human carcinogenic) [4,34,37]. Nausea, vomiting, diarrhea, dizziness, and fever 

are some of the reported effects of human exposure to DON-contaminated grains [41]. 

T-2 toxins have also been classified as group 3 by IARC, and along with HT-2 tox-

ins, have been associated with a reduction in body weight, liver and kidney toxicity, 

immunotoxicity, neurotoxicity, and haematotoxic effects [4,34]. 

2.7. Mycotoxins Legislation with Special Focus at EU Level 

Due to the global toxic effects of mycotoxins, a vast number of governmental au-

thorities, including the Food and Drug Administration (FDA), World Health Organiza-

tion (WHO), EFSA, and FAO, are paying attention and setting maximum levels for my-

cotoxins in foodstuffs, in order to protect human health [9]. The availability of toxicolog-

ical information and dietary exposure, along with the distribution of mycotoxins and the 

available analytical methods, are among the factors that influence the regulated levels 

[42]. 

In Europe, the maximum levels of mycotoxins are established for the most known 

and frequently detected ones in section 2 of the Commission Regulation (EC) No. 

1881/2006 of 19 December 2006 and its amendments that sets maximum levels for certain 

contaminants in foodstuffs. Those limits were fixed according to mycotoxins’ prevalence 

and toxicity, and are established for several molecules, such as AFs, OTA, DON, ZEA, 

and FMs in many food matrices [6]. This regulation was amended in 2010 by the Com-

mission Regulation (EU) No. 165/2010 of 26 February 2010 which established new AFs 

maximum levels in foodstuffs. Before the milling process, the levels are expected to be 

slightly higher, due to the greater fraction of mycotoxins in bran, that are removed dur-

ing this process, lowering the concentrations to an acceptable level [21,43]. The levels es-

tablished for cereals by the Commission Regulation (EC) No. 1881/2006 of 19 December 

are described in Table 1. 

Table 1. Adapted from Commission Regulation (EC) No. 1881/2006 and its amendments, estab-

lishing the maximum permitted levels of mycotoxins in cereals [6]. 

Mycotoxins 
Maize Unprocessed 

(µg/kg) 

Cereals for Direct 

Human Consumption 

(µg/kg) 

Baby Foods for Infants 

and Young Children 

(µg/kg) 

Ref. 

AFB1 5 2 0.1 [6] 

Sum of AFB1, 

B2, G1 and G2 
10 4 - [6] 

OTA 5 3 0.5 [6] 

DON 1750 750 * 200 [6] 

ZEA 200 200 20 [6] 

T-2 and HT-2 

toxin  
200 (indicative TDI level) 100 15 [44] 

Fumonisins 2000 1000 ** 200 [6] 

TDI – Tolerable Daily Intake. * for bread the value is 500 μg/kg; ** for breakfast cereals the value is 

800 μg/kg. 

As a result of the protective layer of husk in paddy rice, low levels of Fusarium tox-

ins were detected, and this cereal does not have a specific maximum limit as maize. No 

maximum levels of Fusarium toxins (ZEA, FUMs, T-2, and HT-2 toxin) are established 

for rice but rice is predominant in baby foods for infants and young children formula-

tions that have a specific maximum limit [6]. Due to the harmful effects related to the 

presence of T-2 and HT-2 toxins in feed and foodstuff, the EC came out with a recom-

mendation (“Commission Recommendation of 27 March 2013 on the presence of T-2 and 

HT-2 toxin in cereals and cereal products”) where are established the tolerable daily in-

take (TDI) for some food matrices. Rice and rice products are not included in those ma-
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trices because these toxins occur at very low levels in this matrix, and so it was excluded 

from this recommendation since it does not seem to constitute a health concern [44]. 

The European Regulation concerning the maximum limits of mycotoxins in foods is 

more restricted than the rest of the world. Outside the European Union (EU), levels of 

mycotoxins are regulated according to different legally binding documents, or have no 

limits at all, depending on the type of mycotoxin and foodstuff. All these limits were de-

scribed in “Worldwide regulations for mycotoxins in food and feed in 2003 by FAO 

(2004) [45]. 

China and India, the main rice producers in the world, have established maximum 

levels, although those are much higher than those of the EU. China sets a maximum of 

10 μg/kg to AFB1 (No limit on the sum of AFs in rice) and in baby food is only 0.5 ug/kg. 

[46]. In India, the limits for AFs are set at 30 μg/kg, which constitutes a matter of concern 

to the consumers’ health [46]. Still, other countries, such as the USA, Canada, and Japan, 

do not have maximum limits for all mycotoxins mentioned above (Table 1). For exam-

ple, the USA only has limits for the sum of Afs, 20 ug/kg and for the DON, 1000 μg/kg, 

as well as Japan, but in Japan, the sum of AFs is 10 μg/kg [47–51]. In Canada they have 

the maximum limits in the order of nanograms, for example, DON has a maximum limit 

of 2 ng/kg [52]. 

One of the greatest limitations in the regulations is associated with the fact that the 

maximum limits are set according to the mycotoxins’ individual toxicity, not taking into 

account their co-occurrence and potential synergism.  

Due to the high susceptibility of maize to contaminations with Fusarium-produced 

mycotoxins (DON, ZEA, fumonisins) the European Regulation specifies maximum lev-

els for feed and food unprocessed maize (Table 1). The rest of the cereals for direct hu-

man consumption, especially rice, have been regulated with more restricted levels in 

particular if used in baby foods for infants and young children. The knowledge of the 

occurrence of regulated mycotoxins in rice assumes great importance since rice produc-

tion is mostly for direct human consumption and simultaneously is highly used in the 

formulations of baby foods for infants and young children to fulfill their ‘gluten-free’ 

claims. In addition, a great number of studies have reported rice contamination by sev-

eral unregulated mycotoxins, so the establishment of maximum limits for more myco-

toxins in specific foods seems to be required.  

3. Analytical Methodologies to Determine Mycotoxins 

Since their first discovery, many methods have been developed for the analysis of 

mycotoxins in food, despite the frequent analytical challenges. These challenges include 

difficulties associated with low-level contamination, complex matrices where contami-

nation occurs, evolving complex extraction procedures, the structural diversity of myco-

toxins as well as their co-occurrence. In order to face these challenges, many analytical 

methods have been developed, although they require continuous improvements in or-

der to support mycotoxin legislation and protect human health and the food and feed 

industry [4]. 

Mycotoxin determination in food samples is usually associated with common steps, 

that include sampling, homogenization, sample preparation (extraction generally fol-

lowed by clean-up), and lastly detection and quantification [4]. 
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3.1. Sampling 

Sampling is considered a key step in mycotoxins analysis since it is fundamental to 

ensure the accuracy of the results and to decide if the whole food batch is compliant or 

not [4,53]. 

Mycotoxins are not distributed homogeneously in food; therefore, the implementa-

tion of a rigorous sampling protocol is of great importance, to guarantee that the ana-

lyzed sample is representative of the entire bulk. Considering consumer safety and pro-

ducer protection, many sampling plans have been established [53]. These plans are insti-

tuted by regulatory entities, such as the FDA and the EC, that came up with the Com-

mission Regulation No. 401/ 2006 where the sampling and analysis methods (such as the 

number and amount of samples) for the official control of mycotoxins in foodstuffs are 

described [54,55]. 

Processed products usually require simpler sampling procedures, since mycotoxins 

are less heterogeneously distributed in these products than in raw agricultural commod-

ities [15]. 

3.2. Extraction and Clean-Up Procedures 

Extraction is a step required before most detection and quantification analytical 

methods [37]. This step is of great importance and consists of the separation of the ana-

lytes of interest from the food matrix, frequently followed by a clean-up phase to elimi-

nate possible interferences. In the case of solid food samples, such as rice, the first step 

consists of the extraction of compounds of interest into a liquid phase, followed by a 

clean-up step in order to enhance the specificity and sensitivity of the detection method 

[3]. 

The mycotoxins’ chemical properties, the nature of the food matrix, and the final 

method for detection that will be used are three main factors that should be considered 

in the selection of the methods for extraction and clean-up [4]. 

The most frequently used extraction technique consists of the extraction using or-

ganic solvents: liquid-liquid extraction (in case of a liquid sample) and solid-liquid ex-

traction (in case of solid samples) [55]. Solid-liquid extraction (SLE) is commonly used 

for mycotoxins extraction from grains and cereals, such as rice. The solvent selection 

must rely on the polarity of the mycotoxins of interest and on the type of matrix. Myco-

toxins are usually soluble in organic solvents (such as chloroform, acetone, methanol, 

and acetonitrile), but barely soluble in water. Fumonisins are an exception and present 

high-water solubility. A mixture of organic solvents with water or acidic solvent is 

commonly used since water enhances the penetration of the organic solvents in the food 

matrix and the acidic solvent has the ability to break the strong bonds between the ana-

lyte and protein and sugar present on the food matrix [13,56]. This method is associated 

with high recoveries; however, the use of large amounts of sample and organic solvents, 

as well as the need to use time-consuming purification processes to minimize interfer-

ences during the determination, are significant limitations [57].  

Recent studies have been using solvent extraction methods, such as supercritical 

fluid extraction (SFE), microwave-assisted extraction (MAE), and accelerated solvent ex-

traction (ASE). In comparison with SLE, these methods are faster, require smaller vol-

umes of chemical solvents, and are associated with better extraction efficiencies, alt-

hough they might be costly. Before further clean-up steps, sample filtration and centrif-

ugation are required to eliminate possible interfering particles [56]. 

The clean-up step plays an important role, allowing the elimination of the substanc-

es that may interfere with the detection of mycotoxins, and consequently improving ac-

curacy and precision. Some clean-up methods have been described, including solid 

phase extraction (SPE), immunoaffinity columns (IAC), solid-phase microextraction 

(SPME), matrix solid-phase dispersion, and the quick, easy, cheap, effective, reliable, and 

safe (QuEChERS) method [55]. 
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SPE consists of extracting mycotoxins dissolved in an extract (mobile phase) and 

passing through solid support (stationary phase), where the mycotoxins are absorbed, 

and some matrix components are eluted. Usually a washing step, before elution, can 

eliminate some other interferents that might also be adsorbed in the stationary phase. In 

the final step, elution of mycotoxins is achieved with an organic solvent for which they 

have a stronger chemical affinity. The solid phase selection depends on the polarity of 

mycotoxins and the type of matrix [20,56]. This technique is described as safe, efficient, 

and reproducible, although it has some limitations, such as the fact that the sample has 

to be in a liquid phase, the low selectivity due to matrix effects, and the impossibility of 

using the same solid support for all mycotoxins [20]. 

Immunoaffinity columns are composed of activated solid phase support, bound to a 

given antibody. When the sample extract passes through the column, mycotoxins bind 

selectively to the column antibodies, while interferents and other matrix components are 

removed by a subsequent washing step. After that, the mycotoxin is eluted with a misci-

ble solvent, such as methanol, removing them from the column [58]. This method has 

great selectivity, although it also presents some disadvantages, such as the high cost, the 

column being limited to single use, and its ability to only isolate a given type of myco-

toxins, or a group of structurally related mycotoxins. Beyond that, there is also the risk 

of antibody denaturation, while in contact with some organic solvents, or the possibility 

of cross-reactivity and establishment of non-specific interactions [17,58]. IAC are availa-

ble for the extraction of the most common mycotoxins such as AFs, ZEA, OTA, FUMs, 

and DON, and some columns allow the simultaneous extraction of different classes of 

mycotoxins [58]. For more complex samples, sometimes it is required the combination of 

IAC with other extraction methods like SPE [59]. 

The sample preparation method QuEChERS has been used for extraction and clean-

up of different food matrices prior to the detection of mycotoxins. This technique in-

cludes two different phases: an extraction step (solvent extraction) followed by a purifi-

cation one (dispersive-SPE) [60]. The first step is based on solvent extraction, using ace-

tonitrile in the presence of salts such as magnesium sulfate (MgSO4) and sodium chlo-

ride (NaCl), in order to remove water from the organic phase and reduce the number of 

polar interferences, respectively [56]. For the second phase, a primary/secondary amine 

(PSA), or C18, is frequently used to retain co-extracted compounds such as lipids, sug-

ars, organic acids, or even some pigments. As described in the name itself, this is a fast, 

simple, and inexpensive method, that uses small amounts of solvent compared with 

other methods [56].  

A compilation of studies that reported mycotoxin’s occurrence around the world is 

presented in Table 2, along with the respective extraction and purification methods. The 

most frequently used methods for the extraction step in the compiled studies were 

QuEChERS, immunoaffinity columns, and SPE, but in the last few years, there has been 

a growing preference for the QuEChERS method. 

Table 2. Extraction procedures to determine mycotoxins in rice and rice products and levels of 

contamination of rice samples. 

Type of 

Sample 

Mycotoxi

ns 

analyzed 

Extraction 

Method 
Extraction Conditions 

Number 

of 

Samples 

Samplin

g Period 

Levels of 

Contaminati

on (µg/kg) 

Conclusions of 

the Study 
Ref. 

Organic 

Rice 
OTA 

Extraction 

with MSPD  

Sample was blended 

with the solid phase C8 

(2.5 g/1.5 g) until 

achieving a 

homogeneous mixture. 

The mixture was eluted 

through a column (100 

9 

April 

2005–

Novembe

r 2005 

Mean: 2.57 ± 

3.43 

Range: 2.10–

7.60  

OTA was 

present in 4 out 

of the 9 

samples. 

[61] 
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Type of 

Sample 

Mycotoxi

ns 

analyzed 

Extraction 

Method 
Extraction Conditions 

Number 

of 

Samples 

Samplin

g Period 

Levels of 

Contaminati

on (µg/kg) 

Conclusions of 

the Study 
Ref. 

mm × 9 mm i.d. glass 

column with a coarse 

frit) using MeOH: FA 

(99:1, v/v). The eluate 

was concentrated using a 

N2 steam, filtered and 

then centrifuged. 

Rice 

AFs 

SPE 

Solvent: ACN: H2O: 

acetic acid (79:20:1 v/v/v). 

The supernatant was 

centrifuged, and a 

purification step was 

conducted, diluting the 

final extract with 

ACN:water:acetic acid 

(20:79:1). After a second 

purification by filtration, 

the final sample was 

injected into the UHPLC-

MS/MS. 

40 

January–

March 

2010 

0.15–4.42 

(10/40 

samples) 

80% of the 

cereal samples 

were 

contaminated 

with at least 

one mycotoxin; 

4% of the 

samples 

exceeded the 

EU regulatory 

levels for AFs 

and OTA (4 and

5 μg/kg 

respectively)  

[62] 

OTA 

0.2–4.34 

(6/40 

samples) 

ZEA 
1.5–51.1 (5/40 

samples) 

DON 

6.15–34.92 

(8/40 

samples) 

FB1 

12.59–33.25 

(3/40 

samples) 

FB2 

12.36–31.19 

(3/40 

samples) 

T2 

5.88–55.35 

(3/40 

samples) 

HT-2 
48.18 (1 

sample) 

Jasmine 

Rice 
AFs 

Immunoaffi

nity 

columns 

Sample extract: 

MeOH:H20 (60:40 v/v) 

and NaCl. The sample 

was diluted in distilled 

water and filtered.                                                        

IAC: The column was 

buffered with PBS at a 

flow rate of 5ml/min. 

The sample was then 

eluted using MeOH and 

distilled water, at a flow 

rate of 2 ml/min, and 

collected in an amber 

glass vial. 

- - 

Mean: 11.4 of 

total 

aflatoxins (in 

the absence 

of Aspergillus) 

1/3 of the 

analyzed 

samples 

exceeded the 

levels of AFs 

tolerated in the 

EU. 

[28] 

Rice 

AFB1 

Immunoaffi

nity column 

Sample extract: 

MeOH:H20 (80:20 v/v) 

and NaCl. After 

filtration, the extract was 

67 - 

<LOD–91.7 Most of the 

analyzed 

samples 

exceeded the 

[63] 
AFB2 <LOD–12.1 

AFG1 <LOD–78.7 

AFG2 <LOD–31.0 
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Type of 

Sample 

Mycotoxi

ns 

analyzed 

Extraction 

Method 
Extraction Conditions 

Number 

of 

Samples 

Samplin

g Period 

Levels of 

Contaminati

on (µg/kg) 

Conclusions of 

the Study 
Ref. 

AFs 

diluted in phosphate 

buffered saline (PBS), ad 

filtered again.                              

IAC: The column was 

buffered with PBS and 

then the filtered sample 

was eluted through the 

column with ACN at a 

flow rate of 5 ml/min. 

The column was washed 

twice with distilled 

water and air-dried. 

After that, the eluate was 

dried and derivatized, 

and an aliquot was used 

for the HPLC analysis. 

<LOD - 138.6 

levels of AFB1 

and AFs (2 and 

4 μg/kg, 

respectively) 

tolerated in 

cereals in the 

European 

Community 

Rice 

Total 

mycotoxi

ns 

QuEChERS 

Extraction step:    

Solvent: ACN:HOAc 

(99:1 v/v)                                         

Salts: mixture of 

anhydrous MgSO4, NaCl, 

(CH2COONa)2·2H2O and 

C6H6Na2O7·1.5H2O 

(4:1:1:0.5).                                        

After being vortexed and 

centrifuged, the 

supernatant was 

collected in a PTFE tube 

for the purification step, 

containing anhydrous 

magnesium sulfate and a 

C18 sorbent (This 

process is imperative to 

reduce the quantity of 

lipids and eliminate the 

excess of water, 

simplifying the 

evaporation).                                                        

After centrifugation, the 

supernatant was 

evaporated and 

reconstituted in 

MeOH:H2O (70:30 v/v). 

After filtration, the 

extract was collected into 

a LC vial.      

24 2013 ND 

The target 

mycotoxins 

were not 

detected in any 

of the samples. 

[4] 

Rice 
AFB1, 

AFB2, 

d-SPE, 

QuEChERS 

Extraction step:                                                                

Solvent: water + 10% FA 
20 - 

ZEA was 

detected in 2 

The 

contamination 
[64] 
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Type of 

Sample 

Mycotoxi

ns 

analyzed 

Extraction 

Method 
Extraction Conditions 

Number 

of 

Samples 

Samplin

g Period 

Levels of 

Contaminati

on (µg/kg) 

Conclusions of 

the Study 
Ref. 

AFG1, 

AFG2, 

OTA, 

DON, 

ZEA, 

FB1, FB2, 

HT2, T2 

in ACN Salts: mixture of 

anhydrous MgSO4, 

NaCl, tri-Na and di-Na          

Purification step (d-SPE) 

ACN extract + MgSO4 + 

C18 + Al-N + PSA.                                                                         

After centrifugation, the 

extract was evaporated 

to dryness under a N2 

steam, and reconstituted 

using mobile phase A:B 

(1:1 v/v). The samples 

were then filtered and 

collected in a vial for 

injection. 

rice samples 

and AFB1 

was detected 

in 6 rice 

samples 

levels were 

below the EU 

limits for 

typical foods 

and feeds. 

Rice 

AFB1 

SPE 

The samples were 

extracted with 20 mL 

ACN/water/glacial acetic 

acid (79:20:1, 

v/v/v. Aliquots of 500 μL 

extracts were transferred 

into glass vials 

containing an equal 

volume of 

ACN/water/acetic acid 

(20:79:1, v/v/v). 

65 

April 

2010 - 

April 

2011 

<LOQ–30.83 All the samples 

were 

contaminated 

with at least 

one mycotoxin. 

3 rice samples 

exceeded the 

limit 

established in 

EU and Iran for 

AFB1 (5 μg/kg); 

ZEA was 

detected in 19 

out of 65 

samples in high 

levels. 

[65] 

AFB2 0.6–1.26 

FB1 54.48–176.58 

OTA 0.65–11.54 

ZEA 4.95–215.46 

Rice 

T-2 toxin 

SPE using 

multi - 

walled 

carbon 

nanotubes 

as sorbents 

The samples were 

macerated using 10 mL 

of ACN/water (84:16, 

v/v) and then 

ultrasonicated. After 

centrifugation, the 

supernatant was 

collected and dried using 

nitrogen gas. The 

residues were 

reconstituted in 

ACN/water (20:80, v/v) 

and then diluted with 

water. This solution was 

passed through the 

multi-walled carbon 

nanotubes sorbents. The 

10 - 

6.13 (1/10 

samples) 

EFSA has 

established a 

TDI of 100 

μg/kg body 

weight for the 

total of T-2 and 

HT-2 toxins 

[66] 
HT-2 

toxin 

11.81 (1/10 

samples) 
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Type of 

Sample 

Mycotoxi

ns 

analyzed 

Extraction 

Method 
Extraction Conditions 

Number 

of 

Samples 

Samplin

g Period 

Levels of 

Contaminati

on (µg/kg) 

Conclusions of 

the Study 
Ref. 

cartridges were eluted 

with MeOH containing 

1% FA, and the eluate 

was evaporated using 

nitrogen gas. The 

residues were re-

dissolved in ACN/water 

containing ammonium 

acetate (30:70, v/v), 

filtered and collected in a 

vial for injection. 

White rice 

AFB1 

SPE, 

Immunoaffi

nity 

columns  

AFs: Solvent: ACN:water 

(90:10 v/v) After 

filtration, the 

supernatant was diluted 

with deionized water.       

IAC: the dilute filtrate 

was eluted at a flow rate 

of 3–4 drops/s using 

HPLC grade MeOH and 

washed with water.                                 

After evaporation under 

a nitrogen stream, a 

mixture of ACN:water 

(1:9 v/v) was added to 

the vials.                

OTA: Solvent: 

ACN:water (90:10 v/v)            

After filtration, the 

sample was mixed in 

PBS and filtered using a 

glass microfiber. After 

filtration, 10 ml of filtrate 

were mixed with acetic 

acid and passed through 

the IAC.                  

IAC: The sample was 

eluted with MeOH and 

collected in a vial. 

34 

August 

2012–

March 

2013 

7.70 ± 0.89  

25% of the 

samples of 

brown rice 

were above the 

maximum 

permitted level 

at EU for AFB1, 

and 32% for 

total AFs. 19% 

of the samples 

of rice and rice 

products were 

found positive 

and 14% were 

found above 

the EU 

maximum 

content for 

OTA (5 μg/kg) 

[67] 

AFs 11.9 ± 1.20 

OTA 8.50 ± 0.60 

Brown rice 

AFB1 

28 

8.91 ± 1.20 

AFs 12.4 ± 0.98 

OTA 7.84 ± 0.90 

Rice flour 

AFB1 

30 

3.51 ± 1.20 

AFs 5.20 ± 0.82 

OTA 4.91 ± 1.53 

Sweet 

puffed Rice 

balls 

AFB1 

22 

2.90 ± 0.85 

AFs 4.30 ± 1.25 

OTA 3.87 ± 0.75 

Rice cookies 

AFB1 

28 

3.18 ± 0.40 

AFT 5.40 ± 0.92 

OTA 3.18 ± 0.60 

Rice sweets 

AFB1 

21 

4.10 ± 1.30 

AFT 5.70 ± 0.80 

OTA 5.10 

Rice 

noodles 

AFB1 

20 

3.60 ± 0.85 

AFT 3.60 ± 0.85 

OTA ND 

Rice bread 

AFB1 

25 

2.40 ± 0.43 

AFT 2.40 ± 0.43 

OTA ND 

Brown rice 

AFT 

QuEChERS 

Extraction step:                                                  

Solvent: water and 

HOAc in ACN (10% v/v)                                        

Salts: mixture of 

anhydrous MgSO4, NaCl, 

(CH2COONa)2·2H2O and 

C6H6Na2O7·1.5H2O  

Centrifugation in order 

to separate the aqueous 

14 - 

N.D 6 samples were 

contaminated 

with one or 

more 

mycotoxins. 

The levels 

determined 

were below the 

maximum 

[37] 

OTA N.D 

DON N.D 

FB1 2.49- 5.41  

FB2 4.33 
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Type of 

Sample 

Mycotoxi

ns 

analyzed 

Extraction 

Method 
Extraction Conditions 

Number 

of 

Samples 

Samplin

g Period 

Levels of 

Contaminati

on (µg/kg) 

Conclusions of 

the Study 
Ref. 

phase from the organic 

phase and then 

collection of the 

supernatant for the 

Purification step:                                                         

C18 silica sorbent, 

anhydrous magnesium 

sulfate, PSA and silica.                                                                         

After centrifugation, the 

supernatant was 

collected into a vial. 

After evaporating the 

remaining ACN and 

reconstituting in water 

with a 1:1 (v/v) ratio of 

0.1% (v/v) FA:MeOH, the 

sample was filtered and 

collected in the UHPLC-

MS/MS vial 

limits of EU 

regulation. 

Infant 

cereals 

based on 

rice 

AFB1 

SPE 

Solvent: ACN:water: FA 

(80:19.9:0.1 v/v/v)                 

After centrifugation, the 

supernatant was 

transferred into an 

HPLC vial and a [13C] 

labelled working 

solution was added. 

20 

March 

2012–

June 2012 

1/20 (5.9) 

1 sample 

exceeded the 

EU limit for 

AFB1. 

[68] 

AFB2 4/20 (1.1 - 5.0) 

AFG1 ND 

AFG2 ND 

DON 
7/20 (1.4 - 

55.0) 

HT-2 

toxin 
ND 

T-2 toxin 3/20 (1.1 - 3.6) 

FB1 ND 

FB2 ND 

OTA 2/20 (1.3–1.4) 

ZEN 1/20 (9.0) 

Rice wine 

OTA 

VADLLME 

(Vortex-

assisted 

dispersive 

liquid-liquid 

microextract

ion) 

After centrifugation, the 

sample pH was adjusted 

to 4.0–4.3 using 4M 

NaOH or HCL solutions. 

Extraction solvent: 

dichloromethane   

Dispersive solvent: ACN                          

The mixture was 

vortexed. After 

centrifugation, the 

sediment phase was 

evaporated to dryness 

using a nitrogen stream 

at 50 °C. The residues 

were reconstituted in a 

MeOH/water solution 

8 2016 

0.20 μg/L (1/8 

sample) 

The 

contamination 

levels did not 

exceed the 

maximum 

residue limit set 

by EU (2 μg/L) 

[69] 

AFs ND 
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Type of 

Sample 

Mycotoxi

ns 

analyzed 

Extraction 

Method 
Extraction Conditions 

Number 

of 

Samples 

Samplin

g Period 

Levels of 

Contaminati

on (µg/kg) 

Conclusions of 

the Study 
Ref. 

(50:50, v/v) and filtrated 

through a nylon filter 

membrane. 

Brown rice 

AFB1 

Immunoaffi

nity column 

Sample extract: 

MeOH:Water (80:20, v/v) 

with NaCl. After 

filtration, the solution 

was diluted in 

phosphate buffered 

saline (PBS).   IAC: The 

solution was applied to 

the IAC at a flow rate of 

2–3 mL/min. The column 

was washed with 

distilled water, and the 

sample was eluted with 

MeOH and diluted with 

milli Q water 

187 - 

<LOD– 0.069 

Less than 14% 

of the rice 

samples were 

contaminated 

with aflatoxins, 

but two of the 

market samples 

were well 

above the 

maximum 

tolerable limit. 

[70] 

AFB2 <LOD  

AFG1 < LOD 

AFG2 <LOD 

AFs <LOD–0.069 

Red rice 

AFB1 <LOD–63.32 

AFB2 <LOD–8.591 

AFG1 <LOD 

AFG2 <LOD 

AFs <LOD–70.91 

Rice 

AFs IAC 

Sample extract: Sodium 

chloride and LC grade 

MeOH 70%. After 

filtration, the mixture 

was diluted in PBS and 

then filtered again.                                             

IAC: elution of the 

sample with 100% LC 

grade MeOH and LC 

grade water 

100 2017 

4,9 (1 sample) 

The level is 

above the 

legislated 

levels. 

[29] 

DON 

 

 

ZEA 

Stable 

isotope 

dilution 

assay 

Solvent: ACN:water:FA 

(80:19.9:0.1 v/v/v). After 

centrifugation, the 

supernatant was 

resuspended in a mobile 

phase composed by 70% 

of water:MeOH:acetic 

acid (94:5:1, v/v/v) and 

30% of 

water:MeOH:acetic acid 

(2:97:1, v/v/v). 

ND (0/100 

samples) 

15/100 

samples 

(90,56–126,31) 

ZEA levels 

were higher in 

36% of the 

samples, than 

the current 

maximum limit 

established by 

Brazilian and 

European 

regulation 

Rice 

AFB1 

QuEChERS 

Extraction step:                                                  

Solvent: ACN             

Salts: mixture of MgSO4 

and NaCl.                             

Centrifugation in order 

to separate the aqueous 

phase from the organic 

phase and then 

collection of the top 

47 
April 

2013 

Mean: 3.9 

(<LOQ–14) 

Most samples 

were 

contaminated 

with more than 

one mycotoxin 

(8 different 

mycotoxins 

were detected 

in 2 rice 

[2] 

AFG1 
Mean: 3.3 

(<LOQ–17) 

AFs 
Mean: 5.8 

(<LOQ–33) 

OTA 
Mean: 6.3 

(<LOQ–15) 

FB1+FB2 Mean: 6.0 
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Type of 

Sample 

Mycotoxi

ns 

analyzed 

Extraction 

Method 
Extraction Conditions 

Number 

of 

Samples 

Samplin

g Period 

Levels of 

Contaminati

on (µg/kg) 

Conclusions of 

the Study 
Ref. 

organic phase for the 

Purification step:                                                         

C18 silica sorbent and 

magnesium sulfate                                                      

After centrifugation, the 

supernatant was 

collected into a vial. 

After evaporating the 

remaining ACN and 

adding MeOH, the 

sample was filtered and 

collected in a new vial. 

(2.7–13) samples). 

Contamination 

levels higher 

than the EU 

limit for AFB1 

were found in 

42% of rice 

samples and for 

Aft in 32% of 

the same 

samples. OTA 

levels were also 

higher than the 

regulated from 

the EU. 

ZEA 
Mean: 6.6 

(<LOQ–7.5) 

Ready to eat 

rice 

DON 

QuEChERS 

Extraction step:                          

Solvent: ACN                                             

Salts: mixture of MgSO4 

and NaCl.                                        

Purification step:                                             

Anhydrous MgSO4 and a 

C18 silica sorbent. After 

centrifugation, the 

extract was filtered using 

a syringe nylon filter, 

into the LC-MS/MS vial; 

For GS-MS/MS the 

supernatant was 

evaporated to dryness 

using a nitrogen flow.   

38 

Septembe

r 2016 - 

Decembe

r 2016 

0.29 

All levels were 

in accordance 

with the EU 

legislation 

[71] 

HT-2 

toxin 
3.47 

T-2 toxin 0.52 

ZEA 0.13 

AFG2 0.17 

Polished 

rice 

 

 

Unhusked 

rice 

AFB1 QuEChERS 

Extraction step:                                                  

Solvent: ACN aqueous 

solution (95:5, v:v)                                                                                 

Salts: anhydrous 

magnesium sulfate and 

sodium chloride.                                         

Purification step:                       

After vortex and 

centrifugation, the 

supernatant was 

collected and filtered 

into the LC-MS/MS vial           

 

 

78 

 

 

 

22 

 

 

2 samples 

(0.003-0.14) 

 

 

 

N.D. 

 

 

The levels of 

AFB1 were 

lower than the 

regulation limit 

in EU (2 μg/kg) 

[12] 

Polished 

rice 

 

 

Unhusked 

rice 

AFB1 QuEChERS 

Extraction step:                                                  

Solvent: ACN aqueous 

solution (95:5, v:v)                                                                                 

Salts: anhydrous 

magnesium sulfate and 

sodium chloride.                                         

78 

22 
- 

2 samples 

(0.003–0.14) 

N.D. 

The levels of 

AFB1 were 

lower than the 

regulation limit 

in EU (2 μg/kg) 

[12] 
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Type of 

Sample 

Mycotoxi

ns 

analyzed 

Extraction 

Method 
Extraction Conditions 

Number 

of 

Samples 

Samplin

g Period 

Levels of 

Contaminati

on (µg/kg) 

Conclusions of 

the Study 
Ref. 

Purification step:                                          

After vortex and 

centrifugation, the 

supernatant was 

collected and filtered 

into the LC-MS/MS vial           

Rice 

AFB1 

QuEChERS 

Extraction step:                                                  

Solvent: ACN containing 

1% acetic acid                                        

Salts: mixture of 

anhydrous magnesium 

sulfate and sodium 

chloride.                                        

Purification step:                                                       

Anhydrous magnesium 

sulfate and a C18 

sorbent. After vortex and 

centrifugation, the 

supernatant was 

collected and filtered 

into the LC-MS/MS vial 

144 (bulk 

sample > 

0.5 kg) 

October 

2016 - 

Septembe

r 2017 

13/144 

samples 

(ND–93 

μg/kg) The levels of 

AFB1 were 

lower than the 

regulation limit 

in Vietname (5 

μg/kg), but 

higher than the 

EU limits (2 

μg/kg) 

[27] 

FB1 
3/144 samples 

(ND–675) 

OTA ND 

ZEA ND 

Legend: ACN—acetonitrile; AFB1—Aflatoxin B1; AFB2—Aflatoxin B2; AFG1—Aflatoxin G1; 

AFG2—Aflatoxin G2; AFs—Total aflatoxins; C8—octysilica; (CH2COONa)2 2H2O—sodium citrate 

tribasic dihydrate; C6H6Na2O7·1.5H2O—sodium citrate dibasic sesquihydrate; DON—

Deoxynivalenol; d-SPE—Dispersive Solid Phase Extraction; EFSA—European Food Safety Author-

ity; EU—European Union; FA—Formic Acid; FB1—Fumonisin B1; FB2—Fumonisin B2; GC—Gas 

Chromatography; HCl—hydrogen chloride; HOAc—Acetic Acid; HPLC—High Performance Liq-

uid Chromatography; IAC—Immunoaffinity Column; LC—Liquid Chromatography; LOD—Limit 

of Detection; MeOH—methanol; MgSO4—Magnesium Sulfate; MSPD—matrix solid phase disper-

sion; NaCl—Sodium Chloride; NaOH—Sodium hydroxide; ND—Not Detected; OTA—Ochratoxin 

A; PBS—phosphate buffered saline; PSA—Primary/Secondary amine; SPE—Solid Phase Extrac-

tion; TDI—Tolerable Daily Intake; UHPLC-MS/MS—Ultra High Performance Liquid Chromatog-

raphy coupled with tandem mass spectrometry; ZEA—Zearalenone. 

OTA contamination was found in levels higher than those permitted in cereals, in 

multiple studies [2,61,67]. Aflatoxin levels were also found to be above the permitted 

limits, according to some studies [2,27,62,70].  

By exploring Table 2, we are once again threatened with the prevalence and una-

voidability of mycotoxins’ contamination, since more than one study reported the con-

tamination with at least one mycotoxin in over 80% of the analyzed samples [62,65]. 

Moreover, methods that have shown to be efficient in removing fungal from foodstuffs, 

might not be efficient in removing mycotoxins, since Ruadrew et al. found that 1/3 of the 

analyzed samples were contaminated with aflatoxins, in the absence of Aspergillus [28]. 

The sample with the greatest mycotoxins levels found in this literature review was 

reported by Suarez-Bonet et al. in a sample of rice from Spain [63]. The maximum levels 

of AFB1 and total aflatoxins were respectively 91.7 and 138.6 μg/kg, which far exceed the 

regulated limits, and the fact that those samples were cultivated in temperate climate re-

gion (Mediterranean, Spain) enhances the fact that this is a worldwide problem [63]. The 

highest contamination with OTA was reported by Manizan et al. in a sample of 15 μg/kg 

[2]. Furthermore, Manizan also emphasized the co-occurrence of mycotoxins, by finding 

8 different mycotoxins in two rice samples [2]. 
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3.3. Analytical Methods 

3.3.1. Immunochemical Methods 

The immunoassay technology has proven to offer many advantages in mycotoxins 

determination, through the development of simple, efficient, and sensitive methods, 

based on antibody-antigen reactions. Among these methods are included enzyme-linked 

immunosorbent assay (ELISA), flow injection immunoassay (FIIA), lateral flow immu-

noassay (LFIA), flow immunoassay, and chemiluminescence (CL) [72].  

CL has already been applied in the determination of mycotoxins in maize samples 

and consists of the production of fluorescence as a result of a chemical reaction [73]. The 

most reported advantages are the use of simple instrumentation and the low detection 

limits obtained [74,75]. 

ELISA is probably the most frequently used of all published immunological-based 

methods for mycotoxins determination. ELISA kits are available for the detection and 

quantification of all major mycotoxins and provide rapid screening results, without the 

need for clean-up and concentration steps, which makes possible its use in field condi-

tions [58]. 

This technique is based on the interaction between mycotoxins and antibodies 

marked with toxin-enzyme conjugate for multiple binding sites. The level of color de-

veloped is dependent on the amount of antibody-bound toxin-enzyme conjugates. There 

are two types of ELISA tests: direct and indirect. Direct ELISA provides quick results 

and, because it uses only one antibody, it reduces cross-reactivity reactions. However, 

the direct method is associated with less sensitivity, due to the difficulty of signal ampli-

fication on the primary antibody. Indirect ELISA recurs to labeled secondary antibodies, 

providing higher sensitivity, due to signal amplification [71]. This method is specific, 

rapid, and easy to use, although it has some disadvantages, including the possibility of 

cross-reactivity occurrence and dependence on a specific matrix (since matrix effect or 

interference may induce under or overestimation of mycotoxins) and contamination lev-

el [15]. Moreover, each kit is designed for a single use and detects only one mycotoxin. 

In addition, it can become costly when there is the need to identify various mycotoxins 

and perform multiple tests. High-performance liquid chromatography (HPLC) analysis 

is often used as a confirmation method after ELISA e CL [58]. 

3.3.2. Chromatographic Techniques 

Chromatographic methods are the most frequently used for mycotoxins analysis in 

food samples [53]. 

Thin layer chromatography (TLC) is commonly used as a rapid screening technique 

in the analysis of some mycotoxins. Thus, recent investigation has been focusing on the 

application of methods that allow the detection and quantification of multiple mycotox-

ins with high selectivity and sensitivity, and the achievement of more accurate results 

[20]. 

In order to accomplish that, many other techniques have been developed like HPLC 

coupled with mass spectrometry (MS), fluorescence (FLD), diode array (DAD), or ultra-

violet (UV) detectors. Moreover, gas chromatography (GC) coupled with MS, flame ion-

ization (FID), or electron capture (ECD) detectors have been applied in the identification 

and quantification of volatile mycotoxins like TC. GC is rarely used in the analysis of 

mycotoxins with low volatility and high polarity since it requires a prior derivatization 

step [71,76]. 

Liquid chromatography (LC) is able to separate thermolabile, non-volatile, and sub-

stances with different polarities. Moreover, it can differentiate substances with structural 

similarities, without the need for derivatization steps, that are required in GC [77]. The 

solid phases placed inside the analytical column in LC can be classified as normal or re-

verse phases. LC in the normal phase consists of the elution of mycotoxins through a sol-

id phase (composed of a free or covalent-bounded particle of phenyl, aluminum, or silica 
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resulting in a polar stationary phase), using a low polarity solvent like acetonitrile. LC 

methods for aflatoxin determination include both normal and reverse-phase separations, 

although current methods for aflatoxin analysis typically rely upon reverse-phase HPLC 

[78]. In the case of RP-HPLC- Fl, a derivatization step is done in order to increase fluo-

rescence intensity. This step can be a precolumn derivatization with trifluoroacetic acid 

or a postcolumn derivatization with iodine or bromine [68,79]. The reverse phase con-

sists of hydrocarbonated non-polar solid phases (C8, C18, or short chain of phenyl, cy-

anopropyl, and n-alkyl bound to silica surface), through which mycotoxins are eluted 

using binary polar mixtures of water and organic solvents [57]. In Table 3, a summary of 

liquid chromatography-relevant detection/quantification analytical methods to deter-

mine mycotoxins in rice and rice products is presented. HPLC, coupled with an MS de-

tector, was initially applied to the analysis of single mycotoxins, but to date, it is possible 

to simultaneously quantify many mycotoxins belonging to various chemical families in a 

single run, which makes it the method of choice for detecting multiple mycotoxins. The 

simultaneous detection of multiple mycotoxins is particularly desirable because of the 

co-occurrence of multiple mycotoxins in food. These modern chromatographic methods 

may also reach sub-ppb levels of the limit of detection when used following suitable 

preparation and purification steps [68]. 

Table 3. Liquid chromatography analytical methodologies to determine mycotoxins in rice and 

rice products. 

Mycotoxins 

Analyzed 

Analytical 

Technique 
Conditions 

Analytical 

Column 

LOD and LOQ 

(µg/kg) 
Ref. 

OTA LC-FD 

Mobile phase:  MeOH- FA 0.1M 

(70:30 v/v)  

Flow rate: 0.7 mL/min 

λExcit max: 333 nm and λEmis max: 460 nm 

C18 column 

(150 × 4.6 mm, 5 

μm) 

LOD: 0.05; 

LOQ: 0.19  
[61] 

AFT (AFB1, AFB2, 

AFG1 and AFG2) 

LC - MS/MS 

Mobile phase: A - MeOH; B - water 

with 

0.1% acetic acid;  

Elution: Gradient;  

Column temperature: 30 °C;  

Injection volume: 10–0 μL; 

Flow: 0.25 mL/min;  

Electrospray ionization (ESI);  

Capillary potential: 3 kV; 

Nebulizing, desolvation and cone 

gas: nitrogen;   

Desolvation gas temperature: 

400 °C;  

Source temperature: 120 °C;  

C18 column 

(2.1 × 50 mm, 

1.9 μm) 

 LOD: 0.01 –25;  

 LOQ: 0.02 –40 
[62] 

OTA 

ZEA 

DON 

FB1 

FB2 

T2 toxin 

HT-2 toxin 

Aft (AFB1, AFB2, 

AFG1 and AFG2) 

Fluorescence 

detector 

HPLC-FD  

Mobile phase: MeOH: Water [40:60 

v/v] adjusted with 350 μl of 4 M 

nitric acid and 119 mg of potassium 

bromide per 1 L of mobile phase.  

Column temperature: 40 °C;  

Injection volume: 100 μL; 

Flow: 1 mL/min;  

λExcit max = 362 nm, and λEmis max = 426 

nm (for AFB1 and AFB2) and λEmis 

max = 256 nm for AFG1 and AFG2)  

Inertsil ODS-3V 

C18 column (4.6 

× 150 mm, 5 

μm) 

 [28] 
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Mycotoxins 

Analyzed 

Analytical 

Technique 
Conditions 

Analytical 

Column 

LOD and LOQ 

(µg/kg) 
Ref. 

Aft (AFB1, AFB2, 

AFG1 and AFG2) 

Fluorescence 

detector 

HPLC - FD:                                                                                  

Mobile phase: Water:ACN:MeOH 

[65:15:20 v/v/v] degassed for 30 min 

using vacuum filtration             

Column temperature: 20 °C;  

Injection volume: 20 μL; 

Flow: 1.0 mL/min;  

λExcit max = 360 nm, and λEmis max =450 

nm  

Reverse phase 

C18 column (4.6 

mm × 250 mm, 5 

μm) 

LOD: 0.4–0.6;  

LOQ: 1.2 - 1.9 
[63] 

Total mycotoxins 

(AF, OTA, T-2 and 

HT-2 toxins, DON, 

ZEA, FB1) 

LC-ESI-MS/MS 

Mobile phase: H2O:MeOH 9:1 with  

5 mM ammonium acetate;                                              

Elution: Gradient;  

Column temperature: 30 °C;  

Injection volume: 20 μL; 

Flow: 0.3 mL/min;  

Electrospray ionization (ESI);  

Ionization mode: Positive;  

Capillary potential: 2.9 kV; 

Nebulizing, desolvation and cone 

gas: nitrogen;              

Collision gas: argon                                                                             

Cone gas flow: 80 L/h 

Flow of desolvation gas: 650 L/h;  

Desolvation gas temperature: 

350 °C;                                

Source temperature: 140 °C;  

                                                  

Silica-based 

reversed-phase 

C18 Atlantis T3 

(150 mm × 2.1 

mm × 5 μm)  

LOD: 0.11–

59.9;  

LOQ: 0.37 - 199

[4] 

AFB1, AFB2, AFG1, 

AFG2, OTA, DON, 

ZEA, FB1, FB2, HT2, 

T2 

UHPLC-MS/MS 

(micromass 

quattro premier 

XE triple- 

quadrupole mass 

spectrometer) 

Mobile phase: A - 0.5% FA in 5mM 

aqueous ammonium formate; B – 

ACN:MeOH (1:1, v/v)          

Elution: Gradient;  

Column temperature: 40 °C;  

Injection volume: 5 μL; 

Flow: 0.25 mL/min;  

Electrospray ionization (ESI);  

Ionization mode: Positive (except for 

ZEA) 

C18 column 

(1.7 μm, 100 x 

2.1 mm), with a 

pre-column 

(1.7 μm, 5 × 2.1 

mm) 

LOD: 0.5–15;     

LOQ: 1.7 - 50 
[64] 

AFB1 

HPLC - ESI - MS/ 

MS 

Column temperature: 25 °C;  

Nebulizing, desolvation and cone 

gas: nitrogen;  

Source temperature: 550 °C 

C18 column (5 

μm, 30 × 2 mm) 

LOD: 0.03 - 2.5;

LOQ: 0.3 

[65] 

AFB2 
LOD: 0.03 - 2.5;

LOQ: 0.6 

FB1 
LOD: 0.03 - 2.5      

LOQ: 7 

OTA 
LOD: 0.03 - 2.5             

LOQ: 0,6 

ZEN 
LOD: 0.03 - 2.5             

LOQ: 2 

T-2 toxin UHPLC-MS/MS 
Mobile phase: A - Water with 

5mmol/L ammonium acetate; B - 

 C18 column 

(100 × 3.0 mm, 

LOD: 0.01;     

LOQ: 0.02 
[66] 
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Mycotoxins 

Analyzed 

Analytical 

Technique 
Conditions 

Analytical 

Column 

LOD and LOQ 

(µg/kg) 
Ref. 

HT-2 toxin 

MeOH  

Elution: Gradient;  

Column temperature: 40 °C;  

Injection volume: 5 μL; 

Flow: 0.4 mL/min;  

Electrospray ionization (ESI);  

Ionization mode: Positive;   

Flow of desolvation gas: 1000 L/h;  

Flow of cone gas: 30L/h  

Desolvation gas temperature: 

500 °C;  

Source temperature: 150 °C;  

2.7μm) 

LOD: 0.03;                

LOQ: 0.10 

Aflatoxins 

HPLC-FD 

Mobile phase: ACN:MeOH:water 

[20:20:60 v/v/v]                                                                                           

Flow rate: 1 mL/min  

 λExcit max: 360 nm and λEmis max: 440 

nm C18 (4.6 × 250 

mm, 5 μm) 

AFB1: LOD 

0.04; LOQ 0.20; 

AFB2: LOD 

0.10; LOQ 0.30; 

AFG1: 0.04; 

LOQ 0.20  

AFG2 LOD 

0.10; LOQ 0.30 

[67] 

OTA 

Mobile phase: ACN:water:acetic 

acid [47:51:2 v/v/v]                             

Flow rate: 1mL/min 

 λExcit max = 333 nm and λEmis max =460 

nm 

LOD: 0.06;  

LOQ: 0.18 

Aft (AFB1, AFB2, 

AFG1, AFG2) 

HPLC - ESI - MS/ 

MS 

 Mobile phase: A - 0.5% (v/v) FA in 

water containing 5mM ammonium 

formate; B - MeOH 

Elution: Gradient;  

Column temperature: 40 °C;  

Injection volume: 10 μL; 

Flow: 0.3 mL/min;  

Electrospray ionization (ESI);  

Ionization mode: Negative and 

Positive                        

Collision energy: 25eV                      

Cell accelerator voltage: 3V  

Capillary voltage: 3 kV;                                                        

Nozzle voltage: 1000V                                           

Gas flow: 16 L/min;  

Gas temperature: 150 °C 

C18 column 

(100 × 2.1 mm, 

1.8 μm) 

LOD: 0.27 - 

0.39;    

LOQ: 0.82 - 1.2 

[37] 

OTA 
LOD: 0.47;             

LOQ: 1.5 

DON 
LOD: 5.0;                      

LOQ: 15 

FB1, FB2 
LOD: 0.48;               

LOQ: 1.5 

AFB1 

HPLC - ESI - MS/ 

MS 

Mobile phase: A - 0.1% FA in water; 

B - 0.1% FA in MeOH, both 

containing 5mM ammonium 

formate; 

Elution: Gradient;  

Column temperature: 35 °C;  

Flow: 0.3 mL/min;  

Electrospray ionization (ESI);  

 C18 column 

(100 × 2.1 mm, 

1.8 μm) 

LOD: 0.1;              

 LOQ: 0.5 

[68] 

AFB2 
LOD: 0.5                 

LOQ: 1.0 

AFG1 
LOD: 0.1; 

 LOQ: 0.5 

AFG2 
LOD: 0.5                      

LOQ: 1.0 
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Mycotoxins 

Analyzed 

Analytical 

Technique 
Conditions 

Analytical 

Column 

LOD and LOQ 

(µg/kg) 
Ref. 

DON 
Ionization mode: Positive  

Flow of desolvation gas: 10 L/min;  

Desolvation gas temperature: 300 °C        

Nebulizer: 45 psi                                                                    

  Sheath gas temperature: 350 °C      

Flow rate:11L/min                                          

Capillary voltage: 3500 V;  

nozzle voltage: 0 V  

LOD:10.0;    

LOQ: 50.0 

HT-2 toxin 
LOD: 1.0;                   

LOQ: 5.0 

T-2 toxin 
LOD: 0.05;                  

LOQ: 0.1 

FB1 
LOD: 5.0;            

 LOQ: 10.0 

FB2 
LOD: 1.0;                    

LOQ: 5.0 

OTA 
LOD: 0.1;                     

LOQ: 0.5 

ZEA N.D. 

AFB1 

HPLC - MS/MS 

 

Mobile phase: A - MeOH; B - water 

with 

0.1% FA 

Elution: Gradient;  

Column temperature: 40 °C;  

Injection volume: 5 μL; 

Flow: 0.3 mL/min;  

Electrospray ionization (ESI);  

Ionization mode: Positive 

Capillary potential: 4.0 kV;                                            

Vaporizer temperature: 300 °C                                                 

Capillary temperature: 350 °C   

C18 column 

(100 ×  

3.0 mm, 2.7 μm) 

LOD: 0.05;              

LOQ: 0.1 

[69] 

AFB2 
LOD: 0.05;              

LOQ: 0.1 

AFG1 
LOD: 0.1;             

 LOQ: 0.2 

AFG2 
LOD: 0.05;              

LOQ: 0.1 

OTA 
LOD: 0.05;              

LOQ: 0.1 

AFB1 

HPLC-FD 

Mobile phase: water:ACN:MeOH 

(6:2:3, v/v/v), containing KBr and 

nitric acid 

Elution: Gradient;   

Injection volume: 20 μL; 

Flow: 1 mL/min;  

λExcit max = 362 nm and λEmis max = 455 

nm (for AFG1 and AFG2) and 425 

(for AFB1 and AFB2) 

C18 column (4.6 

× 150 mm, 5 

μm) 

LOD: 0.016;                

LOQ: 0.054 

[70] 

AFB2 
LOD: 0.012;               

LOQ: 0.039 

AFG1 
LOD: 0.011;              

LOQ: 0.038 

AFG2 
LOD: 0.004;                

LOQ: 0.012 

DON 

LC-MS/MS 

Mobile phase: water:MeOH:ACN 

(600:200:200, v/v/v) was added to119 

mg potassium bromide and 47.6 μL 

nitric acid                                                                               

Elution: Gradient;  

Flow: 1 mL/min;  

Electrospray ionization (ESI);  

Ionization mode: Positive  

Capillary temperature: 208 °C; 

Vaporizer temperature: 338 °C ; 

Spray voltage: 4500 V;                                                              

Sheath gas pressure: 60 bar 

RP - C18 

column 

(4.6 × 150 mm, 5 

μm) 

LOD: 0.005;                  

LOQ: 0.025 

[29] 

ZEA 
LOD: 0.01; 

LOQ: 0.025 

AFB1 UHPLC-MS/MS 
Mobile phase: A – 0.1% FA in water; 

B - MEOH:ACN (1:1 v/v)                                                                               

C18 column 

(1.6μm, 2.1 × 

LOD: 0.05;               

 LOQ: 0.25 
[2] 
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Mycotoxins 

Analyzed 

Analytical 

Technique 
Conditions 

Analytical 

Column 

LOD and LOQ 

(µg/kg) 
Ref. 

AFG1 
Elution: Gradient;  

Column temperature: 40 °C;  

Injection volume: 1 μL; 

Flow: 0.4 mL/min;  

Electrospray ionization (ESI);  

Ionization mode: Positive and 

negative                        

Capillary potential: 1.5 kV; 

Flow of desolvation gas: 1000 L/h;  

Desolvation gas temperature: 

500 °C;  

Source temperature: 150 °C;  

100 mm) LOD: 0.12 

LOQ: 0.25 

Aft (AFB1, AFB2, 

AFG1 and AFG2) 
- 

OTA 
LOD: 0.25; 

LOQ: 0.62 

FB1 + FB2 
LOD: 0.5;  

LOQ: 1 

ZEA 
LOD: 2.5; 

 LOQ: 5 

DON 

LC-MS/MS 

Mobile phase: A - MeOH (5mM 

ammonium formate and 0.1% FA); B 

- water (5mM ammonium formate 

0.1% FA;  

Elution: Gradient;  

Column temperature: 25 °C;  

Injection volume: 20 μL; 

Flow: 0.25 mL/min;  

Reverse 

analytical 

column C18 (3 

μm, 150 × 2 mm 

ID) and a guard 

column C18 (4 × 

2 mm ID, 3 μm) 

LOD: 0.04 - 1.5;

LOQ: 0.13 - 5 
[80] 

HT-2 toxin 

T-2 toxin 

ZEA 

AFG2 

AFB1 LC- MS/MS  

Mobile phase: A - aqueous FA 

solution with ammonium formate; B 

- ACN                                                              

Elution: Gradient;  

Injection volume: 5 μL; 

Ionization: electrospray ionization 

(ESI)  

ShimadzuShim-

pack XR-ODS 

III 

column 

LOD: 0.03                         

LOQ: 0.5 
[12] 

AFB1 

LC - MS/MS  

Mobile phase: A - MeOH; B- 

ammonium acetate 10mM                       

Elution: Gradient;                                                                 

ESI mode: positive (for AFB1 and 

FB1) and negative (for OTA and 

ZEA) 

Ionization: electrospray ionization 

(ESI)  

C18 column 

(4.6 × 150 mm, 

2.7 μm) 

LOD: 0.1     

LOQ: 0.3 
[12] 

FB1 

OTA 

ZEA 

FB1 
RP-HPLC/ESI-

TOFMS 

Mobile phase: A – water containing 

0.1% (v/v) formic acid; B - MeCN 

containing 0.1% (v/v) formic acid 

Flow: 0.2 mL min-1  

Column Temperature: 40 °C 

Elution: Gradient 

Injection Volume: 1 μL 

ESI mode: positive  

ESI parameters: drying gas (N2) flow 

and temperature, 10.0 L min−1 and 

350 °C; nebulizer gas (N2) pressure, 

20 psi; capillary voltage, 3500 V; 

TOFMS parameters: fragmentor 

voltage, 170 V; skimmer potential: 

ODS H80 (250 

mm × 2.1 mm, 4 

μm) 

- [81] 
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Mycotoxins 

Analyzed 

Analytical 

Technique 
Conditions 

Analytical 

Column 

LOD and LOQ 

(µg/kg) 
Ref. 

70 V; OCT 1 RF Vpp: 250 V 

FB1 
RP-

HPLC/ESIITMS 

Mobile phase: A – water containing 

0.1% (v/v) formic acid; B - MeCN 

containing 0.1% (v/v) formic acid 

Flow: 0.2 mL min−1 

Column Temperature: 40 °C 

Elution: Gradient 

Injection Volume: 1 μL 

ESI mode: positive  

ESI parameters: spray chamber 

temperature, 55 °C; drying gas (N2) 

pressure and temperature, 20 psi 

and 350 °C, respectively; nebulizer 

gas (N2) pressure, 60 psi; needle 

voltage, 4000 V; spray shield 

voltage, 600 V; general parameters: 

maximum scan times, 2.71; mscans 

averaged, 3; data rate, 0.37 Hz; 

multipier offset, 0;  

Ionization control parameters: target 

TIC, 100%; maximum ion time, 

500,000ms 

MS2 parameters: capillary voltage, 

139 V; RF loading, 75%; isolation 

window, 3 m/z; high mass ejection 

factor, 100%; waveform type, 

resonant; excitation storage level, 

196.4 m/z; excitation amplitude, 2.83 

V; excitation time, 10 ms; RF, 

modulate; number of frequencies, 1. 

ODS H80 (250 

mm × 2.1 mm, 4 

μm) 

- [81] 

AFB1 

UHPLC/TOFMS 

 

Mobile phase: A - water/ 

methanol/acetic acid 94:5:1 (v/v/v); B 

- methanol/water/acetic acid 97:2:1 

(v/v/v) 

Flow rate: 0.2 mL·min−1 

ESI mode: positive  

MS parameters: capillary voltage 

6000 V, nebuliser pressure 2 bars, 

dry gas temperature 200 °C and dry 

gas flow 7l min−1  

 

C18 column (1.8 

μm, 2.1 × 100 

mm) 

LOD:1  

LOQ: 2 

[82] 

AFB2 
LOD: 2  

LOQ: 3 

AFB2 
LOD: 1  

LOQ:1 

AFG2 
LOD: 1 

LOQ: 3 

OTA 
LOD: 9 

LOQ: 18 

DON 
LOD: 24 

LOQ: 48 

FB1 
LOD: 16 

LOQ: 32 

HT – 2 Toxin 
LOD: 20 

LOQ: 41 

T-2 Toxin 
LOD: 2 

LOQ: 5 

ZEA LOD: 39 
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Mycotoxins 

Analyzed 

Analytical 

Technique 
Conditions 

Analytical 

Column 

LOD and LOQ 

(µg/kg) 
Ref. 

LOQ: 77 

AFB1 

UHPLC/TOFMS 

 

 

Mobile phase: A - water/ 

methanol/acetic acid 94:5:1 (v/v/v); B 

- methanol/water/acetic acid 97:2:1 

(v/v/v) 

Flow rate: 0.2 mL·min−1 

ESI mode: positive 

MS parameters: capillary voltage 

6000 V, nebuliser pressure 2 bars, 

dry gas temperature 200 °C and dry 

gas flow 7l min−1 

 

C18 column (1.8 

μm, 2.1 × 100 

mm) 

LOD: 4 

LOQ: 8 

[82] 

AFB2 
LOD: 4 

LOQ: 9 

AFG1 
LOD: 7 

LOQ: 14 

AFG2 
LOD: 3 

LOQ: 5 

OTA 
LOD: 8 

LOQ: 17 

DON 
LOD: 29 

LOQ: 59 

FB1 
LOD: 10 

LOQ: 19 

HT -2 Toxin 
LOD: 7 

LOQ: 15 

T-2 Toxin 
LOD: 6 

LOQ: 11 

ZEA 
LOD: 22 

LOQ: 45 

Legend: ACN—acetonitrile; AFB1—Aflatoxin B1; AFB2 — Aflatoxin B2; AFG1 — Aflatoxin G1; 

AFG2 — Aflatoxin G2; AFs — Total aflatoxins; DON —Deoxynivalenol; ESI—Electrospray Ioniza-

tion; FA —Formic Acid; FB1 — Fumonisin B1; FB2 — Fumonisin B2; FD — Fluorescent Detector; 

H2O —Water; HPLC — High Performance Liquid Chromatography; LC — Liquid Chromatog-

raphy; LOD —Limit of Detection; LOQ —Limit of Quantification; MeOH — Methanol; MS/MS —

Tandem mass spectrometry; OTA —Ochratoxin A; RP —Reverse Phase; UHPLC —Ultra High 

Performance Liquid Chromatography; ZEA —Zea; RP-HPLC/ESI-TOFMS — Reversed-phase 

High Performance Liquid Chromatography/Electrospray Ionization Time-of-Flight Mass Spec-

trometry ; RP-HPLC/ESIITMS — Reversed-Phase High Performance Liquid Chromatog-

raphy/Electrospray Ionization  Ion Trap Mass Spectrometry; UHPLC/TOFMS  — Ultra High Per-

formance Liquid Chromatography/Time-of-Flight Mass Spectrometry. 

Liquid chromatography, mass spectrometry, and fluorescence were the most used 

techniques. Although HPLC-FLD is preferred for single mycotoxin determination, 

HPLC-MS/MS is the preferred method for simultaneous determination of multiple my-

cotoxins, and according to the studies compilation in Table 3, through the years there is 

a tendency to employ this method.  

New technologies are being applied for mycotoxin determination, such as Orbitrap 

and Time-of-Flight (ToF) detectors. These new technologies allow the obtainment of 

more accurate results, and specifically, quadrupole-Orbitrap has the ability to confirm 

the presence of a certain compound by its exact mass and to identify metabolites or 

compounds that have not yet been monitored [83]. Quadrupole-ToF detectors are also 

being used in mycotoxin determination since they provide exact mass information and 

determine the presence of unknown compounds in real samples [84].  

The ultra-high performance liquid chromatography/time-of-flight mass spectrome-

try (UHPLC/TOFMS) method was developed and validated to screen for the presence of 

mycotoxins in cereal matrices from Ecuador [84]. Paddy rice was contaminated with 

AFG1, AFB1, DON, FB1, and polished rice was contaminated with AFG1 and HT-2 tox-

ins, as we can see in Table 3. Since no mycotoxin regulations are enforced in Ecuador, 

the obtained LODs and LOQs were compared with the European maximum permitted 

limits (Regulation No. 2006/1881/EC) [82].  
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Fumonisin mycotoxins which are hazardous to humans and animals were pro-

duced in a Fusarium verticillioides-infected solid rice culture. To decrease the possibility 

of the formation of artifacts, the fumonisins were analyzed by reversed-phase high-

performance liquid chromatography/electrospray ionization time-of-flight (RP-

HPLC/ESI-TOFMS) and ion trap mass spectrometry (RP-HPLC/ESIITMS) immediately 

after the extraction of the culture material, without any further sample clean-up and, this 

is essential for the separation, detection, and characterization of unknown, structurally 

related secondary metabolites such as the mycotoxin isomers. These results can serve as 

a starting point for more detailed examinations regarding the structure, toxicity, and bi-

osynthesis of FB1 isomers, with a view to providing additional knowledge concerning 

food and feed safety [81]. 

The methods used seem to be suitable since both limits of detection (LODs) and 

limits of quantification (LOQs) are below the maximum limits set by the EU. Moreover, 

we can observe that through the years, LOD and LOQ levels are becoming lower, which 

is associated with the evolution of the used techniques, which are becoming more sensi-

tive. By the analysis of Table 3, we can also conclude that the lower LOD and LOQ levels 

were obtained when using liquid chromatography coupled to triple quadrupole MS, 

which is the current method of election for mycotoxins’ determination in food. 

Internal standards are chemical compounds that present a similar behavior to the 

target substance, and that are not present in the sample, but intend to minimize process 

losses (like extraction losses). Internal standards are not frequently used in these studies, 

and only two of the studies did use these standards in their works [13,68]. Because of 

their chemical and chromatographic similarities to the target toxins, sulfamethoxazole 

and tagged stable isotopes were chosen as internal standards [13,68]. 

Regarding the most frequently used detectors in LC, UV detectors have been losing 

popularity, due to the lack of selectivity and sensitivity, since many interferences absorb 

in this zone of the spectrum, along with mycotoxins. Diode array detector (DAD), alt-

hough allows a complete spectrum of all wavelengths, is associated with low sensitivity 

levels. For mycotoxins that present natural fluorescence (some aflatoxins and OTA), or 

for those that are fluorescent after derivatization, fluorescence detectors are also a good 

option since they present high sensitivity and selectivity levels. In spite of those benefits, 

FLD is being replaced by MS [55]. 

HPLC coupled with mass-spectrometry has allowed great advances in mycotoxins’ 

analysis since it offers higher sensitivity and selectivity in comparison with other meth-

ods, as well as structural information of the analyzed mycotoxin metabolites or degrada-

tion products. That is why an increasing number of researchers have been using this 

technique, not only for identification and quantification but also for toxicokinetic and 

metabolism studies [85,86]. The mass spectrometer ionizes the molecules and identifies 

them based on their mass-to-charge ratio (m/z). Based on the ionization technique, dif-

ferent interfaces have been applied in the detection of mycotoxins, such as atmospheric 

pressure chemical ionization (APCI), atmospheric pressure photo-ionization (APPI), and 

electrospray ionization (ESI) [87]. Moreover, there are multiple types of mass analyzers, 

such as triple quadrupole (QqQ), ToF, and ion trap. Each mass spectrometer presents 

advantages and disadvantages, and its selection is dependent on the purpose of the 

analysis. QqQ is mainly used in routine analysis, due to its selectivity, robustness, and 

repeatability, although it is not able to determine unknown compounds. For that pur-

pose, there are other developed instruments such as ToF detectors (which provide exact 

mass through high-resolution mass spectrometry) or ion trap detectors (which offer a 

fragmentation schedule, allowing unambiguous identification of the compound) [17]. 

Triple quadrupole (ESI) is the most commonly used in mycotoxin analysis. ToF and Or-

bitrap analyzers are becoming more popular due to their high resolution and high accu-

racy but ToF is more frequently used [4]. In Table 4 we can see a comparison of MS/MS 

systems, such as TQ MS (Tripe Quadrupole MS), Q-TOF MS (Quadrupole Time-of-Flight 

MS), and Orbitrap MS. 
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Table 4. Comparison of MS/MS systems (TQ MS, Q-TOF MS and Orbitrap MS), adapted from 

[88,89]. 

 Strengths Limitations 

TQ MS 

Highest sensitivity (MRM) 

Wide dynamic range of detection 

Lower cost 

Low mass resolution 

Q-TOF MS 

High mass resolution 

Wide mass range 

Medium dynamic range of detection 

High sensitivity 

Low sensitivity than TQ MS MRM 

mode 

Orbitrap MS 

High mass resolving power (up to 

200,000) 

Increased space- charge capacity at 

higher masses due to the 

independence of trapping potential 

and larger trapping volume (in 

contrast to FTICR and quadrupole 

traps) 

High mass accuracy (1–2 ppm) 

High dynamic range (around 5000) 

Expensive 

Legend: TQ-MS- Triple quadrupole MS; Q-TOF MS- Quadrupole Time-of-Flight MS. 

3.4. Biosensors  

Since the first article was published in the biosensor area in 1962, great efforts have 

been made to their commercialization and use in medicine, pharmacy, agriculture, the 

food industry, and environmental monitoring [90]. 

In general, biosensors contain biological or biologically derived sensing elements to 

detect specific bio-analytes integrated with a transducer in order to convert biological 

signals into electrical signals [91]. 

Biosensors with point-of-care features are a promising tool for mycotoxins detec-

tion, and many researchers focused on developing disposable biosensors [92]. 

Related to physicochemical properties of mycotoxins (e.g., fluorescence) or the type 

of transduction, three groups of biosensors are mostly used: electrochemical (potentiom-

etric, amperometric, and impedimetric), optical (surface plasmon resonance (SPR), and 

fluorescence) and piezoelectric (quartz crystal microbalance (QCM)). Most of the im-

portance of biosensors relies on their high sensitivity and specificity with minimum 

sample treatment. Electrochemical biosensors are predominant among the above groups 

[24,29,89,91].  

Furthermore, to improve biosensors’ sensitivity, a wide variety of metal nanoparti-

cles, carbon nanotubes (CNTs), nanofibers, and quantum dots (QDs) are used due to 

their simplicity, physiochemical malleability, and high surface areas [87,92].  

The electrochemical biosensors are based on potentiometric, amperometric, and 

impedimetric detection methodologies. The potentiometric sensor requires two (work-

ing and reference) or three (working, reference, and counter) electrode systems, and the 

recognition event is provided by the changes in the circuit potential between working 

and reference electrodes. The amperometric sensor, similarly to the potentiometric re-

quires a two or three-electrode system [91]. Electrochemical biosensors are a serious al-

ternative to more complex official instrumental techniques such as HPLC coupled to 

FLD or MS detectors and provide additional benefits allowing reduced costs and short-

ening analysis time [24,29]. 

Optical biosensors provide a powerful and attractive alternative to conventional 

analytical methods such as ELISA and chromatographic techniques which are widely 
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used for the detection of mycotoxins [90]. Optical biosensors can employ numerous opti-

cal methods to detect an analyte of interest [90]. Those methods are usually based on 

light absorbance, fluorescence, light polarization, and rotation or vibration spectroscopy 

measurements, such as SPR and fluorescence, approaches like fluorescence resonance 

energy transfer (FRET) [86,87]. The SPR system utilizes a thin metal (silver or gold) film 

between two transparent media with different refractive indices, such as glass prism and 

sample solution. The SPR method detects alterations in the surface layer refractive index 

in contact with the sensor chip. In the FRET system, the energy is transferred from an 

excited donor fluorophore to nearby acceptor species. The acceptor and donor in the 

FRET can be designed in biunique or one-to-multiple manners, ensuring the simultane-

ous application of multiple mycotoxin detection [91]. 

The QCM transducer consists of thin gold-plated crystal quartz, where electrodes 

are placed. Molecular recognition and a binding event in the electrode surface lead to 

mass alteration and specific vibrations when an electric signal is sent by the quartz, 

which results in inducing alterations in the resonant frequency [91]. 

The development of universal biosensing systems and multiplex assays is another 

trend in the development of mycotoxin biosensors. Although it can be achieved in many 

cases by replacement of bioreceptor, the number of appropriate multianalyte biosensors 

is very limited [90]. The results are obtained relatively quickly, as the samples do not 

need to be shipped and analyzed at laboratories. It also prevents slowing down the food 

production process. The main limitations of these methods are matrix interference, anti-

body cross-reactivity, and the necessity of matrices’ validation [91].  

4. Mycotoxin Contamination in Rice  

In the EU, the RASFF allows a quick and simple share of information, between food 

safety entities and the EC members, about food and feed hazards, such as contamination 

by mycotoxins, pesticide residues or other contaminants, pathogenic microorganisms, or 

heavy metals [4]. Every time contamination by mycotoxins or other food hazards is 

found, the RASFF member state that discovered it releases a market notification [92]. 

RASFF notifications can be provided by different entities, such as non-official market 

controls, industrial companies controls, border controls, and consumers, or they might 

even be reported by countries outside the EU [93]. 

RASFF is a valuable tool, not only because it allows the identification of emerging 

food safety risks, but it is also possible to check the most frequent occurrences in a cer-

tain period [92]. 

According to RASFF, mycotoxins are the basis of a great number of notifications, 

being one of the main cited hazards during the last decade. In 2019, 553 notifications 

were emitted referring to mycotoxins in foodstuffs, and around 84.6% corresponded to 

AFs contamination [92,94]. 

Table 5 summarizes the reported notifications related to mycotoxins contamination 

in raw rice grain (brown, white) and rice flours since 2019. According to this table, since 

2019 over 86 occurrences classified as a serious risk were reported, which means the con-

tamination levels exceed the legislated levels, and so they were removed from the mar-

ket. The highest AFB1 levels reported in this period were found in a batch imported 

from Pakistan to the Netherlands, where 44 μg/kg was reported for AFB1 and 49 μg/kg 

for total AFs. These values far exceed the levels regulated by the EC for these mycotox-

ins in cereals for direct human consumption (2 μg/kg for AFB1, and 4 μg/kg for AFs) 

[95]. 

All these findings emphasize the presence and relevance of mycotoxins in food 

safety discussion and the need for rigorous control for their mitigation in the rice value 

chain. Moreover, looking at the results we can conclude that there is a higher incidence 

of notifications in basmati and organic rice. This raises questions: are more risks of rice 

mycotoxin contamination associated with their origin or organic production?? Addition-

ally, most of the contamination samples were original from countries outside the EU, 
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which emphasizes the need for stricter control of food products coming from foreign 

countries. 

Table 5. RASFF notifications due to mycotoxins contamination from 2019 to 06/07/2022. 

Date Country Origin Country Product Mycotoxin Levels (µg/kg) 

22/02/2019 Italy Pakistan Basmati rice AFB1 4.3 

22/02/2019 Belgium Italy Organic brown rice OTA 14.1 

01/03/2019 Belgium Pakistan Basmati rice AFB1 6.8 

01/03/2019 Italy Pakistan Basmati rice 
AFB1 19.9 

AFs 21.6 

22/03/2019 Austria Germany Organic brown rice AFB1 7.1 

22/05/2019 France Italy Basmati rice AFB1 4.49 

02/08/2019 Germany Netherlands Basmati rice AFB1 3.60 

05/09/2019 Poland Myanmar Parboiled brown rice AFB1 4.09 

24/10/2019 Portugal Myanmar Rice AFB1 19 

28/11/2019 Switzerland Sri Lanka Roasted red rice flour 
AFB1 15.6 

AFs 19 

18/12/2019 Switzerland Sri Lanka Roasted red rice flour 
AFB1 6.8 

AFs 8.2 

27/02/2020 Switzerland Sri Lanka Parboiled rice AFB1 3.4 

15/06/2020 Sweden Cambodia Organic brown rice AFB1 20.6 

03/07/2020 Greece Pakistan Basmati rice 
AFB1 5.6 

AFs 5.6 

07/07/2020 Greece Pakistan Basmati rice 
AFB1 6.3 

AFs 6.3 

07/07/2020 Greece Pakistan Basmati rice 
AFB1 6.0 

AFs 6.0 

31/07/2020 Poland Pakistan Long grain brown rice 
AFB1 6.54 

AFs 6.54 

21/08/2020 Greece Pakistan Basmati rice 
AFB1 4.6 

AFs 4.6 

21/08/2020 Switzerland United Kingdom Basmati rice OTA 8.3 

01/09/2020 Switzerland Sri Lanka Red rice 

AFB1 8.9 

AFs 11 

OTA 10.3 

15/10/2020 Germany India Basmati rice OTA 6.23 

20/10/2020 Germany Pakistan Organic brown basmati rice 
AFB1 14.3 

AFs 15.4 

02/12/2020 Netherlands India Brown basmati rice 
AFB1 24 

AFs 27 

05/01/2021 Spain Pakistan White rice AFB1 2.2 - 3.1 

21/01/2021 Spain Pakistan White rice AFB1 3 

22/01/2021 Greece Pakistan Basmati rice AFB1 3.1 

28/01/2021 Netherlands Pakistan Organic brown basmati rice OTA 11.2 

04/03/2021 Netherlands Pakistan Organic brown basmati rice AFB1 9.1 

17/03/2021 Germany Netherlands Basmati rice OTA 5.26 

27/04/2021 Germany Netherlands Rice flour AFB1 5.7 ± 2.5 

27/05/2021 Germany India Basmati rice OTA 4.94 ± 0.41 

06/08/2021 Netherlands Pakistan Brown rice AFB1 44 
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Date Country Origin Country Product Mycotoxin Levels (µg/kg) 

AFs 49 

10/08/2021 Belgium Pakistan Broken rice AFB1 8.6 

27/08/2021 Belgium Pakistan White broken rice AFB1 8.6 

14/12/2021 Switzerland Sri Lanka Rice 
AFB1 6.3 ± 1.07 

AFs 6.59 ± 1.32 

16/12/2021 Germany Pakistan Basmati Rice AFB1 3.96 ± 1.60 

06/01/2022 Belgium Pakistan Rice bran AFB1 4.15 

07/02/2022 Netherlands Pakistan Basmati Rice 
AFB1 13 

AFs 15 

14/02/2022 Netherlands Pakistan Golden sun basmati rice AFB1 5 

17/02/2022 Netherlands Pakistan Rice  AFB1 4.2 

17/02/2022 Netherlands Pakistan Rice AFB1 7 

22/02/2022 Netherlands Pakistan Rice AFB1 7 

22/02/2022 Netherlands Pakistan Basmati rice OTA 12 

23/02/2022 Netherlands India Basmati rice AFB1 4.2 

23/02/2022 Netherlands India  Basmati rice 
OTA 6.8 

AFB1 3.1 

25/02/2022 Netherlands India Basmati rice AFB1 3.2 

25/02/2022 Netherlands India  Basmati rice  AFB1 3.4 

28/02/2022 Belgium  Pakistan  Rice 
AFB1 5.3 

AFs 6.5 

02/03/2022 Netherlands Pakistan Rice  AFB1 7.3 

10/03/2022 Netherlands Pakistan 
Super basmati brown rice 

(husked rice) 

AFB1 11 

AFs 11 

10/03/2022 Netherlands Pakistan Rice 
AFB1 9.7 

AFs 9.7 

11/03/2022 Netherlands Pakistan 
Super basmati brown rice 

(husked rice) 
AFB1 4.7 

11/03/2022 Netherlands  Pakistan 
Super basmati brown rice 

(husked rice) 

AFB1 14 

AFs 14 

14/03/2022 Italy India  Basmati rice  AFs 4.9 ± 2.0 

14/03/2022 Netherlands Pakistan Super kernel basmati brown rice AFB1 5.6 

15/03/2022 Italy Pakistan  Rice  AFB1 4.6 ± 2.0 

15/03/2022 Italy Pakistan  Rice 
AFB1 7.2 ± 3.2 * 

AFS 7.9 ± 3.2 * 

24/03/2022 Greece Pakistan Rice 
AFB1 10.7 ± 2.1 

AFs 10.7 ± 2.1 

29/03/2022 Netherlands Pakistan Rice 
AFB1 10 

AFs 10 

29/03/2022 Cyprus India Basmati rice AFB1 5.82 

31/03/2022 Netherlands Pakistan Rice 
AFB1 12 

AFs 13 

07/04/2022 Netherlands Pakistan Rice 
AFB1 24 

AFs 26 

07/04/2022 Netherlands Pakistan Rice 
AFB1 15 

AFs 16 

07/04/2022 Netherlands Pakistan Rice 
AFB1 19 

AFs 20 
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Date Country Origin Country Product Mycotoxin Levels (µg/kg) 

13/04/2022 Netherlands Pakistan 
Super basmati brown rice 

(husked rice) 

AFB1 18 

AFs 20 

15/04/2022 Netherlands  Pakistan Super kernel basmati brown rice AFB1 8 

15/04/2022 Netherlands  Pakistan Super basmati brown rice AFB1 5.1 

19/04/2022 Netherlands Pakistan Rice AFB1 11 

27/04/2022 Netherlands  Pakistan Super basmati brown rice 
AFB1 9.1 

AFs 9.1 

03/05/2022 Netherlands Pakistan Super basmati brown rice AFB1 6.8 

03/05/2022 Netherlands  Pakistan Super kernel basmati brown rice AFB1 7.2 

04/05/2022 Netherlands Pakistan Super basmati brown rice 
AFB1 8.5 

AFs 8.5 

12/05/2022 Netherlands Pakistan 
Basmati brown rice (husked 

rice) 

AFB1 11 

AFs 11 

12/05/2022 Netherlands Pakistan 
Super basmati brown rice 

(husked rice) 
AFB1 5.1 

12/05/2022 Netherlands Pakistan 
Super basmati brown rice 

(husked rice) 
AFB1 4.7 

12/05/2022 Netherlands Pakistan  
Super basmati brown rice 

(husked rice) 

AFB1 48 

AFs 53 

12/05/2022 Ireland India Basmati rice OTA 6.3 ± 0.2 

18/05/2022 Netherlands Pakistan Rice 
AFB1 23 

AFs 25 

20/05/2022 Netherlands  Pakistan Husked brown rice 
AFB1 8.2 

AFs 8.2 

20/05/2022 Cyprus India Basmati rice OTA 16.5 

27/05/2022 Netherlands Pakistan Super basmati brown rice AFB1 7.1 

01/06/2022 Spain Pakistan Basmati rice 
AFB1 5.6 ± 24.2% 

AFs 5.6 ± 24.2% 

20/06/2022 Slovenia Pakistan Basmati brown rice 
AFB1 13.2 ± 2 

AFs 14 ± 2 

30/06/2022 Netherlands Pakistan Rice AFB1 7.1 

01/07/2022 Netherlands Pakistan Rice AFB1 4.7 

04/07/2022 Netherlands India Rice OTA 6.4 

06/07/2022 Netherlands India Rice OTA 9.2 

Legend: Notifications of mycotoxins contamination in rice and rice products from 2019 to 2021; 

Adapted from RASFF portal. * mg/kg. 

5. Contamination Mitigation 

Since mycotoxin-producing fungi may affect rice in multiple stages, many strategies 

to overcome this problem have been developed, from prevention of their occurrence to 

decontamination methods [96]. 

One of the developed strategies to reduce mycotoxigenic fungi in the field is chemi-

cal control. Although chemicals have shown to be successful in crop protection, they are 

associated with undesirable effects. By acidifying the soil, they may interfere with the 

plant’s growth, as they decrease the occurrence of beneficial organisms. Furthermore, 

nowadays there is an increasing pressure to reduce the use of insecticides, fungicides, 

and herbicides, in order to achieve higher agricultural sustainability levels [21]. 

Postharvest strategies are associated with the application of proper storage condi-

tions because almost all mycotoxin contamination in rice grain is associated with inade-

quate storage. Therefore, the application of suitable packaging practices (such as the use 
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of ultra-hermetic airtight containers), temperature and humidity control, and ventilation 

efficiency are essential to avoid fungal growth and mycotoxins accumulation [90]. How-

ever, brown rice has more nutritional value which motivates the search for other detoxi-

fication strategies. 

The distribution and concentration of mycotoxins, as well as their physical and 

chemical properties, suffer modifications during processing, which may lead to a varia-

tion in their toxicity levels [17]. Therefore, it is of great importance to understand the 

impact and phases where those variations occur. Some studies have found higher levels 

of AFB1 and AFB2 in brown rice and bran, and lower levels in white rice, suggesting the 

most relevant step to overcome this mycotoxin is bran removal [95]. 

Since in some cases mycotoxin occurrence cannot be avoided, some decontamina-

tion methods have been developed. These methods must be safe, environmentally 

friendly, effective, and have a good cost-benefit relationship. A decontamination strate-

gy, to be considered effective, must be able to inactivate, remove or destroy the mycotox-

ins, and retain the nutritional properties of the foodstuff. Moreover, it must not alter the 

product’s technological properties, or form other toxic substances or metabolites [95].. 

In the case of aflatoxins, several detoxification strategies have been proposed, such 

as physical methods of separation, thermal inactivation, irradiation, adsorption from so-

lution, solvent extraction, microbial inactivation, and fermentation, as well as chemical 

detoxification methods [97]. 

In summary, three types of decontamination methods may be applied: physical, 

chemical, or biological. However, there is no single technique that has proved effective 

against the wide array of mycotoxins that might occur simultaneously in a food com-

modity.  The methods should be able to completely destroy, inactivate, or remove the 

toxin along with any residual fungal spores. At the same time, it must preserve the nu-

tritional value and the technological properties of the commodity. In short, in Table 6 we 

have the advantages and disadvantages of the different methods [95,97,98]]. 

Table 6. Different decontamination means of mycotoxins in food, their advantages, and disad-

vantages, adapted from [98]. 

 
Physical 

Decontamination 

Chemical 

Decontamination 

Biological 

Decontamination 

Examples 

Sorting  

Sieve cleaning  

Density segregation  

Washing  

De-hulling  

Steeping  

Extrusion cooking  

Steam heating  

Infrared heating  

Microwave heating  

Radio frequency 

heating  

Irradiation  

Cold plasma  

Photocatalytic 

detoxification 

Organic acids  

Hydrochloric acid  

Ammonium 

hydroxide  

Hydrogen peroxide 

Sodium bisulphite  

Chlorinating agents  

Ozone  

Formaldehyde  

Natural substances 

such as herbs, spices, 

and their extracts 

Bacteria  

Yeasts  

Mold  

Algae 

Advantages 

Effective against 

some mycotoxins  

Low change in food 

properties  

Effective against 

some mycotoxins 

Affordable 

Effective against 

some mycotoxins 

Inexpensive 

Environment friendly 
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Does not involve 

usage of chemicals 

Does not involve 

usage of chemicals 

Disadvantages 

Impractical  

Might be limited to 

large-scale industries 

with sophisticated 

equipment  

Time-consuming  

Expensive  

In case of thermal 

treatment possible 

changes in color and 

food quality 

Possible health effects 

Formation of toxic 

byproducts 

Enhancing 

bioavailability of 

masked mycotoxins  

Time consuming  

Environmentally 

toxic 

Time consuming  

Impractical  

More effective in 

controlled laboratory 

settings 

Physical methods comprise the separation of damaged or contaminated crops from 

healthy ones and they include methods such as sorting, sieve cleaning, density segrega-

tion, washing, dehulling, and steeping that help reduce the concentration of mycotoxins. 

They also include the destruction of mycotoxins through heat treatment and irradiation. 

The study of Reduction in Aflatoxin Content of Feed and Food [99] shows that the re-

moval method of external grain parts (dehulling, polishing) was effective in reducing 

88–92% of aflatoxins, high moisture thermal treatment (roasting, extrusion, cooking, 

high-pressure cooking, instant catapult steam explosion) was effective in reducing 25–

88% of aflatoxins in rice and UV-light, near-infrared radiation reduced <99 % of aflatox-

ins in rice. Although physical techniques seem acceptable since there would be limited 

change afterward in the properties of the rice grains, their usage is still considered un-

practical and limited only to large-scale industries since they might be time-consuming 

and expensive [95,98]. 

Other alternatives are chemical methods that employ chemical compound treat-

ments with acids, alkalis, and reducing and oxidizing agents, that are either of organic 

or synthetic nature. Chemical treatment has shown to be effective in the removal of 

some mycotoxins, however, some chemicals may not show enough effectiveness in the 

removal of high levels of mycotoxins. These methods include the use of chlorination 

agents, oxidants, or hydrolytic agents, and also the use of biological agents such as plant 

extracts and essential oils (EOs) [100].  

Treatment with ozone was shown to be promising since it can degrade mycotoxins 

through reacting with bonds in the mycotoxin chemical structure especially double 

bonds in mycotoxins such in AFB1 [98]. 

Although quite a few synthetic preservatives have been identified, their continuous 

use has been associated with some disadvantages, such as health and environmental is-

sues, an increase in fungal resistance, and allergic reactions. Therefore, the tendency to 

use natural compounds, such as EOs, to preserve foodstuffs has been increasing in the 

last decades and is gaining cumulative interest because of their traditional use in phar-

maceutics [98,99]. EOs have shown to exhibit biological antifungal, antibacterial, and an-

tioxidant properties, and have already been applied in a wide range of industries, in-

cluding the pharmaceutical, agricultural, and food ones [101]. Some studies have been 

performed in order to establish EOs effects on mycotoxigenic fungi and mycotoxin syn-

thesis, and the results indicated that thyme and oregano EOs have been commonly used 

against fungi producers of aflatoxins, A. flavus and A. Parasiticus [101,102]. Moreover, 

cinnamon and cinnamaldehyde have been revealed to present antifungal activity against 

Aspergillus and Fusarium genera, and significant antimycotoxigenic activity against 

DON, AFB1, ZEA, and OTA. Great results using oregano extracts have also been report-

ed against OTA [103–105]. Regardless of all these advantages, EOs also present some is-

sues, such as the occurrence of undesirable organoleptic effects and their low potency. In 
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an attempt to overcome their undesirable organoleptic effects, research studies have de-

veloped new approaches such as encapsulation and coating. Their low potency is being 

overcome through their association with other antimicrobial compounds, to obtain syn-

ergistic effects [106]. 

Both physical and chemical methods present disadvantages, since complete decon-

tamination is not achieved, and these methods are associated with high costs and nutri-

tional loss [102]. 

Lastly, another strategy developed to reduce mycotoxigenic fungi contamination, 

comprises the use of microorganisms. This biocontrol method is based on multiple 

mechanisms, including their ability to compete with pathogens for space and nutrients, 

produce antimicrobial compounds, induce host resistance to the disease, or directly an-

tagonize the pathogen. Lactic acid bacteria have been used as biocontrol agents since 

they seem to have a great potential to control fungal diseases. A couple of strains of 

Streptomyces corchorusii and Burkholderia gladioli have also been studied because of their 

abilities to produce cell wall degrading enzymes and to inhibit A. flavus growth, respec-

tively [21]. 

Some of these methods have already been applied to rice in order to mitigate myco-

toxin contamination, through the application of field and postharvest good practices. 

Rice processing also constitutes an important step and seems to reduce mycotoxin con-

tent, although it cannot fully eliminate these contaminants [21]. EOs have also already 

been applied in rice, in order to manage mycotoxin formation and fungal growth, and 

seem to constitute an effective technique. One of the studies was performed by Wan et 

al. (2019), in order to evaluate the effects of thyme, lemongrass, cinnamon, peppermint, 

and clove EOs in the production of DON in contaminated rice. These samples were in-

cubated for 5 days in the presence of the previously referred EOs and, by the end of that 

period, the results indicated several reductions in mycotoxin production [102]. 

Another study reports chemically characterized Myristica fragrans essential oil 

(MFEO) as a plant-based food preservative against fungal and aflatoxin B1 (AFB1) con-

tamination of scented rice varieties. Myristica fragrans Houtt. (family: Myristicaceae) is 

an aromatic plant indigenous to Indonesia, and also cultivated on large scale in India. In 

this paper, the authors see the efficacy of MFEO against isolated fungal species and 

AFB1 secretion by AF LHP R14 cells, the antioxidant activity of MFEO, and the phyto-

toxicity assay of MFEO. Additionally, it shows that due to the pronounced antifungal, 

antiaflatoxigenic, antioxidant activity, and nonphytotoxic nature, the MFEO can be rec-

ommended as a plant-based food preservative for the protection of scented rice varieties 

and other agri-food commodities from fungal and mycotoxin contamination as well as 

oxidative biodeterioration [107]. 

In addition, another paper shows that Apium graveolens essential oil (AGEO) and 

their major components linalyl acetate(LA) and geranyl acetate GA (1:1:1) can inhibit the 

growth of a wide range of toxigenic food-borne molds as well as AFB1 secretion and 

recommends its possible deployment for development of novel plant-based safe food 

preservative [108]. 
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6. Conclusions and Future Perspectives 

Mycotoxins and their fungal producers constitute a great public health issue, with 

AFB1 being in the spotlight of those concerns since it was considered by IARC as a 

group 1 carcinogen. Since the prediction of mycotoxins contamination is very dependent 

on climate change, the key to minimizing their occurrence must be based on prevention 

and control. To do so, the implementation of good agricultural and production practices, 

along with the adoption of proper process, transport, and storage conditions with con-

trol analysis of critical points is fundamental. Although agricultural practices and con-

trol methods are in constant evolution, a large number of RASFF notifications are still 

reported every year due to mycotoxins contamination, with some of the values being far 

above the legislated levels.  

Since 2019, the reported notifications of mycotoxins contamination in rice 

(86occurrences) and other published results highlight the aflatoxins and OTA levels as a 

serious risk and a main concern for the rice chain sustainability.   

To minimize the exposure to mycotoxins, more sensitive and accurate analytical 

methods for their determination have been developed. IAC and QuECHERS are the pre-

ferred methods for extraction and purification and HPLC-MS/MS is the preferred meth-

od for quantification purposes. Considering the continuous evolution of methods, it is 

expected that these techniques will be replaced by high-resolution mass spectrometers 

such as Orbitrap and ToF. These detectors are still very expensive, but there is a possibil-

ity that in the future they will be less expensive and become progressively more ubiqui-

tous in routine laboratories. The development of screening methods with greater preci-

sion and sensibility able to be employed in the field is also expected. 

Further investigation is still required in this field in order to better understand the 

effects of mycotoxin co-occurrence and its potential synergism. Moreover, climate 

changes have been found to be problematic in this research area, since higher tempera-

ture and humidity levels are favorable conditions for fungal growth and mycotoxin pro-

duction. Therefore, it would be of great importance to carry out more studies in order to 

evaluate the impact of climate change on rice contamination by mycotoxins. 

The legislation itself also requires updating since it establishes the maximum levels 

for mycotoxins in cereals for direct human consumption, but emergent and masked my-

cotoxins are not considered.  

Rice is one of the most consumed cereals worldwide not only for direct consump-

tion but also for processing into baby foods, resulting in a large exposure to their poten-

tial contaminants, consequently, the continuous control of rice mycotoxins occurrence is 

relevant for their mitigation and avoiding the associated risk to human health. 
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Abstract: Rice is a very popular food throughout the world and the basis of the diet of the citizens
of many countries. It is used as a raw material for the preparation of many complex dishes in
which different ingredients are involved. Rice, as a consequence of their cultivation, harvesting,
and handling, is often contaminated with spores of Bacillus cereus, a ubiquitous microorganism found
mainly in the soil. B. cereus can multiply under temperature conditions as low as 4 ◦C in foods that
contain rice and have been cooked or subjected to treatments that do not produce commercial sterility.
B. cereus produces diarrhoeal or emetic foodborne toxin when the consumer eats food in which a
sufficient number of cells have grown. These circumstances mean that every year many outbreaks of
intoxication or intestinal problems related to this microorganism are reported. This work is a review
from the perspective of risk assessment of the risk posed by B. cereus to the health of consumers and
of some control measures that can be used to mitigate such a risk.

Keywords: Bacillus cereus; rice; poisoning

1. Introduction

Bacillus cereus is present in many foods due to its ubiquitous nature and has become
one of the top ten responsible for many cases of food and waterborne outbreaks in humans.
The demands of consumers for complex and mildly processed foods with a limited refrig-
erated shelf-life are driving this increase on the B. cereus outbreaks all over the world as
has been recognized by the European Food Safety Authority EFSA and Center for Disease
Control (CDC) report [1]. In 2018, B. cereus was involved in a total of 98 reported out-
breaks among members’ states of the European Union [1]. The impact of those numbers is
clearer by saying that those represented the 1.9% of total outbreaks in the European Union,
with 1539 people affected with 111 hospitalizations and 1 death [1]. Moreover, recent
outbreaks in other countries have been also associated with this pathogen, e.g., 45 cases
identified in an outbreak at a restaurant in Canberra (Australia) [2] and 200 students af-
fected in an outbreak at a school in China [3]. Two types of food disease can be produced by
B. cereus: diarrhoeal and emetic syndromes. Diarrhoeal illness is produced when enough
B. cereus cells are consumed and the microorganism is implanted and grows in the small in-
testine producing the toxin, whereas the emetic syndrome appears when a food containing
pre-formed cereulide toxin produced during B. cereus growth is consumed [4,5].

Generally, B. cereus has been associated with complex foodstuffs that include rice as
ingredient; nevertheless, other rice-based products and farinaceous foods, such as pasta
and noodles, can be also a vehicle for contamination and being involved in B. cereus
intoxication [5]. This fact has promoted research on rice and carbohydrate-rich products
and on improving decontamination and processing technologies that may reduce the
risk of B. cereus poisoning. Outbreaks caused by B. cereus are due, in a large number of
occasions, to the consumption of rice contaminated with spores or vegetative cells [6,7]
(about 95% of cases of emetic disease are related to the consumption of rice [8]). Specifically,
this etiological agent produced gastrointestinal diseases caused by the consumption of
Chinese fried rice [9,10]. This is due to the way in which it is cooked; it is boiled in
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large quantities, kept unrefrigerated for several hours, depending on consumer’s demand,
before being further processed (fried or heated). During this unrefrigerated storage the
microorganism can grow and/or produce the emetic toxin that will not be destroyed or
inactivated by a subsequent processing step [6]. These culinary practices are coherent
from the logistical point of view; however, rice should be stored below 7 ◦C or above
63 ◦C, which are the limit temperatures for the germination of heat-resistant spores [11].
Those authors found that in 40 samples of local and imported rice, all of them contained
B. cereus concentrations larger than 1100 CFU/g. Other authors [12] found that 94 out of
178 raw rice samples were contaminated with B. cereus in the United States. Therefore,
reported results confirm how ubiquitous this microorganism, especially in rice-based foods,
is. Nevertheless, the microbial loads are different depending on the rice form, being the
presence of high concentrations of microorganisms more common in brown rice than in
white rice, due to the processing that the cereal receives in each case. In fact, a study carried
out with samples of white and husked rice reported concentrations of the pathogen around
2.5 × 101 CFU/g in husked rice and 2.5 × 103 CFU/g in brown rice [13].

Rice is the grain of herbaceous plants of the genus Oryza cultivated for more than
8000 years and of which about 750 million tons are produced annually mainly for human
food, although the lower quality crops are destined to animal feeding [14]. It is a staple food
for more than half of the world population and especially in underdeveloped countries.
This cereal is presented to the consumer in different ways: whole, husked, or white
depending on the treatment to which the grain was subjected. It also accepts many forms of
industrial cooking and processing, steaming, parboiling, instant, ground (rice flour, pasta,
and cookies) [15]. Each of them represents a different risk for the consumer depending on
the subsequent treatment that consumer applies prior to consumption.

Rice, with a pH close to 7, consisting of 79% of carbohydrates, 7% protein, and 2% fat,
plus vitamins and minerals, can act as an excellent growth medium for B. cereus once it has
been cooked because it is in that moment when the humidity of the substrate reaches water
activity values suitable for the growth of the microorganism. Even if the vegetative cells
of B. cereus do not grow, they can survive 48 weeks on fresh and dry storage without loss
of viability. Nevertheless, the viability of the pathogens is reduced after 16 weeks, if the
storage occurs at temperatures above 45 ◦C with water activity around 0.78 [8].

The main problem posed by contamination with B. cereus of foods is the presence
of heat-resistant spores that survive normal cooking temperatures for rice, or other raw
materials or processed products, which is usually boiling water close to 100 ◦C [16]. Studies
show that during normal cooking, around 20 min depending on the variety of rice, there are
2–3 decimal reductions on the initial spore load so the risk in the final product depends
largely on the initial concentration of microorganisms and hygienic measures during
handling, cooking, or processing [9,17]. After cooking, the remaining spores are capable of
growing up to 107–109 CFU/g after 24 h at 26 or 32 ◦C respectively [10,11,18,19]. Spores
germinate and grow depending on storage temperature; optimum growth temperatures in
rice are 30–36 ◦C. After 10 days of storage at 8 ◦C, a growth of 104 CFU/g to 108 CFU/g
was observed [20].

This review paper addresses the problem of B. cereus in rice and its derivatives under
a microbiological risk assessment perspective, summarizing some control measures and
improving processing technologies that could be considered to reduce the risk of the
presence of the microorganism in these products and B. cereus toxin.

2. Hazard Description and Growth in Rice

B. cereus is a rod shaped spore-forming bacterium that belongs to the Bacillus genus.
It is Gram-positive and motille due to flagels. B. anthracis, B. cereus, B. mycoides, B. thuringien-
sis, B. pseudomycoides, and B. weihenstephanensis are representative species of the 18 identified
belonging to this genus [21]. Data of the genoma have shown that B. anthracis, B. cereus,
and B. thuringiensis are very closely related; B. thuringiensis is an insect pathogen used in
biocontrol and B. anthracis bacterium is responsible for anthrax [22,23]. These species show
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phenotypic properties and a high level of similarity in their DNA, making biochemical
identification quite difficult [22]. Different species had traditionally been differentiated
by their phenotypic characteristics (e.g., shape, optimal growth temperature, resistance
to acidity) but currently, other more powerful methods are being used such as digital
DNA-DNA hybridization (dDDH) and/or average nucleotide identity (ANI) values [24],
signature sequences (e.g., in the 16 S rRNA and cspA genes) or the presence of specific
virulence factors (e.g., cytK-1 or anthrax toxin genes), and MALDI-TOF MS analysis [25]
or real time PCR [26]. A recent study for Carroll [27] describes the first whole genome
sequencing (WGS) characterization of isolates linked to an outbreak caused by members of
the B. cereus group.

B. cereus is a habitual saprophyte, which is resistant to low humidity, high temper-
atures, dehydration, radiation, and acidity; spores are ubiquitous in the environment,
inhabitant of soil, water, vegetables, and air and can be found in the soil at concentrations
in the order of 106 CFU/g [28]. This microorganism is of interest in public health as it is
considered an opportunistic pathogen that produces food toxins [16,29].

Within the Bacillus genus, B. cereus is the species most frequently associated with food
outbreaks [30]. B. cereus is a facultative aerobic bacillus that can grow in highly variable
conditions, a broad pH range between 4.5 to 9.5, at a minimum water activity for growth
of 0.93, and in a broad range of temperatures from 4 ◦C (psychrotrophic strains) to 48 ◦C
and at a NaCl concentrations up to 7% [31]. Although, as mentioned before, B. cereus
tolerates a wide range of pH, the presence of 0.1% acetic acid is sufficient to inhibit the
growth of the microorganism [29]. The optimum pH range from 6 to 7 and its tolerance to
stress conditions due to pH, improves under anaerobically conditions [32]. Some strains of
B. cereus are motile thanks to peritric flagella, although non-motile strains have also been
described [13,33].

Although B. cereus have been considered as pathogenic microorganisms, researches
described that some strains of this microorganism can be considered as beneficial and they
have been used as animal probiotics in some formulations [34] and as growth promoters
in plants [35].

The optimal growth temperature of B. cereus ranges between 30 and 40 ◦C although
some strains can grow at 55 ◦C. Nevertheless, there are studies that have described that the
strains responsible for emetic syndrome have a minimal growth temperature of 15 ◦C [31].
Even some strains show tolerance to lower temperatures, 4 ◦C, being considered psy-
chrotrophic or psychrotolerant. Particularly, a study has suggested that B. cereus isolates
from dairy products have adapted to those environmental conditions [36].

Vegetative cells die immediately below pH 4.3 in relation to previous exposure to
acids in the environment before being ingested, despite the fact that some strains show
great tolerance to gastric acids [37]. That could be the reason why the most frequent disease
produced by the consumption of rice at neutral pH is the emetic syndrome, because at
that pH, the microorganism lacks the necessary resistance against gastric acids to pass
the intestinal tract and grows in the intestine producing toxins for emetic syndrome.
By contrast, the spores have great tolerance to pH, being their viability from pH 1 to 9 [37].
In those conditions, when spores are ingested with the food, they can germinate in the
small intestine and produce the diarrhoeal toxin.

Growth of B. cereus is optimal in the presence of oxygen, although the microorganism
can grow anaerobically, but toxin production is undetectable in this environment [31].
Regarding the water activity (aw), for vegetative cells, it should be in the range of 0.912 to
0.950 for growth [38].

Rice derivatives (boiled, fried), due to its composition and chemical characteristics,
represent an excellent growth medium for bacteria and can support the growth of B. cereus
at different temperature conditions. B. cereus spores can survive perfectly in the dehydrated
rice, without loss of viability for at least 48 weeks of storage. However, some loss of
viability has been observed if it is stored at 45 ◦C and water activity of 0.78 [39].
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B. cereus spores have the ability to survive the cooking treatments commonly given to
rice. There is high heterogeneity in the thermal resistance of the spores. Some authors [40]
indicated decimal reduction (D) values between 0.94 and 11 min at 95 ◦C and 0.22 and
2.5 min at 100 ◦C in double-distilled water. Another study reported a D value of approxi-
mately 3.5 min for spores in rice at 97.8 ◦C [41]. With those data, and considering a standard
cooking process for rice, for example 100 ◦C for 20 min, it is clear that there will be some
level of reduction in the number of spores in the food, but it will not be enough to ensure
the food safety of the food for this microorganism.

The spores that remain alive after a long-term storage of cooked rice, even at low tem-
peratures, germinate and some degree of growth of B. cereus will take place. Ultee et al. [42]
indicated that B. cereus reached levels of 104 to 108 in ten days when the product was stored
at 8 ◦C.

3. B. cereus Characterization Included Dose-Response Relationship

B. cereus produces two types of illness, the emetic and diarrhoeal, depending on the
context at which it grows. The diarrheal syndrome is produced as a consequence of the
ingestion of a large number of vegetative cells or spores that pass the stomach barrier,
during their growth in the small intestine [43]. The emetic toxin “cereulide” is a cyclic
peptide, produced during the growth of B. cereus in the food itself, when the conditions
of pH, water activity, and temperature are suitable [44]. It has a strongly hydrophobic
character, therefore, to cause food poisoning, it must be attached to the target cells attached
or dissolved in vehicles found in food [44]. This type of food intoxication is most often
associated with the ingestion of cereal products, especially rice [45,46].

Agata et al. [47] studied the growth and emetic toxin production of B. cereus in cooked
rice. They stored the cooked rice at different temperatures, and results indicated that the
higher the temperature, the faster the growth of the microorganism and the sooner the
toxin was produced. The production of cereulide was strongly correlated with the growth
of bacteria in boiled rice. The growth and toxin levels at 30 ◦C for 24 h were similar for
boiled and fried rice. In the past, studies carried out with human volunteers [48–50] found
a weak significance for symptoms when B. cereus cells were ingested.

A human dose response relationship has not been described for either the emetic or
diarrhoeal toxin produced by B. cereus. Epidemiological evidence suggests that the majority
of outbreaks worldwide due to B. cereus have been associated with concentrations higher
than 105 CFU/g in implicated foods [51–53].

3.1. Diarrhoeal Illness

The diarrhoeal syndrome is an example of a toxic infection. It is produced by en-
terotoxins. In the literature, the value quoted for the minimum infective dose for the
diarrheal illness caused by B. cereus is generally higher than 105 cells per gram [51–53].
Kramer and Gilbert [6] stated that the levels of B. cereus recovered from foods implicated
in outbreaks of the diarrhoeal-type illness have always been within the range 5 × 105

to 9.5 × 108 CFU/g. The symptoms of B. cereus diarrheal type food intoxication include
abdominal pain, watery diarrheal, rectal tenesmus, moderate nausea that may accompany
diarrheal, seldom vomiting, and no fever [43]. Symptoms develop within 6–15 h and
can persist for 24 h. This syndrome is rather mild and tends to mimic the symptoms of
Clostridium perfringens food poisoning [54].

3.2. Emetic Illness

The emetic illness, where toxin is pre-formed in the food, requires a high cell concen-
tration (105 to 108 CFU/g) to produce clinically significant amounts of toxin [54]. Heating
foods before consumption might remove vegetative cells of B. cereus but it will not destroy
the heat-stable emetic toxin. Infective dose, in the case of emetic illness, is not relevant,
since the disease is intoxication dependent on the amount of toxin ingested. In an outbreak
in Finland, a concentration of 1.6 µg/g of emetic toxin was found in the food, assuming that
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300 g of food was consumed; the toxic dose could be as high as 450 µg/g [30]. In another
outbreak in the Netherlands, concentrations of 0.03–13.3 µg/g of food were found [54].
The signs of B. cereus emetic type food poisoning include nausea, vomiting, and headaches,
abdominal cramps, and/or diarrheal. The incubation period was estimated on 1 to 5 h
after the consumption of food containing cereulide-heat-and gastric acid-resistant peptide.
The symptoms of this illness mimic those of Staphylococcus aureus food poisoning [54].

4. Evaluation of Exposition to B. cereus in Rice

In general, foods are contaminated with B. cereus spores by soil. The number of cells
in soil can range from 103 to 105 spores of B. cereus per gram [36,55]. Spores of B. cereus can
develop biofilms due to its adhesive properties; in consequence, foods can be contaminated
during processing when circulating by pipes, surfaces, or belts [56]. This microorganism
frequently appears as a spore in ready-to-eat foods since the vegetative cells usually are
destroyed by the thermal processes (cooking or frying). Storage of processed products with-
out refrigeration or under temperature abuse, or the use of raw materials in complex foods
allowing B. cereus spores to germinate and grow can represent a risk for consumers [34].

As for the development of new preservation technologies including combined process-
ing (hurdle technologies) such as high hydrostatic pressures, pulsed electric fields, cooked
chilled foods, among others, B. cereus has become an emerging risk, since these processes
do not eliminate the spores and, in some circumstances, produce damaged vegetative cells
that can grow at temperatures of the order of 10 ◦C or even lower.

Restaurants or catering facilities are the most frequent places where intoxication
occurred. The main responsible for B. cereus proliferation in foods prepared in those
facilities leading to poisoning were attributed, in many cases, to inaccurate refrigeration
temperature and/or the delay before preparation and consumption of dishes [34].

Studies carried out on raw rice indicate that B. cereus spores are frequently isolated
from this food, due to its ubiquity in nature. In fact, a prevalence of 100% was observed
in 2010 in Argentina [57]. Likewise, in Colombia 244 samples of foods containing rice
were analysed in different regions of the country and results showed that 11.92% of those
foods have concentrations higher than 104 CFU/g, concentrations that are considered of
high risk [58].

Meals containing rice can also be a source of B. cereus. Studies carried out in restaurants
of the United States and United Kingdom, where rice dishes were prepared, revealed that
contamination can also occur after cooking, particularly through cross-contamination with
spatulas used to mix rice during the cooking process [59]. In the UK, studies indicate that
small restaurants pose a higher risk than large chain restaurants, owing to the poor training
in hygienic practices, as well as the preparation of rice too early before being served [60].

Therefore, it is inevitable that, B. cereus due to its ubiquity, will be present in many raw
materials. The contamination of the food during processing also requires the application
of good hygienic practices and appropriate hygienic design of equipment as additional
measures to control the contamination of products.

5. Control Measures

Control of B. cereus in rice and derivatives can be carried out at three different levels.
First, there are the hygienic measures; second, the preservation processes in the produc-
tion chain that would have the mission of destroying the microorganism and its spores;
and third, control measures to slow down or inhibit the growth [61]. Table 1 summarizes
the most important control measures described in literature.
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Table 1. Some control measures for Bacillus cereus spores or vegetative cells.

Control Measure Procedure Treatment/Effect on B. cereus Reference

Control initial microbial load Use of sodium hypochlorite
and weak acids on equipment

100 ppm sodium hypochlorite
Weak acids at 30–40 ◦C for 20–30 min [34]

Inactivation

Heat treatment

D-value (90 ◦C) 3.99–45 min
70 ◦C for 12 s, 6 log reduction

(vegetative cells)
105 ◦C 36 s, 6 log reduction (spores)

[40,62]

High Hydrostatic Pressure
(HPP) More than 1000 MPa [63]

Combined treatments

Mild heat and High Hydrostatic Pressure,
between 100 and 600 MPa at 30 and 60 ◦C,

6 log inactivation
[64,65]

Olive powder 2.5% and High Hydrostatic
Pressure 500 MPa had additive effect [66]

Cold Plasma (CAP)
1.62–2.96 log CFU/mL reductions

Plasma-activated water combined with
mild heat, 1.5–2.12 log CFU/g reductions

[67–69]

Growth limitation
or inhibition

Cold storage

Below 4 ◦C [65,70,71]

Carbon dioxide concentration higher than
40% can prevent growth of B. cereus stored

at temperature lower than 8 ◦C
[72,73]

Antimicrobials

Nisin, 500 IU/g [74]

Enterocin AS-48, 20–35 µg/mL [5]

Chitosan, 2.5% (w/v) [75]

Olive powder, 2.5% (w/v) [76]

The cleaning of equipment or machines where rice circulates in the industry is the
first barrier to be applied to prevent the growth of the microorganism in surfaces or
pipelines and the contamination of the rice by B. cereus. Its spores have the ability to
adhere to stainless steel surfaces of industrial equipment; this favours the growth of the
microorganism on these surfaces. The use of sodium hypochlorite and weak acids is
recommended on pipes and other surfaces [34]. A hygienic design of the equipment is
important to avoid dead areas where the microorganism’s spores can adhere and germinate.

The second barrier relies on the use of preservation procedures in the rice production
chain that are capable of destroying vegetative cells and, where appropriate, bacterial
spores. Heat treatment is the most common process for destroying spores and vegetative
cells of microorganisms. However, B. cereus has a highly variable thermal resistance;
in consequence, it is difficult to establish consistent pasteurization or cooking conditions.
Fernandez et al. [40] reported for bacterial spores D-values at 90 ◦C between 3.99 min and
45 min for two strains of B. cereus isolated from vegetables. This difficulty is increased
considering the great difference in thermal resistance between vegetative cells and spores.
Byrne et al. [62] indicated that the D-values of B. cereus suggest that a mild cook of 70 ◦C
for 12 s would achieve a 6 log reduction of B. cereus vegetative cells, while the equivalent
reduction of B. cereus spores would be achieved after heating for 36 s at 105 ◦C in pork
luncheon meat. Spores isolated from vegetables showed a D105 ◦C value of 0.63 min in
reference substrate (pH 7) [40]. This means that a F105 ◦C value of 3.8 min is necessary
to achieve a reduction of around 6 log; it should be taken into account that the normal
cooking process of rice is carried out between 80 and 90 ◦C. Considering heat resistance
data for very high heat resistant spores [40], heating food above 105 ◦C will be enough to
kill B. cereus and protect the food from spoilage; nevertheless, only commercial sterilization
ensures complete inactivation of B. cereus spores. Cooking, mild heat treatments, or regular
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pasteurization do not inactivate all B. cereus spores [36]. Mild heating processed such as
indicated above can instead activate spores for germination and subsequent vegetative
cell growth.

Several non-thermal technologies have been used to inactivate B. cereus spores, but their
effect was variable. At ambient temperature, a pressure higher than 1000 MPa is required
for inactivation bacterial spores [63]; in consequence, no B. cereus spores present in a rice
dish can be inactivated at the lower ordinary industrial pressure treatments (600 MPa or
less). Combined treatments can help in destroying the bacterial spores. Van Opstal et al. [64]
studied the inactivation of B. cereus spores in milk by mild pressure and heat treatments.
Results indicated that all strains were reduced more than 6 logs by the two-step treatment
consisting on 30 min at 200 MPa/45 ◦C and 10 min of cooking at 60 ◦C. Pina-Perez et al. [65]
reported that high hydrostatic pressure and natural antimicrobials were synergic against
B. cereus vegetative cells in a mixture of liquid whole egg and skim milk.

Marco et al. [66] studied the joint effect of the antimicrobial olive powder and high
hydrostatic pressure against B. cereus spores in a control substrate. The authors concluded
that olive powder had an additive effect to the high hydrostatic pressure processing
with storage temperature and could act as an additional control measure preventing the
growth of microorganisms on products pasteurised by high hydrostatic pressure tech-
nologies or reducing the potential growth in the case of cold-chain break during the shelf
life. Another non-thermal technology regarded as an effective decontamination method
for rice raw material after the crop harvesting is the Cold Plasma [67]. Baia et al. [68]
have studied the plasma technology to inactivate B. cereus spores; they achieved between
1.62–2.96 log CFU/mL reductions. Liao et al. (2020) [69] studied the application of plasma-
activated water combined with mild heat for the decontamination of B. cereus spores in
rice. The treatments achieved 1.54 and 2.12 log CFU/g reductions of B. cereus spores in rice
after 60 min exposure.

The third control measure for B. cereus relies on avoiding or diminishing bacterial
growth. The incidence of the B. cereus disease is linked to the food storage temperatures
and the storage time before it is finally served. Freezing or cold storage of rice-based meals
(temperature lower than 4 ◦C) is an important strategy to control B. cereus [61]. Growth of
B. cereus can be reduced by increasing the generation time, increasing doubling times or
the lag phase under refrigeration storage [70,71]. According to those studies, it appears
that the main control measure avoiding growth of B. cereus in foods is the refrigeration at
temperatures below 4 ◦C. Refrigeration can be combined with other methods to prevent
microorganism’s growth. Modified atmosphere package, a carbon dioxide concentration
higher than 40%, can prevent growth of B. cereus stored at a temperature lower than
8 ◦C [72,73]. At the same time, according to Andersson et al. [77], when the storage
temperature was raised from 6 ◦C to 8 ◦C, growth of B. cereus was apparent, but after slight
pH or water activity reductions, the growth of B. cereus was controlled at refrigeration
temperatures higher than 4 ◦C [78]. Some food additives can be used alone or combined
with other control measures against B. cereus in rice derivatives. Some bacteriocins such
as nisin can inactivate B. cereus vegetative cells while essential oils-based antimicrobials
such as carvacrol showed a limited effect [74,79,80]. Grande et al. [5] used enterocin
AS-48 to inhibit toxicogenic B. cereus in rice-based foods. Inactivation of endospores
was achieved by heating for 1 min at 90 ◦C in boiled rice or at 95 ◦C in rice-based gruel.
Fernandes et al. [75] studied the antibacterial effects of chitosan on B. cereus. The use of chito-
oligosaccharides alone against B. cereus spores was not enough to destroy a large number of
cells. Ferrer et al. [76] concluded that olive powder could be used as an additional control
measure in the case of cold chain break due to its effects on the lag phase of B. cereus
vegetative cells.

In consequence, for full control of B. cereus concentration, it is essential to have a low
initial concentration of B. cereus in raw materials and an adequate design of processing
equipment. That should be followed by an effect preservation method and by effective
cooling procedures to fast cool heat-treated foods, and storing the product below 4 ◦C.
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Those procedures will control the concentration of B. cereus up to acceptable levels for
food safety.

6. Conclusions

B. cereus will grow in most foods under favourable pH (4.5 to 9.5), water activities
(>0.93), and temperatures from 4 to 48 ◦C. Due to its ubiquity, its spores contaminate
practically all categories of foods, rice and pasta meals being the most important source of
B. cereus spores causing intoxication. Those spores have the ability to survive the treatments
commonly given to rice and other carbohydrate-rich products. Rice cooking, the mild
heat applications on rice refrigerated processed foods, or regular pasteurization, as well as
many non-thermal technologies, do not inactivate all B. cereus spores. Only the commercial
sterilization can assure the complete inactivation of spores. However, it is not always
possible to provide a sterilization process to such foods, since in restaurants or in collective
food preparation, sterilization is not used in the production of meals. Moreover, it is also
necessary to consider the detrimental effect on the nutritional or sensory properties of
sterilized foods.

The B. cereus concentration that consumers will face will depend on raw material con-
tamination and preservation or processing technology, but is the multiplication of B. cereus
in foods stored under abuse refrigeration temperature that is the main contributor to the
risk for human health. Rapid cooling and subsequent refrigeration storage of heat treated
foods is critical and should be carefully controlled to avoid the growth of vegetative cells
during the cooling phase. Moreover, to complement refrigeration with slight reductions in
pH or water activity of high-carbohydrate meals will prevent multiplication of B. cereus at
refrigeration temperatures between 4 to 8 ◦C.
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