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Abstract 

Stored peanuts often need treatments to control microbial infections as well 
as insects to maintain postharvest quality. Nitric oxide (NO) is a recently 
discovered fumigant for postharvest pest control. NO fumigation must be 
conducted under ultralow oxygen condition to preserve NO and always con-
tains NO2 due to NO reaction with oxygen and NO2 has antimicrobial prop-
erty. Therefore, NO fumigation has potential to control both pests and pa-
thogens. In this study, we evaluated antimicrobial effects of NO2 fumigation 
on unpasteurized unshelled peanuts. Peanuts were fumigated with 0.3%, 
1.0%, and 3.0% NO2 for three days at 25˚C by injecting NO gas into glass jars 
to react with O2 in the atmosphere. After fumigation, wash-off microbial 
samples were collected from intact peanut samples and, then, cracked open 
peanut samples with non-selective tryptic soy broth medium. The wash-off 
samples were then diluted with both the non-selective medium and a fun-
gal-selective potato dextrose broth medium and were tested on GreenLight™ 
rapid enumeration test based on oxygen depletion on culture medium. All 
three NO2 fumigation treatments showed significant antibacterial and anti-
fungal effects on intact peanuts as well as on cracked peanuts with complete 
inhibition with 3.0% NO2. Fumigation did not have obvious effects on ap-
pearance of skinned peanut kernels. These results suggested that NO2 fumiga-
tion has potential to control microbes on stored products, and NO fumiga-
tion with the combination of NO and NO2 has potential to control both in-
sects and microbes on stored products. 
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1. Introduction 

Peanut is an important food commodity with annual production of about 45 
million metric tons worldwide. U.S. production is fourth largest after China, In-
dia, and Nigeria. In 2019, U.S. produced 2,490,220 metric tons of peanuts with 
market value of $1 billion [1] [2]. Peanut production can be affected by pests and 
diseases during preharvest in the field and postharvest storage and transporta-
tion. About 10 to 25% loss of peanut during postharvest storage has been re-
ported in Asia [3]. Stored peanuts often face infection by microorganisms, re-
sulting in reductions in quality and market value, and increased health risks. In-
fected peanuts and its processed products have been associated with foodborne 
illnesses, caused by pathogenic bacteria, such as Salmonella and Listeria species 
[4] [5]. Fungal infection in peanuts may occur from the field and continue 
through the storage and common storage fungal pathogens include Fusarium, 
Penicillium, and Aspergillus species [6]. Among them, Aspergillus flavus infec-
tion is a major threat to food safety due to its carcinogenic aflatoxin production 
[6]. Microbial infection of peanuts can be promoted by high temperature, high 
relative humidity, mechanical damage, and insect infestation during postharvest 
storage. 

Insect infestation is also a serious issue during the storage of peanuts. The In-
dianmeal moth (Plodia interpunctella), the red flour beetle (Tribolium casta-
neum), and the rice moth (Corcyra cephalonica) are key insect pests on stored 
peanuts in U.S. and elsewhere, and there is a strong correlation between insect 
infestation and fungal infection in peanuts [6] [7]. Insect infestation also causes 
increases in moisture and heat and, thereby, facilitates fungus growth. Therefore, 
a postharvest treatment that controls both insects and microorganisms would be 
highly desirable. To control insects or fungi in stored peanuts, insecticides, fun-
gicides, and chemical fumigation have been used [7]. The commonly used fumi-
gant methyl bromide has been phased out due to its ozone-depleting effects [8]. 
Phosphine, as a main replacement of methyl bromide, has often been used on 
stored peanuts [7]. However, phosphine fumigation has long treatment time and 
is not effective against some insects due to tolerance or resistance [8]. 

Nitric oxide (NO) is a recently discovered fumigant for postharvest pest con-
trol [9] [10]. Because NO reacts with O2 spontaneously to form nitrogen dioxide 
(NO2) [11], NO fumigation must be conducted under ultralow level of oxygen 
(ULO) environment to preserve NO, and also be terminated with N2-flushing to 
prevent NO from reacting with O2 to form NO2 [12]. NO2 formation at the end 
of NO fumigation can cause injuries to fresh products [12] [13] and lead to 
higher residues of nitrate, nitrite, and NO2 [14].  

Both NO and NO2 gases have antimicrobial properties. NO was reported to 
cause cellular damage in bacteria and fungi through DNA-, lipid-, or pro-
tein-binding [15] [16] [17] [18]. NO2 can also inactivate microorganisms by in-
ducing breakage of single-strand DNA and cell wall components [19] [20] [21]. 
NO2 gas has been used to sterilize medical devices and instruments [22]. We 
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previously demonstrated that fumigations with 1.0% NO or 0.1% NO2 com-
pletely control Aspergillus flavus spores trapped on nitrocellulose membranes as 
in vitro approaches [23] and control microbes on stored almonds [24]. NO fu-
migation was also reported to be effective in controlling microbes on dried 
apricots [25]. Effectiveness of those fumigations in inactivation of microorgan-
isms on most other agricultural commodities has not been studied.  

NO fumigation with proper levels of NO and NO2 for controlling insects and 
microbes in a single fumigation treatment would be highly desirable. Efficacy of 
NO fumigation for controlling stored product insects has been demonstrated 
earlier [9]. In this study, we performed in vivo NO2 fumigation tests to demon-
strate the microbicidal effect of NO2 on unpasteurized unshelled peanuts.  

2. Materials and Methods 

2.1. Gas and Peanuts 

Compressed nitric oxide (NO, >99.5%) was purchased from Praxair, Inc. (Sali-
nas, CA). Unpasteurized unshelled Virginia peanuts grown by Wakefield Peanut 
Company (Wakefield, VA) were obtained from an online store and stored in a 
plastic bag at room temperature.  

2.2. NO2 Fumigation Procedures 

A group of 10 peanuts, wrapped in Kimwipes tissue, was placed in a 1.9-liter 
glass jar for fumigation treatment. NO gas was injected into a treatment jar with 
the normal atmosphere to react with O2 to form NO2. Fumigation treatments 
with 0.0% (Control), 0.3%, 1.0%, and 3.0% NO2 were tested by injecting proper 
volumes of NO gases into the fumigation jars under ambient atmosphere. The 
fumigation jars were then placed at 25˚C in an environmental chamber for three 
days to complete the treatments. To terminate fumigation, the jars were vented 
in a fume hood for 30 minutes. Each treatment was replicated four times. 

2.3. Preparation of Microbial Wash-Off Samples from Peanuts 

The 10 unshelled peanuts from each treatment were placed in a Ziplock® freezer 
storage bag (17.8 cm × 18.9 cm, New Brunswick, NJ) with 100 mL Tryptic Soy 
Broth (TSB, Thermo Fisher Scientific, Waltham, MA) and the peanut samples 
were washed by swirling the bag for five minutes at room temperature. A 10 mL 
aliquot of wash-off solution was taken in order to determine the microbial loads 
on outside surfaces of intact unshelled peanuts.  

The peanuts in the remaining 90 mL TSB were cracked to open and then fur-
ther washed by swirling the bag for five minutes. A 10 mL aliquot of wash-off 
solution was taken for determination of total microbial loads of the peanuts.  

Two 4 mL aliquots of each sample described above were diluted 10 times for 
enumeration. One 4 mL aliquot of each sample was diluted with non-selective 
TSB medium in order to determine total microbial loads (bacteria and fungi). 
The second 4 mL aliquot of each sample was diluted with a selective Potato Dex-
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trose Broth (PDB, Alpha Biosciences, Baltimore, MD), supplemented with 100 
mg/L of chloramphenicol (RPI, Mount Prospect, IL) in order to determine the 
fungal load. 

2.4. Enumeration Test Using GreenLightTM Systems 

GreenLightTM rapid enumeration test (930 series, MOCON, Minneapolis, MN) 
was used for the enumeration of microbial loads in diluted wash-off solutions of 
peanuts following previously described protocols [24] [26]. This system meas-
ures the length of time for dissolved oxygen in the sample medium in a special 
APCheckTM vial (15 mL capacity, Oculer, Tipperary, Ireland), to decline to a 
threshold level due to aerobic metabolic activities of microbes. The vial is trans-
parent and has an oxygen sensor at the bottom that changes color in response to 
dissolved oxygen level changes in the medium. The color of the oxygen sensor is 
measured by a detector positioned below the vial in the system to determine 
dissolved oxygen levels in the medium. Each vial contained 10 mL of one of the 
1:10 diluted samples for enumeration. Both TSB and PDB diluted samples were 
used in enumerations tests to determine combined load of bacteria and fungi 
and fungi only, respectively. The total microbial load enumerations were con-
ducted at 32˚C for 19 hours, while the fungal load enumerations were done at 
25˚C for 50 hours.  

A reference calibration curve was constructed as a correlation between the 
times to reach the threshold (Hours) in GreenLightTM rapid enumeration tests 
and colony forming units (CFU/mL) in the classical viable colony counting tests 
from the same serial dilutions of the original wash-off samples from the control 
peanuts. For the calibration curve, the original wash-off solutions from controls 
were prepared using TSB and PDB for combination of bacteria and fungi and 
fungi only, respectively, as described above and diluted serially up to 1/100,000 
dilutions with TSB, and up to 1/1000 dilutions with PDB. Enumerations of the 
control samples were done in the same manner as the fumigated samples de-
scribed above. Classical viable colony counting was done using 100 μL aliquots 
of dilutions with TSB incubated on TSB agar plates at 32˚C for two days, and 
100 μL aliquots of dilutions with PDB were incubated on PDB agar plates at 
25˚C for three days.  

2.5. Data Analysis 

Colony numbers of microorganisms from fumigation samples were Log10- 
transformed prior to one-way analysis of variance (ANOVA). Tukey HSD test (P 
= 0.05) and the two-tailed unpaired Student’s t-test were used to compare mul-
tiple and paired means. The JMP statistical discovery software was used for all 
statistical analyses [27]. Relative colony reductions for fumigation treatments 
were calculated based on colony numbers from control samples, assuming same 
numbers of expected colony formation for all treatments and the control if there 
were no treatment effects. 
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3. Results 

NO2 fumigation inhibited microorganisms on outer surfaces and inside shells of 
unshelled peanuts and the effect increased with increasing NO2 concentration. 
When wash-off samples from intact peanuts were diluted with nonselective TSB 
medium, the GreenLightTM enumeration showed that fumigation with 0.3%, 
1.0%, and 3.0% NO2 had 8.3%, 0.0%, and 0.0% colony formation, respectively, 
relative to colony formation from the control (Figure 1(a)). There were signifi-
cant differences in colony formation among treatments (F = 252.123; df = 3, 44; 
P < 0.0001). TSB dilutions of cracked peanut wash-off samples for fumigations 
with 0.3%, 1.0%, and 3.0% NO2 yielded 6.2%, 0.0%, and 0.0% colony formation, 
respectively, relative to the control (Figure 1(a)). There were significant differ-
ences in colony formation among treatments (F = 320.362; df = 3, 44; P < 
0.0001). The microbial load on cracked control peanuts was significantly higher 
(354.0%) than those from intact control peanuts (F = 4.477; df = 1, 22; P = 
0.0459) (Figure 1(a)). 
 

 
(a) 

 
(b) 

Figure 1. Effects of 3-day NO2 fumigations on microbial loads on unshelled peanuts at 
25˚C. Wash-off samples from unshelled peanut samples were taken before and after pea-
nuts were cracked open. Wash-off samples diluted with non-selective tryptic soy broth (a) 
and fungal-selective potato dextrose broth supplemented with 100 mg/L of chloramphe-
nicol (b) were subjected to GreenLightTM rapid enumeration tests to determine colony 
forming units (CFU) of bacteria + fungi and fungi only, respectively. CFU data were 
transformed by Log10 prior to one-way ANOVA with Tukey HSD test (P = 0.05) and 
two-tailed unpaired Student’s t-test. Means of CFU/mL (on top of bars) with the same 
letter were not significantly different. Relative colony formation (%) for each treatment 
was calculated assuming CFU of control as 100%. 
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When fungal-selective PDB medium was used to dilute wash-off samples of 
intact peanuts for GreenLightTM enumeration, fumigation with 0.3%, 1.0%, and 
3.0% NO2 resulted in 2.0%, 0.0%, and 0.0% colony formation, respectively, rela-
tive to the control (Figure 1(b)). There were significant differences in colony 
formation among treatments (F = 369.358; df = 3, 44; P < 0.0001). PDB dilutions 
of wash-off samples from cracked peanuts for 0.3%, 1.0%, and 3.0% NO2 fumi-
gation treatment had 16.9%, 0.2%, and 0.0% colony formation, respectively, rel-
ative to the control (Figure 1(b)). There were significant differences in colony 
formation among treatments (F = 91.5142; df = 3, 44; P < 0.0001). The fungal 
load from cracked control peanuts was significantly higher (214.7%) than that 
from intact control peanuts (F = 18.7364; df = 1, 22; P = 0.0003) (Figure 1(b)). 

The calibration curve of correlation between times of reaching the threshold 
in GreenLightTM rapid enumeration test and colony forming units (CFU/mL) in 
classical plate colony counting for serially diluted wash-off samples from control 
peanuts was plotted for both TSB and PDB media. There were strong and signif-
icant correlations between those two parameters in both types of media (TSB: y 
= −1.2374x + 8.1698, R2 = 0.9432; PDB: y = −5.8260x + 30.3214, R2 = 0.9219) 
(Figure 2). 
 

 
(a) 

 
(b) 

Figure 2. Linear regression time to result (Hours) in GreenLight™ rapid enumeration test 
on colony forming units (Log10 CFU/mL) in the classical colony counting test. (a) Serial 
dilutions of wash-off samples from control peanuts were prepared using non-selective 
tryptic soy broth and tested at 32˚C; (b) Serial dilutions of wash-off samples from control 
peanuts were prepared using fungal-selective potato dextrose broth supplemented with 
100 mg/L of chloramphenicol and tested at 25˚C. Thick gray lines represent lower and 
upper 95% prediction intervals. Pearson correlation coefficients were (a) −0.9712 (P < 
0.0001) and (b) −0.9602 (P < 0.0001). 
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Surfaces of unshelled peanuts from fumigation treatments appeared to be 
slightly darker compared with control peanuts, but undistinguishable among the 
three fumigation treatments (Figure 3). Shelled peanuts from fumigated un-
shelled peanuts were also darker compared with control peanuts, and the color 
became progressively darker with increasing concentrations of NO2. There was 
no difference in color of skinned peanuts among fumigation treatments and the 
control. 

4. Discussion 

NO2 fumigation was effective in controlling bacteria and fungi on surfaces and 
insides of unshelled peanuts. Three-day fumigations with ≥1.0% NO2 resulted in 
almost complete control of microorganisms on peanuts (Figure 1). The un-
shelled peanuts used in NO2 fumigation were inspected prior to fumigation tests 
and only intact peanuts without any damage were used. The significantly higher 
CFU/mL from cracked peanuts than those for intact peanuts indicated that there 
were significant loads of bacteria and fungi inside peanuts.  

Fungi are associated with peanuts through seed development, harvesting, and 
storage of peanuts, and they often cause poor germination, mustiness, and my-
cotoxin contamination [28]. Storage fungi on peanuts include species of Asper-
gillus, Penicillium, Rhizopus, and Fusarium [29]. Aspergillus flavus is most im-
portant among them due to its carcinogenic aflatoxin production. Almost com-
plete control of all bacteria and fungi were achieved in the current study. There-
fore, it is reasonable to assume that NO2 fumigation is effective against all major 
fungal contaminants listed above. However, these encouraging results were 
based on small laboratory fumigation tests. Larger-scale fumigation tests are 
needed to verify efficacy of small laboratory fumigations and develop practical 
NO2 fumigation tests. 
 

 
Figure 3. Effects of NO2 fumigation on visual appearance of unshelled, shelled, and 
skinned peanuts. Unpasteurized, unshelled peanuts were fumigated with 0.3%, 1.0%, and 
3.0% of NO2 for three days at 25˚C. 
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Antimicrobial effects of NO2 fumigation on peanuts in the current study are 
consistent with previous findings of antifungal effects in an in vitro study [23] 
and antimicrobial effects on stored almond [24]. Fumigations with 0.1% NO2 
and 0.3% NO2 are sufficient for the complete control of fungi on almonds [24]. 
For unshelled peanuts, however, fumigations with ≥1.0% NO2 were required for 
the complete control of fungi, indicating the need to develop product-specific 
fumigation treatments for microbial control. Peanut shells are composed of 
woody protective layers of fibers with carbohydrates, lipids, and phenolic com-
pounds [30], and this characteristic feature could function as a physical barrier 
protecting microbes from NO2 fumigation. 

NO fumigation is effective in controlling insects and mites on various agri-
cultural commodities [9] [10] [31]. Among them, bulb mites on artificially in-
fested unshelled peanuts are completely controlled by one-day fumigation with 
2.0% NO at 20˚C [32]. Unlike NO2 fumigation, NO fumigation must be per-
formed under ultralow oxygen conditions to preserve NO as NO reacts sponta-
neously with oxygen to form NO2. Because complete removal of oxygen is im-
practical in commercial fumigation setting, NO fumigation always contains NO2. 
By controlling O2 levels with initial N2 gas flushing, NO fumigation can have de-
sired levels of NO for pest control and NO2 for microbial control. Therefore, a 
single fumigation treatment with a desirable NO2 + NO combination may con-
trol both microbes and pests on peanuts. This fumigation strategy would be 
practical and economical because stored peanuts often face both pest infestation 
and microbial infection. Insect pests promote fungal entry and spread in peanuts 
and insect infestation is correlated with fungal infection [6]. 

Several fumigants have been used to control pests and microbes on stored 
peanuts. Methyl bromide fumigation is effective against pests and pathogens, 
and is effective in controlling red flour beetles in stored peanuts [33]. However, 
it is no longer available due to its destructive effects on atmospheric ozone. 
Phosphine fumigation is primarily used for postharvest pest control, although it 
was also reported that a seven-day phosphine fumigation controlled Aspergillus 
species and aflatoxin production on peanuts [34]. Phosphine, however, is a slow- 
acting fumigant and phosphine fumigation can take more than 10 days to con-
trol some stored product insects [8] [35]. Some insects have developed resistance 
to phosphine [36]. Fumigation with propylene oxide is effective in controlling 
Indianmeal moth on peanuts, but this fumigant is challenging due to its high 
flammability at concentrations from 3% to 37% in the air [37]. 

In conclusion, NO2 fumigation was demonstrated to be effective against mi-
crobes on and inside unshelled peanuts and, therefore, has potential to control 
microbes on stored peanuts as well as other stored products. Fumigation with 
NO + NO2, therefore, has potential to be an effective and safe alternative to me-
thyl bromide for control of insects and microbes on stored peanuts and other 
stored products. More research is warranted to develop practical fumigation 
treatments with NO2 and NO + NO2 for control of microbes and both insects 
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and microbes on stored products. 
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