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ABSTRACT 

 

Aflatoxin is a carcinogenic mycotoxin. Aflatoxin contamination of susceptible crops is 

the product of communities of Aspergillus section Flavi and average aflatoxin-producing 

potential of these communities influence aflatoxin contamination risk. In 2004 and 2005, 

Sugarcane producing counties in the Rio Grande Valley of Texas (RGV) had unique aflatoxin-

producing communities containing Aspergillus parasiticus. Sugarcane fields or those rotated for 

less than two years had Aspergillus section Flavi communities dominated by A. parasiticus. A. 

parasiticus was rarely detected in long-term rotation fields and not detected in counties without 

sugarcane crops. Aflatoxin-producing fungi infecting RGV sugarcane stems ranged from 52 - 

95% A. parasiticus in hand-collected samples and billets for commercial planting, respectively. 

Identical A. parasiticus fungi found in Japan caused aflatoxin contamination of raw sugar there. 

Population genetics and phylogenetics were used to characterize a global sampling of 112 

A. parasiticus and identify geographic distributions and crop associations within the species. One 

population shows clear association with sugarcane and is distributed to Asia, Africa and North 

America, implicating human involvement in its distribution. A. parasiticus populations from 

maize and peanut have broad geographic distribution but crop specific lineages and/or 

populations were not detected. One A. parasiticus population isolated from maize has a 

distribution limited to Mexico. A phylogeny generated from a partial nitrate reductase gene 

resolves a lineage that correlates with the sugarcane population and suggests crop association 

and geographic distribution may drive divergence within A. parasiticus. Crop associations shape 

fungal communities and must be considered for aflatoxin management.  

 Native food enthusiasts in Arizona conduct public millings of wild- and landscape-

collected mesquite pods (Prosopis spp.) to produce mesquite flour, which is often consumed in 
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the same localities where it is produced without conventional food safety inspection. Aflatoxin 

was found in imported, domestic, and non-commercial mesquite flour batches, with 10% above 

the FDA action level for human food (>20 ppb), and 95% could not be exported to Europe (> 2 

ppb). Aflatoxin content in Tucson was largely explained (63%) by harvest date with those 

harvested later yielding more aflatoxin. Lateral flow aflatoxin assay of mesquite flour proved 

viable for lab and public testing. 
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CHAPTER 1 - ASPERGILLUS PARASITICUS COMMUNITIES ASSOCIATED WITH 

SUGARCANE IN THE RIOGRANDE VALLEY OF TEXAS: IMPLICATIONS OF 

GLOBAL TRANSPORT AND HOST ASSOCIATION WITHIN ASPERGILLUS 

SECTION FLAVI 

 

Abstract 

 

In the Rio Grande Valley of Texas (RGV) values of maize and cottonseed crops are 

significantly reduced by aflatoxin contamination. Aflatoxin contamination of susceptible crops is 

the product of communities of aflatoxin producers and the average aflatoxin-producing potentials 

of these communities influence aflatoxin contamination risk. Cropping pattern influences 

community composition and thereby the epidemiology of aflatoxin contamination. In 2004, 

Aspergillus parasiticus was isolated from two fields previously cropped to sugarcane but not 

from 23 fields without recent history of sugarcane cultivation. In 2004 and 2005, A. parasiticus 

composed 18 to 36% of Aspergillus section Flavi resident in agricultural soils within sugarcane 

producing counties. A. parasiticus was not detected in counties that do not produce sugarcane. 

Aspergillus section Flavi soil communities within sugarcane producing counties differed 

significantly dependent on sugarcane cropping history. Fields cropped to sugarcane within the 

previous five years had greater quantities of A. parasiticus (mean = 16 CFU/g) than fields not 

cropped to sugarcane (mean = 0.1 CFU/g). The percentage of Aspergillus section Flavi 

composed of A. parasiticus increased to 65% under continuous sugarcane cultivation, and 

remained high the first season of rotation out of sugarcane. Section Flavi communities in fields 

rotated to non-sugarcane crops for three to five years were composed of <5% A. parasiticus, and 

fields with no sugarcane history averaged only 0.2% A. parasiticus. The section Flavi 

community infecting RGV sugarcane stems ranged from 95% A. parasiticus in billets prepared 

for commercial planting, to 52% A. parasiticus in hand-collected sugarcane stems. Vegetative 

compatibility assays and multilocus phylogenies verified that aflatoxin contamination of raw 
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sugar was previously attributed to similar A. parasiticus in Japan. Association of closely related 

A. parasiticus genotypes with sugarcane produced in Japan and RGV, frequent infection of 

billets by these genotypes, and the ephemeral nature of A. parasiticus in RGV soils suggests 

global transport with sugarcane planting material.  

Introduction 

 

In the Rio Grande Valley in South Texas (RGV) aflatoxin concentrations are the most 

important criterion dictating the marketability and value of locally produced cottonseed and 

maize (106; 136). Aflatoxin contamination is caused by several species in Aspergillus section 

Flavi (24)which vary widely both within and among species in capacity to synthesize these 

highly carcinogenic toxins(11; 44; 45).  Some species produce both B and G aflatoxins while 

others produce only B aflatoxins due to a 0.9 to 2 kb deletion in the aflatoxin biosynthesis gene 

cluster (46; 116). Based on genetic, physiological, and cultural characteristics, these species can 

be subdivided into distinct morphotypes(31) and vegetative compatibility groups (VCGs; 10). 

Diverse species, strains, morphotypes, and VCGs exist in complex communities that vary widely 

in average aflatoxin-producing ability among regions and fields (8; 11; 109; 137). The average 

aflatoxin-producing potential of Aspergillus section Flavi communities is a central criterion 

dictating the potential for crop aflatoxin contamination (81). A. flavus and A. parasiticus are the 

fungi most associated with aflatoxin contamination (88). However, A. flavus isolates vary widely 

in aflatoxin production with some isolates producing little or no aflatoxins. A. parasiticus 

typically produces more consistent and higher concentrations of aflatoxins (42; 134). 

Aflatoxin contamination may result from infection by aflatoxin-producing fungi both during crop 

development and after crop maturation (31; 120). Although it is clear that the aflatoxin-

producing potential of fungal communities associated with crops influences the likelihood of 



14 

 

aflatoxin contamination, little is known about interactions between community composition of 

aflatoxin-producing fungi and crop plant cultivation (32). A few studies suggest compositions of 

Aspergillus communities in field soils are influenced by both current and preceding crops (73) 

(82; 104).  

 A. parasiticus is an antagonist of sugarcane mealybugs in Hawaii, the Philippines, 

Australia and Colombia (43; 55; 133; 141), and in this context, this species has been repeatedly 

associated with sugarcane. In Japan, fungi morphologically intermediate but closely related to 

both A. parasiticus and A. flavus were isolated from sugarcane in connection with aflatoxin 

contamination of raw sugar (91; 124; 126; 127). However, the role of sugarcane production in 

shaping Aspergillus section Flavi communities has not been explored. In RGV, sugarcane fields 

neighbor those of cotton and maize with typical agronomic practice cropping sugarcane for 3-5 

years with a single yearly harvest. Cotton typically follows sugarcane cropping and alternates 

with maize of sorghum in the following seasons. 

The current study evaluated influences of sugarcane cultivation in Texas on compositions 

of Aspergillus section Flavi communities. In addition, A. parasiticus isolates from Texas 

sugarcane fields were subjected to phylogenetic and vegetative compatibility analyses along with 

isolates from Asia and elsewhere in order to investigate sugarcane-associated A. parasiticus 

lineages.  The results suggest association and distribution of a distinct lineage of A. parasiticus 

with sugarcane cultivation in both Asia and North America. 

Materials and Methods 

 

Analysis of fungal communities in agricultural fields of the Rio Grande Valley.  In 

2004, communities of Aspergillus section Flavi resident in soils of 14 agricultural fields planted 

to either maize or cotton were analyzed to determine the relative prevalence of various aflatoxin-



15 

 

producing species. Fields were distributed across 25 km
2
 and contained within SRS Farms 

(13230 Mile 2½ East, Mercedes, TX) which provided cropping histories for each field. One to 

two 150 to 200 g soil samples were taken from each field.  Soil samples consisted of 30 to 40 

subsamples taken from the top 2 cm of soil along a 40 to 50 m transect (77; 82). In 2005, 64 

fields with varying histories of sugarcane cropping were sampled throughout the RGV in order to 

test specific association of A. parasiticus with sugarcane cultivation. Fields were chosen that had 

never cropped sugarcane, had cropped sugarcane for less than one year, had cropped sugarcane 

for more than one year, or fields that had been rotated to crops other than sugarcane for three to 

five years after sugarcane cropping. In April, the northern portion (21 fields) of the sugarcane 

production area was sampled. In June, eight additional fields in the northern portion of the 

sugarcane growing region were sampled as well as fields in the eastern (n=5), western (n=8), and 

southern (n=17) portions of the RGV sugarcane region. In both April and June, fields were 

selected based on the recorded history of sugarcane cultivation over the previous 10 years. 

Cropping information was provided by Rio Grande Valley Sugar Growers, Inc. (RGVSG, P.O. 

Box 459, Santa Rosa, Texas, 78593). 

Soil samples were dried in a forced air oven (Sheldon Manufacturing, Cornelius, OR 

97113) at 45°C for 48 h, pulverized by hammering, homogenized by repeated mixing and 

transferred to zippered plastic bags. Samples were stored at room temperature in lidded 5 gal 

plastic buckets until use. Sample suspensions were made by stirring (300 rpm) 10 g – 20 g 

homogenized soil in 50 ml sterilized distilled, de-ionized water for 10-15 minutes with a 

magnetic stir bar. Soil suspension (100 – 500 μl per dish) was spread evenly across the surface of 

rose Bengal agar modified to favor identification of Aspergillus section Flavi (22) and incubated 

(dark, 31°C, 3 d). After incubation Aspergillus section Flavi colonies were counted to calculate 
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colony forming units (CFU). Discrete colonies from plates with no more than 10 colonies were 

transferred to 5% V-8 juice medium (24) with sterile wooden sticks. After incubation (dark, 

31°C, 5-7 d), agar plugs of sporulating colonies were transferred to sterile water (2 ml in 5 ml 

vial) and stored at 4°C (20) . All colonies on a plate were counted and at least fifteen Aspergillus 

section Flavi colonies were obtained from each (24). 

Plant samples. Sugarcane billets were provided by RGVSG. As components of normal 

sugar production in RGV, billets (stem pieces) were harvested from 15 RGV locations, prepared 

for use in commercial plantings and shipped directly from RGVSG to the School of Plant 

Sciences, University of Arizona, Tucson, AZ. Each billet sample consisted of 10 billets 40 - 60 

cm in length. Billet samples were surface sterilized by spraying with 80% ethanol solution and 

aseptically air dried in a laminar flow hood (NuAire, Plymouth, MN 55447). Additional 

sugarcane stem samples were collected by hand in Hidalgo (21 fields) and Cameron County (6 

fields) just prior to harvest in 2005. Mature stalks at least 3 cm in diameter were selected for 

sampling; a single piece (30-45 cm long) from each stalk was cut to include the crown at the soil 

surface. Samples were selected close to the ground because A. parasiticus had been frequently 

isolated from soils. Billet and hand-collected stem pieces were placed in a forced-air drying oven 

45°C for 1-2 days, minced with a cutting mill (IKA Labortechnik, IKA Werke GmbH & Co. KG, 

Staufen, Germany), and stored at room temperature in plastic bags until subjected to dilution 

plating technique. Approximately 5 g homogenized sample was added to a 7 ml sterile 

polystyrene tube containing 5 ml 0.01% Tween 80 in distilled water. The resulting suspension 

was mixed for 20 minutes by rotation (150 RPM, Roto Shake Genie, Scientific Industries, 

Bohemia, NY). Aliquots (100 μl) of the suspension and a 1:10 dilution in 9 ml Butterfield’s 
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buffer (Hardy Diagnostics, Santa Maria, CA 93455) were subsequently spread aseptically onto 

three modified rose Bengal agar plates (24). 

Data analysis. The study area was approximately 100 km wide by 400 km long 

extending from the eastern Texas/Tamaulipas international border in the south to Jackson County 

in the north. Data was analyzed separately for each county. Quantities of A. parasiticus, A. flavus 

and A. tamarii in soil were calculated as the number of colony forming units per gram (CFU g
-1

). 

The Aspergillus section Flavi community was characterized for each plant sample as the 

proportion of the Aspergillus section Flavi community occupied by each species. Community 

composition was calculated by dividing the number of isolates of each species by the total 

number of Aspergillus section Flavi isolates and multiplying by 100. Analysis of Variance using 

General Linear Models was used to assess effects of county and cropping history on Aspergillus 

section Flavi community composition and CFU g
-1

. 

Fungal isolates. Thirty-two fungal isolates belonging to Aspergillus section Flavi were 

used for phenotypic and phylogenetic comparison (Table 1.1). Isolates were chosen from 

laboratory and public culture collections to show maximum genetic diversity within the section, 

and include reference strains and type isolates from A. nomius, A. flavus, and A. parasiticus 

species(54). Ten putative A. parasiticus isolated in association with sugarcane in RGV and 3 

from Japan were also included. Cultures were grown in the dark at 31°C on 5-2 medium (20). 

Isolates were stored on 5-2 (20), 3 mm modified V-8 agar plugs in sterile distilled water at 4°C. 

Morphology. After incubation (5-2 agar, 31°C, 7d, dark; 20) colonies were identified by 

macroscopic colony and microscopic (400x) conidia characters (89; 92). Isolates with olive 

brown to brown near coffee colonies with thick-walled, distinctly roughened conidia were 

identified as Aspergillus tamarii. A. flavus L strains were most frequently grayish green to olive 
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with some colonies moss green in color (89; 90). A. parasiticus obtained from RGV were 

colored deep green, olive green or olive (89; 90). A. flavus and RGV A. parasiticus with similar 

colony coloring were distinguished by conidial wall ornamentation. Fungi with smooth-surfaced 

conidia and no ornamentation at 400X were identified as A. flavus. Fungi with conidial 

ornamentation (400X magnification) within the range reported for the species (89; 91) were 

identified as A. parasiticus. Isolates were also cultured on AFPA medium (31°C, 5 d) and 

development of a bright orange reverse was confirmatory for A. parasiticus or A. flavus (22; 

110). 

Aflatoxin production assay. Aflatoxin production was assayed in a modified Adye and 

Mateles medium made in 50 mM MES buffer (Research Organics, Cleveland, OH), pH 6.15, 

containing sucrose and ammonium sulfate as the sole carbon and nitrogen sources respectively 

(24; 97).  Spore suspension was seeded into 250 ml Erlenmeyer flasks containing 70 ml medium 

and incubated on an orbital shaker (31°C, 5 d, dark, 150 rpm). After incubation, the pH of each 

culture was measured, and 50 ml acetone was added to each flask to lyse the cells and solubilize 

the aflatoxin (24). Two 4 μl subsamples of acetone/culture suspension were spotted directly onto 

thin layer chromatography (TLC) plates (TLC silica gel 60, 20x20 cm glass plates, EMD 

Chemicals, Inc., Gibbstown, NJ 08027) beside aflatoxin standards (Sigma Aldrich, St. Louis, 

MO 63103). Plates were developed in 96% ethyl ether, 3% methanol and 1% distilled deionized 

water (19), and aflatoxins were quantified directly on TLC plates with a scanning florescence 

densitometer (CAMAG Scientific, Wilmington, NC 28401). Aflatoxins were expressed as µg per 

fermentation, and the limit of detection was 70 ng (1ng/ml). The culture medium/acetone 

suspension was filtered through Whatman #4 filter paper, and the recovered mycelia dried at 

45°C for five days in a forced air oven. For isolates that produced aflatoxins at levels below the 
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limit of detection the acetone extract was combined with an equal volume of water and extracted 

twice with 25 ml dichloromethane (24). The dichloromethane extract was evaporated to dryness 

at room temperature and re-dissolved in 200 μl dichloromethane and analyzed by TLC as above 

(limit of detection = 0.2ng/ml). Aflatoxin production was analyzed twice for each isolate. 

Vegetative compatibility analyses. Vegetative compatibility analyses were performed to 

determine the intimacy of relatedness of A. parasiticus associated with sugarcane in RGV and 

Japan. Nitrate non-utilizing auxotrophs were generated for three A. parasiticus (OPS485, 

OPS500, and OPS515; 91) from Japanese sugarcane on chlorate medium as described previously 

(23; 91). Briefly, spore suspensions were seeded into a 3 mm diameter well in the center of a 

Petri dish containing SEL agar (Czapek-Dox broth with 25 g KClO3, 50 mg Rose Bengal, and 

20g of Bacto agar [Difco] per liter, pH 7.0; 23). Auxotrophic sectors formed spontaneously 

during incubation (31°C, 7- 45 d, dark) were transferred to MIT medium (Czapek-Dox broth 

with 15 g KClO3 and 20 g Bacto agar [Difco] per liter) to stabilize the mutants and eliminate 

wildtype mycelia (23). Nitrate auxotrophs (nit
-
 mutants) were then phenotyped on media 

containing NO3, NO2 or Hypoxanthine as sole nitrogen sources, and mutant tester pairs 

consisting of complimentary cnx
-
 and niaD

-
 mutants were developed for each isolate (9). Nit

-
 

mutants from sugarcane associated A. parasiticus isolates from RGV were paired on starch 

medium (3.0 g NaNO3, 1.0 g K2HPO4, 0.5 g MgSO4, 0.5 g KCl, 36 g dextrose, 1.0 ml A&M 

micronutrients per liter; 29) with the tester pairs for each Japanese isolate to assess potential 

membership (10). Plates were incubated (31°C, 10d, dark), and VCG membership was indicated 

by auxotroph complementation resulting in wildtype growth in the zone of mycelial interaction 

between at least one tester and the isolate nit
-
 mutant. The tester pair for the most common VCG, 

OPS500, was deposited at the Fungal Genetics Stock Center. 
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DNA isolation and PCR amplification. For the following procedures, isolates 

previously transferred by single spore were cultured on 5/2 agar (31°C, 5d, dark; 20). After 

incubation, spores were collected with a sterile cotton swab and suspended in sterile distilled 

water. The resultant spore suspension (100μl) was added to 70ml sterile potato dextrose broth 

(Difco Laboratories, Detroit, MI 48201) in a 250ml Erlenmeyer flask, and incubated on a rotary 

shaker (5d, 31°C, dark, 150 rpm). Mycelia were captured on Miracloth (EMD Millipore, 

Billerica, MA 01821) and DNA was isolated using the FastDNA SPIN Kit and the Fast Prep 

Instrument (Qbiogene, Inc. Carlsbad, CA 92008). DNA was stored in buffer at either -20Cor -

80C (long-term). Three genes (ITS1, aflR and niaD) were directly sequenced. PCR of ITS1 used 

the primers ITS4 and ITS5 (435 bp), as previously described (140). A portion of the gene 

encoding the aflatoxin transcription factor aflR (1.6 kb) was amplified in three pieces using 

primers AFLR-F (5’-GGAAACAAGTCTTTTCTGG-3’) and AFLR-R (5’-

CAGAGCGTGTGGTGGTTGAT-3’), AFLR1F (5’-AGAGAGCCAACTGTCGGACCAA-3’) 

and AFLR1R (5’-GGGTGACCAGAGAACTGCGTGAT-3’), and AFLR2F (5’-

GACTTCCGGCGCATAACACGTA-3’) and AFLR2R (5’-

ACGGTGGCGGGACTGTTGCTACA-3’; 45). aflR primers did not work well for 3 Asian A. 

parasiticus isolates. For these isolates the entire aflR region was amplified using primers 

AFLJR1F (5’-CAT GGC TGA GGA TAG CTC GTG-3’) and AFLJR20R (5’-GTG TGT TGA 

TCG ATC GGC CAG-3’; 45). The resulting amplicons were then successfully used as the 

template for the three initial aflR primer pairs. A portion of the nitrate reductase gene (2.2 kb), 

niaD, was amplified in three pieces using the primers NIADF (5’- 

CGGACGATAAGCAACAACAC-3’) and NIADR (5’-GAGCCGTTACATTCTCACAC-3’), 

NIADBF (5’-ACGGCCGACAGAAGTGCTGA-3’) and NIADBR (5’-
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ACGGGGAGTCTCTTCGCCCA-3’), and NIAD3F (5’-GTCACTACGGCACATCTA-3’) and 

NIAD3R (5’-ATGCCTACAGGATGGATG-3’). PCR reactions were carried out in 20l 

AccuPower HotStart PCR PreMix polypropropylene tube strips (Bioneer Corporation, Daejeon, 

Korea) using 18l autoclaved, distilled deionized water and 1l genomic DNA (15 ng/µl final 

DNA concentration). PCR conditions for ITS primers included a denaturation and hot start step 

of 5 minutes at 94C, followed by 35 cycles of 94C for 20 s, 54.3C for 20 s and 72C for 30 s, 

and final extension at 72C for 10 m. PCR conditions for aflR primers were similar except the 

extension was 90 s, and annealing was at 47C for AFLR F-R, 59C for AFLR 1F-1R, 57C for 

AFLR 2F-2R, and 55C annealing and 2.5 m extension for AFLJR 1F-20R. PCR conditions for 

the niaD region were similar except annealing temperatures were 52C for primers NIAD F-R 

and NIAD 3F-3R, and 57C for primers NIAD BF-BR. Amplicons were separated by 

electrophoresis on 1% agarose gels and evaluated for size and singularity. Excess primers and 

unincorporated nucleotides were degraded with ExoSAP-IT (USB Corporation, Cleveland, OH 

44128; 1 l ExoSAP-IT in 16l of PCR product at 37C, 1 h, followed by 85C, 15 m). Purified 

PCR products were sequenced twice (once in each direction) by the University of Arizona 

sequencing facility, UAGC with a 3730XL DNA Analyzer (Applied Biosystems, Foster City, 

CA 92008). Novel A. parasiticus sequences were submitted to NCBI GenBank with accession 

numbers KC769488 – KC769508 for aflR and KC782772 – KC782791 for niaD. 

Phylogenetic analyses. Sequences were edited and aligned using Geneious Pro version 

4.8.2 (Biomatters Ltd., Auckland, NZ). The three sugarcane-associated A. parasiticus isolates 

from Japan as well as two isolates from each of six RGV sampling sites were included in the 

phylogenetic analyses. Two A. parasiticus isolated from cotton lint in RGV were included as 

they originated from a former sugarcane field. JModelTest 0.1 was used to identify the model of 
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nucleotide substitution that best fit the data from each locus (111). Phylogenetic trees were 

constructed with both maximum likelihood (Phylip version 3.68; 51), and maximum parsimony 

(Paup 4.0b10; 125) methods. Maximum parsimony analyses utilized heuristic searches with 

random stepwise addition and tree bisection-reconnection branch swapping and 100 replicates. 

Gaps were treated as missing data. Branch supports for all analyses were estimated using 1000 

bootstrap replicates with a heuristic search consisting of 100 random-addition replicates for each 

bootstrap replicate. All characters were unordered and equally weighted. 

Results 

Association of A. parasiticus with sugarcane. Among 158 agricultural fields sampled in 

an area extending from the Upper Coast through RGV in 2004 and 2005, A. parasiticus was only 

recovered from soils in sugarcane-producing RGV counties and was never isolated outside 

sugarcane-producing counties (Limit of detection= 7% within fields, 0.1% across non-sugarcane 

fields, Table 1.2). Within three sugarcane producing counties, proportions of Aspergillus section 

Flavi communities comprised of A. parasiticus in fields ranged from 0% to 100%. Abundance of 

Aspergillus section Flavi fungi in soil (CFU g
-1

) differed with sugarcane cropping history (t1, 56 = 

5.50, P< 0.0001) and varied among counties irrespective of sugarcane cropping (F5, 152 = 26.70, 

P < 0.0001). Sugarcane cropping counties yielded the fewest section Flavi fungi with fields 

ranging from 2.66 – 323.8 CFU g
-1

 (Table 1.2). Counties that did not crop sugarcane ranged from 

10.7 – 4400.7 CFU g
-1

 Aspergillus section Flavi fungi.  

The association of A. parasiticus with sugarcane cultivation was consistent over the two 

years studied in RGV (Table 1.3). In Hidalgo County in 2004 and two dates in 2005, A. 

parasiticus was found only in the 21 fields cropped to sugarcane in the previous 5 years (Table 

1.3). No A. parasiticus was detected in the 42 fields not cropped to sugarcane in the previous 5 



23 

 

years. A. parasiticus was detected only in 1 field in Cameron County 2005 sampling without a 

history of sugarcane (4.8% A. parasiticus; Table 1.3). Differences in frequencies of A. 

parasiticus between sugarcane and non-sugarcane fields were consistent in both April and June 

within sugarcane-producing counties (Table 1.3). A. flavus CFU/g soil was similar in both 

counties and both sugarcane and non-sugarcane fields (Table 1.3). 

The proportion of the Aspergillus section Flavi community comprised of A. parasiticus 

was dependent upon cropping history with both the duration of sugarcane cropping and the 

number of years out of sugarcane significantly influencing the percent A. parasiticus (F 3, 74 = 

51.23, P < 0.0001; Fig. 1.1). Percent A. parasiticus was greatest in the 27 fields either less than 2 

years out of sugarcane or with one or more sugarcane harvests.  Ten fields planted to sugarcane 

but sampled prior to the first harvest had a similar percentage A. parasiticus as six fields rotated 

to non-sugarcane crops for 3 to 5 years. A. parasiticus communities in fields 3-5 years out of 

sugarcane were also statistically similar to fields never cropped to sugarcane. Cropping history 

also influenced the proportion of the Aspergillus section Flavi community comprised of A. flavus 

s (F 3, 74 = 54.78, P < 0.0001) with A. flavus dominating fields without recent sugarcane cropping 

(Fig. 1.1).  

Overall, A. parasiticus was the member of Aspergillus section Flavi most frequently 

associated with both sugarcane billets obtained from the RGVSG sugar mill and plant stems 

harvested by hand (Table 1.3). A. parasiticus was present in every plant sample taken, but A. 

flavus was not detected in 13 of 77 plant samples. One A. tamarii isolate (<0.01% of the total 

Aspergillus section Flavi community) was recovered from a field-collected sugarcane sample. 

Billet samples from three counties had similar Aspergillus section Flavi communities, with A. 

parasiticus percentages higher than A. flavus percentages (Table 1.4). Hand-harvested stems had 
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a greater percentage of A. flavus than commercial billet samples (Table 1.4). The community in 

hand-collected stems differed by county with A. flavus dominating in Cameron County and A. 

parasiticus dominating samples from Hidalgo (Table 1.4). 

Sugarcane associated A. parasiticus from Japan and US are distinct from other A. 

parasiticus. Based both on morphology and DNA sequence data, A. parasiticus from Texas 

sugarcane fields were more similar to A. parasiticus from Japanese sugarcane fields than to 

either A. flavus or A. parasiticus not associated with sugarcane. The three A. parasiticus isolates 

from Japanese sugarcane were morphologically indistinguishable from RGV A. parasiticus. 

Colony color and spore ornamentation was similar to that for non-sugarcane associated A. 

parasiticus, but non-sugarcane associated A. parasiticus produced sclerotia on Czapek’s medium 

whereas sugarcane associated A. parasiticus did not, although sclerotia production is an 

unreliable taxonomic character (54). All RGV A. parasiticus assayed produced aflatoxins B and 

G although at concentrations lower than both A. parasiticus from culture collections and the 

Japanese sugarcane-associated A. parasiticus (data not shown). Twenty-four percent of the 312 

Texas A. parasiticus were vegetatively compatible with the three Japanese A. parasiticus: 47 

RGV isolates complemented with OPS500, 22 with OPS485, and 3 with OPS515. 

Sequence of internal transcribed spacer regions (539bp) contained only 4 parsimony 

informative characters among 39 A. flavus and A. parasiticus isolates. Maximum likelihood 

phylogenies from its sequence data showed three clades with over 90% bootstrap support. All A. 

flavus isolates were restricted to a single clade sister to the two clades that contained all the A. 

parasiticus. A. parasiticus collected in association with sugarcane occupied a single clade sister 

to A. parasiticus from culture collections. Although, sugarcane-associated A. parasiticus was 
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only separated from culture collection A. parasiticus by one step, and from A. flavus by four 

steps (data not shown). 

Similar topologies were observed in the aflR (1.5 kb) and niaD (2.2 kb) trees generated 

from sequences that provided 66 and 153 parsimony-informative characters, respectively. The 

single most parsimonious MP phylogeny generated from the aflR sequence (Fig. 1.2) contained a 

bifurcated A. parasiticus clade (84% bootstrap support) sister to A. flavus. The A. parasiticus 

clade showed two highly supported lineages one including only sugarcane-associated isolates 

and the other including only isolates collected from non-sugarcane sources. These lineages were 

also distinct and well supported in ML analyses with 98% and 99% bootstrap support for the 

non-sugarcane and the sugarcane-associated clades respectively. The MP phylogeny created 

from the niaD sequence (Fig. 1.3) maintained the separation between the clade containing A. 

flavus (100% bootstrap support) and that containing A. parasiticus (98% bootstrap support).  All 

isolates associated with sugarcane again formed a strongly supported clade (97% bootstrap 

support); however, this clade groups within a polytomy containing the A. parasiticus isolates 

from crops other than sugarcane. ML phylogenies also separated A.parasiticus and A. flavus 

species into highly supported clades (>90% bootstrap support), and bifurcated A. parasiticus into 

sister clades separating isolates from sugarcane and those from other sources (>88% bootstrap 

support; data not shown). 

Discussion 

 

This is the first report to show that sugarcane specifically influences presence and 

persistence of one genet of aflatoxin-producing fungi in RGV. A. parasiticus is almost 

exclusively associated with sugarcane in RGV, occurring primarily on sugarcane stems and in 

field soils with a recent history of sugarcane cropping. A. parasiticus from RGV sugarcane form 
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a distinct phylogenetic lineage with Japanese isolates to the exclusion of A. parasiticus from 

other crops. The evolutionary divergence of A. parasiticus found in association with sugarcane 

from the rest of the species, even the ex-type isolate (NRRL 502) from a sugarcane mealybug 

(121), suggests that the association between A. parasiticus and sugarcane is not ephemeral. 

Vegetative compatibility analyses indicate A. parasiticus VCGs associated with sugarcane in 

Japan are common among the A. parasiticus isolates found in association with sugarcane in 

RGV. Although the physiological basis for the observed sugarcane/A. parasiticus relationship is 

unknown, A. parasiticus dominates the Aspergillus section Flavi community resident on RGV 

sugarcane and in so doing influences the aflatoxin producing potential of that community and the 

etiology of aflatoxin contamination of both sugarcane products and rotation crops (83; 115). 

Thus, associations of A. parasiticus with specific hosts impact the epidemiology of aflatoxin 

contamination by influencing the average aflatoxin-producing potential of fungal communities. 

Increased aflatoxin-producing potential has been associated with the most lethal aflatoxin 

contamination events globally (114; 115), and atoxigenic A. parasiticus are rare (42; 120; 134). 

Aflatoxin-producing fungi are saprophytes and facultative pathogens with broad host ranges 

including plants and animals (32; 65; 122). Individual isolates infect and decay hosts that 

diverged millions of years before present (60). However, a broad potential host range does not 

eliminate the possibility of host preference or competitive advantage among aflatoxin producing 

fungi (98). 

Sugarcane cultivation selectively favors specific lineages of A. parasiticus which require 

host cultivation for persistence. A. parasiticus was dominant in RGV fields rotated out of  

sugarcane for one year, but undetectable in soil Aspergillus section Flavi communities after 5 

years (Fig 1.1, Table 1.4). A. parasiticus has most frequently been associated with peanuts in the 
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US (69; 71), and previous reports correlate presence of A. parasiticus with soils suitable for 

peanut cultivation. However, peanut production has not been shown to increase proportions of A. 

parasiticus within soil fungal communities and rotation out of peanuts has not been associated 

with loss of A. parasiticus (71). A. parasiticus is found in the peanut growing regions of the 

southern US, but elsewhere peanuts are not always associated with A. parasiticus (84; 96; 120; 

131) and in some regions A. flavus and not A. parasiticus is the primary causal agent of aflatoxin 

contamination of peanut(47; 95; 130). A. parasiticus found in RGV were more closely related to 

A. parasiticus associated with sugarcane production in Japan than to US isolates not associated 

with sugarcane. Spore banks have been implicated as the source of primary inoculum for A. 

parasiticus infecting crops (54; 56; 68; 74; 120). A. parasiticus has been described as the 

member of Aspergillus section Flavi best adapted to the soil habitat (69-71). Sugarcane-

associated A. parasiticus are divergent from the rest of the species and, based on the response of 

these aflatoxin-producers to sugarcane production, occupy a distinct ecological niche. Although 

peanut-associated A. parasiticus does not appear as host-dependent as sugarcane-associated A. 

parasiticus, host associations may drive species and population level divergence (33; 100; 123). 

A. parasiticus found on sugarcane in RGV were as phylogenetically distinct from A. 

parasiticus isolated from other crops, as both groups are from A. flavus. In phylogenies based on 

aflR sequence sugarcane associated A. parasiticus form a sister clade to other A. parasiticus, 

while niaD phylogenies nest sugarcane-associated A. parasiticus in a clade shared with A. 

parasiticus from other sources. Morphological resemblance of the genet of A. parasiticus 

associated with sugarcane to those associated with other crops (Figs 1.2 and 1.3) invalidates the 

use of conidial shape and colony color for identification of divergent adaptations and 

distributions among lineages within Aspergillus section Flavi.  However, morphology of 
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sclerotia and habits of sclerotia formation may provide useful characters for differentiating A. 

parasiticus clades, as is the case for other species within Aspergillus section Flavi (20; 49; 54). 

Molecular markers specific to each lineage would facilitate investigations on lineage specific 

characteristics and the sequence data developed for niaD and aflR during the current study may 

be an adequate basis for such markers, while ITS sequence was uninformative.  

A. parasiticus was previously associated with aflatoxins in raw sugar, but frequencies and 

severities of contamination in sugar products are unreported (128) because procedures for 

refining sugar from sugarcane do not concentrate aflatoxins in either sugar or valuable 

byproducts.  Concentration of aflatoxins does occur during production of both high protein meals 

in vegetable oil production and dry distiller grains in ethanol production (25; 144). Indeed high 

heat and calcium hydroxide clarification during table sugar processing may degrade any 

aflatoxins present (13; 38), but raw sugar products made without harsh treatments may be at 

higher risk of aflatoxin contamination (91; 126). Despite the limited risk posed to sugar products, 

A. parasiticus causes severe contamination of staple crops including peanuts produced in Africa 

and North Americas (32; 37; 69).  

A. parasiticus dominated the Aspergillus section Flavi community in stem pieces (billets) 

prepared for planting and were absent from fields with no history of sugarcane cropping. This 

clearly demonstrates that sugarcane billets can be vehicles by which A. parasiticus genotypes 

move within agricultural areas (Table 1.4). The A. parasiticus lineage associated with RGV 

sugarcane in the current study was previously described in Japan, also on sugarcane. In 

agroecosystems, A. parasiticus populations differ from the contiguous, widespread and 

genotypically diverse populations of A. flavus (14), in that A. parasiticus populations are 

discrete, often associated with a limited number of crop species and composed of relatively 
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fewer genotypes (17; 70; 71; 95). Diverse VCGs coexist in A. parasiticus populations although 

particular VCGs may be rare in certain regions. The VCGs of each of the 3 A. parasiticus 

isolates from sugarcane cultivated in Japan were found in RGV, with 24% of more than three 

hundred tested RGV A. parasiticus belonging to one of these VCGs. In Aspergilli, membership 

in a VCG indicates close relatedness to other individuals within the same VCG (10; 58; 93). It is 

common for a VCG to be distributed across long distances, although previous reports have 

shown this only across contiguous agricultural areas (71; 72). The current report is the first to 

document distribution of a VCG between widely separated continents, and suggests that 

sugarcane cultivation influenced the distribution of these VCGs between Asia and North 

America. 

The association of A. parasiticus with sugarcane (Fig 1.1, Table 1.3) observed in the 

current study resulted in sugarcane cropping changing the structure of Aspergillus section Flavi 

soil communities.  These changes to the fungal community were more readily detected in the 

RGV because A. parasiticus does not persist long in this region in the absence of sugarcane. The 

lack of persistence results in A. parasiticus composing very low proportions of Aspergillus 

section Flavi communities when crops other than sugarcane are grown. Other crop rotations also 

alter structures of communities of aflatoxin-producing fungi (58; 82; 83; 120). Crop rotation 

effects  on A. parasiticus may have been obscured in studies examining relationships between A. 

parasiticus and peanut production by  either pooling results from three years (2), examining 

influences of crop rotations over only a single-season (57; 73), or analyzing  soils from fields 

with unknown cropping histories and mixed cropping regimes (66). A. parasiticus lineages 

associated with sugarcane are apparently dependent on that crop in the RGV.  This dependence 

may reflect lack of competitiveness of these non-native fungi with RGV microflora and in the 
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RGV soil environment. Similarly, non-native A. parasiticus of peanut origin did not persist when 

applied to Arizona peanut fields (142). The extent to which Aspergillus section Flavi 

communities shift during crop rotation is dependent on adaptations of the constituent fungi to the 

soil environment including soil chemistry, crop debris and soil water potential (79).  Processes 

by which specific crops favor one species, lineage, or genotype within Aspergillus section Flavi 

have been largely unexplored. Shifts in community compositions following rotation of sugarcane 

to other crops may be attributable to both plant-created environments that favor A. parasiticus 

and competitive differences among lineages within Aspergillus section Flavi that may be favored 

by other crops (27; 98).   

  



31 

 

Figure 1.1 Percent of Aspergillus section Flavi communities composed of A. flavus, A. tamarii, 

and A. parasiticus in Rio Grande Valley field soils with known sugarcane cropping histories. An 

average of 16 section Flavi isolates were collected from each soil. Levels of A. flavus (A, B, C) 

and A. parasiticus (X, Y, Z) without a common letter are significantly different by Fisher’s 

protected LSD test (P < 0.05). Levels of A. tamari were statistically similar for all treatments. 
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Figure 1.2 Aspergillus section Flavi phylogeny inferred by maximum parsimony from 

1.5 kb of aflR, the encoding the transcription factor that regulates many aflatoxin 

biosynthesis genes. The single most parsimonious tree is is shown with nodes of less than 

80% bootstrap support collapsed. Maximum-likelihood analysis resulted in similar 

topology with >90% bootstrap support for the clades separating A. flavus, sugarcane 

associated A. parasiticus, and A. parasiticus from other sources. Numbers above 

branches are branch lengths proportional to the number of character changes and those 

below are bootstrap frequencies based on 1000 replicates. Labels on the phylogeny are 

either culture collection names or laboratory working names. The tree is rooted with A. 

nomius (NRRL 13137) as the outgroup. All A. parasiticus isolates associated with 

sugarcane cropping are included in the dashed box. 
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Figure 1.3 Aspergillus section Flavi phylogeny inferred by maximum parsimony from 

2.2 kb of the nitrate reductase gene niaD. The single most parsimonious tree  is shown 

with nodes of less that 80% bootsrap support collapsed. Maximum-likelihood analysis 

resulted in similar topology with100% support for the A. flavus clade, and 98% for the A. 

parasiticus clade. Sugarcane-associated A. parasiticus were in a strongly supported clade 

(97% bootstrap support), while A. parasiticus from other sources formed a clade not 

resolved on this tree. Numbers above branches are branch lengths proportional to the 

number of character changes along the branch and those below are bootstrap frequencies 

based on 1000 replicates. Labels on the phylogeny are either culture collection names or 

laboratory working names. The tree is rooted with A. nomius (NRRL 13137) as outgroup. 

All A. parasiticus isolates associated with sugarcane cropping are included in the dashed 

box. 
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Table 1.1 Aspergillus section Flavi isolates used in this study 

 

Isolate Other Names Species Location Substrate Citation Aflatoxins 

NRRL 13137 M93, ATCC 15546 nomius Illinois Wheat Kurtzman et al.(1987) BG 

       

AF36 YV36 flavus Arizona Cottonseed Cotty (1989) None 

V MR17 flavus Arizona Cottonseed Cotty (1989) B 

AF13 ATCC 96044 flavus Arizona Citrus soil Cotty (1989) B 

P19 YV19 flavus Arizona Bermuda grass soil Cotty (1989) B 

AF12 ATCC MYA-382 flavus Arizona Cotton field soil Cotty (1989) B 

AF42 ATCC MYA-383 flavus Arizona Cottonseed Cotty (1989) B 

AF70 ATCC MYA-384 flavus Arizona Cotton field soil Cotty (1989) B 

       

OPS417 

 

parasiticus Vietnam Peanut Kumeda et al. (2003) BG 

NRRL 2999 ATCC 26691 parasiticus Uganda Peanut Rambo et al. (1974) BG 

OPS393 

 

parasiticus Vietnam Peanut Kumeda et al. (2003) BG 

BN009E 

 

parasiticus Benin Mixed crop soil Probst et al. 2012 BG 

CP461 ATCC-62882 parasiticus Georgia Peanut Dorner et al. (1984) None 

NRRL 424 

 

parasiticus Georgia Peanut field soil Peterson (2008) BG 

OPS651 

 

parasiticus China Peanut Kumeda et al. (2003) BG 

NRRL 4123 

 

parasiticus Georgia Maize Peterson (2008) BG 

SU1 ATCC 56775 parasiticus Uganda Peanut Lee et al.(1971) BG 

NRRL 465 CBS 571.65 parasiticus Unknown Unknown Wei and Jong (1986) BG 

NRRL 502 

 

parasiticus Hawaii Mealybug Peterson (2008) BG 

A17-H 

 

parasiticus RGV, Texas Sugarcane field soil Current study BG 

A17-N 

 

parasiticus RGV, Texas Sugarcane field soil Current study BG 

Gal5-N 

 

parasiticus RGV, Texas Sugarcane field soil Current study BG 

Gal22-J 

 

parasiticus RGV, Texas Sugarcane field soil Current study BG 

Har1-AC 

 

parasiticus RGV, Texas Cotton lint Current study BG 

Har7-O 

 

parasiticus RGV, Texas Cotton lint Current study BG 

Mad1-B 

 

parasiticus RGV, Texas Sugarcane field soil Current study BG 

Mad2-H 

 

parasiticus RGV, Texas Sugarcane field soil Current study BG 

OPS485 

 

parasiticus Japan Sugarcane field soil Kumeda et al. (2003) BG 

OPS500 

 

parasiticus Japan Sugarcane field soil Kumeda et al. (2003) BG 

OPS515 

 

parasiticus Japan Sugarcane field soil Kumeda et al. (2003) BG 

Ray2-F 

 

parasiticus RGV, Texas Sugarcane field soil Current study BG 

Ray4-C 

 

parasiticus RGV, Texas Sugarcane field soil Current study BG 
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Table 1.2 Aspergillus section Flavi communities in Texas counties that do or do not crop 

sugarcane. 

 

a
 Yes indicates sugarcane was commercially cropped in the county within the past 25 years.  

b
 Composite soil  samples (about 200 g) composed of 30 to 40 subsamples along an  80-100m  

diagonal were taken from each field (1 to 6 samples per field). In counties with sugarcane 

cropping, both fields that had been recently cropped to sugarcane and fields without sugarcane 

for the past five years  
c
 Only Aspergillus section Flavi fungi were enumerated and isolated (at least 12 isolates from 

each soil sample). 
d
 Colony forming units (CFU) were calculated per gram of soil. CFU with a common letter 

(lower case) are not significantly different (P < 0.05) by Fisher’s protected LSD test; totals not 

followed by the same letter (X or Y) are significantly different by Student’s t –test (two sided; P 

<0.0001). 
e
 ND = A. parasiticus not detected (limit of detection = 7%). Percent A. parasiticus was 

significantly different among treatments (F5, 152 = 6.08, P < 0.0001). Percentages not followed by 

the same letter (a, b, or X, Y) are significantly different using Fisher’s protected LSD test. 

 

  

Region Texas County
 

Sugarcane Cropping
a 

Fields
b 

Isolates
c 

CFU
d 

A. parasiticus
e 

RGV Cameron Yes 17 416 69 c, d 30% a 

 Hidalgo Yes 62 1421 49 d 18% a 

 Willacy Yes 5 75 26 b, c, d 36% a 

 Total Yes 84 1912 48 B 21% A 

       

Coastal Bend Calhoun No 10 563 1289 a ND b 

 Jackson No 27 418 289 b ND b 

 San Patricio No 37 2224 202 b, c ND b 

 Total No 74 3205 593 A ND B 
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Table 1.3 Aspergillus section Flavi community from fields cropping and not cropping sugarcane in the Rio Grande Valley, Texas 

        Species Composition (CFU)
c 

Texas County  Sample Date  Crop History
a 

 Fields(N)
b 

 A. flavus  A. parasiticus  A. tamarii 

Hidalgo  April 2004  Sugarcane  2  4 b  9 a  ND a 

    No Sugarcane  23  48 a  ND b  2 a 

             

  April 2005  Sugarcane  4  4 b  15 a  1 a 

  No Sugarcane  17  61a  ND b  2 a 

             

  June 2005  Sugarcane  14  30 a  9 a  1 a 

  No Sugarcane  2  51 a  ND b  4 a 

             

Cameron  June 2005  Sugarcane  11  36 a  26 a  5 a 

  
No Sugarcane 

 
6 

 
69 a 

 
0.8 b 

 
2 a 

             

             

 

 

 

 Sugarcane Total  31  27 B  16 A  3 A 

    No Sugarcane Total  48  55 A  0.1 B  2 A 

             
a
No Sugarcane = field  not cropped to sugarcane during the previous five years; Sugarcane = field cropped to sugarcane at least once 

within the previous five years. 
b
Number of fields were sampled by collecting one to four 200g soil samples composed of 30 to 40 subsamples taken from the top 2 

cm of soil along a diagonal transect of 80-100m. 
c
CFU(Colony Forming Units) per gram soil determined with dilution plate technique. Limit of detection was 1 CFU g

-1
. For each 

paired comparison, values not followed by the same letter in each column are significantly different with a two-sided Student t- test (P 

< 0.05). Statistical testing was performed on log +1 transformations of the CFU data. 
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Table 1.4 Composition of Aspergillus section Flavi community isolated from sugarcane billets and field-collected stem pieces in RGV 

2005 
 

County Source
a
 N

b
 

With 

A. parasiticus
c
 

Without 

A. parasiticus
c
 

With 

A. flavus
c
 

Without 

A. flavus
c
 

Total 

Isolates
c 

% A. parasiticus
d
 % A.flavus

d
 

Cameron Billet 19 19 0 1 18 175 99% (A) 1% (C) 

Hidalgo  10 10 0 3 7 148 89% (A) 11% (B, C) 

Willacy  1 1 0 0 1 13 100% (A) ND (A, B, C) 

Total  30 30 A 0 B 4 B 26 A 336 95% (A) 5% (B) 

          

Cameron Field  24 11 13 20 4 108 29% (B) 71% (A) 

Hidalgo  23 19 4 14 9 233 74% (A) 25% (B) 

Total  47 30 B 17 A 34 A 13 B 341 52% (B) 48% (A) 

 
a
Conventionally harvested billet samples provided by RGVSG sugar mill; field samples were  hand-

collected in June. 
b
Number of individual plants sampled; 1 stem per sample.  

c
Number of stems from which at least 1 A. flavus or A. parasiticus was isolated or from which no A. flavus 

or no A. parasiticus was isolated. Totals were subjected to statistical analyses.  Comparisons   frequencies 

of A. parasiticus and A. flavus were compared between the total Field and Billet samples. Numbers not 

followed by the same letter differ by the Pearson’s chi-squared test. χ
2
 1, 77 =13.9, P = 0.0002, for number 

of A. parasiticus stems, and χ
2
 1, 77 =25.5, P < 0.0001, for number of A. flavus positive stems. 

d
Percentage of isolates belonging to either A. flavus or A. parasiticus.  Percentages followed by the same 

letter are not significantly different (p=-0.05) by Fishers protected LSD test. Statistical tests utilized arc 

sine transformations of the percentage data.
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CHAPTER 2 - POPULATION GENETICS SUGGEST GLOBAL DISTRIBUTION AND 

EVOLUTIONARY DIVERGENCE OF AFLATOXIN-PRODUCING FUNGI DUE TO 

HUMAN MOVEMENT OF CROP MATERIAL AND CROP ASSOCIATIONS WITH 

ASPERGILLUS PARASITICUS LINEAGES. 

Abstract 

 

Aflatoxin contamination of food and feed is a global health and economic issue. The extent to 

which susceptible crops are contaminated with aflatoxin is partially dependent upon the 

aflatoxin-producing potential of the crop-infecting fungal community. Aflatoxin-contamination 

events are most frequently caused by fungi belonging to the species Aspergillus flavus and A. 

parasiticus.  Individuals within A. flavus vary widely in aflatoxin-producing ability. Although 

some isolates produce very high aflatoxin concentrations, loss of ability to produce aflatoxins is 

common in A. flavus.  A. parasiticus rarely has atoxigenic members and often those that do not 

produce aflatoxin accumulate highly toxic and carcinogenic aflatoxin precursors. Discrete 

communities of A. parasiticus have been associated with certain crops in specific geographic 

areas, particularly peanuts in the southeastern US and sugarcane in the US and Japan. Sugarcane-

associated A. parasiticus failed to persist in Texas when fields are rotated to cotton/maize. 

Population genetics and phylogenetics were used to characterize a global collection of 112 A. 

parasiticus isolates and to identify geographic distributions and crop associations within the 

species. One population of A. parasiticus was specifically associated with sugarcane. A 

phylogeny based on 2.2 kb of the nitrate reductase gene, niaD, resolved this sugarcane associated 

population as a highly supported lineage. This population was detected associated with 

sugarcane in Asia, Africa and North America.  This sugarcane associated lineage of A. 

parasiticus was likely moved around the world by humans with sugarcane planting material.  

Movement with planting material is the best explanation for presence of populations of A. 
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parasiticus in the Rio Grande Valley of Texas, an agroecosystem in which this fungal lineage 

does not persist without of sugarcane. Phylogenetics of A. parasiticus isolated from maize and 

peanut suggest other specific crop associated lineages with broad geographic distribution. The 

distribution of one A. parasiticus lineage associated with maize was limited to Mexico. Crop 

association and geographic isolation may both be important forces driving divergence within A. 

parasiticus. Human movement of crops may influence population composition by inadvertently 

breaking geographic isolation.  Adaptation within Aspergillus section Flavi and movement of 

these fungi by human activity may both influence association of crops with aflatoxin producing 

fungi and, as such, should be considered when developing procedures to manage aflatoxin 

contamination. 

Introduction 

 

Aflatoxin contamination of crops is a human health and economic issue in warm regions 

globally (31). In regions with active food hygiene programs, aflatoxin concentrations can be the 

most important criterion dictating the marketability and value of cottonseed, maize, tree nuts, 

spices, and confections (106; 136). The causative fungi of aflatoxin contamination in Aspergillus 

section Flavi (24; 31; 32) vary widely both within and among species in capacity to synthesize 

these highly carcinogenic mycotoxins (11; 44; 45).  Some species produce both B and G 

aflatoxins while others produce only B aflatoxins due to a 0.9 to 2 kb deletion in the aflatoxin 

biosynthesis gene cluster (46; 116). Aflatoxin B1 is regarded as the most carcinogenic naturally 

occurring substance by the International Association for the Research of Cancer (18). Based on 

genetic, physiological, and cultural characteristics, these species can be subdivided into distinct 

morphotypes (31) and vegetative compatibility groups (VCGs; 11). Complex communities are 

composed of diverse species, strains, morphotypes, and VCGs that vary widely in average 
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aflatoxin-producing ability among regions and fields (8; 11; 109; 137). The average aflatoxin-

producing potential of Aspergillus section Flavi communities is a central criterion dictating the 

potential for crop aflatoxin contamination (81). A. flavus and A. parasiticus are the likeliest 

species to cause aflatoxin contamination (88). However, A. flavus isolates vary widely in 

aflatoxin production with some isolates producing little or no aflatoxins. A. parasiticus typically 

produces more consistent and higher concentrations of aflatoxins (42; 134). 

Studies addressing influences of geography on structures the structure of aflatoxin-

producing fungal communities have found similarities across large distances in communities and 

populations of A. flavus and A. parasiticus (60; 71; 78). While discontinuous Aspergillus section 

Flavi communities are often unique in terms of species, morphotype, and population 

composition, and require unique aflatoxin contamination management strategies (31) in countries 

such as Benin (17; 28), Kenya (116), Israel (84), and Argentina (109).    

In the US, sugarcane cultivation selectively favors specific lineages of A. parasiticus 

which require host cultivation for persistence, and disseminates among crops without a 

propagule reservoir in the soil. A. parasiticus has most frequently been associated with peanuts 

(69; 71) and sugarcane (53) in the US, and previous reports correlate the presence of A. 

parasiticus with soils suitable for peanut cultivation. A. parasiticus is well-adapted to the soil 

(41; 69; 71) and spore banks can be the source of primary inoculum infecting crops (56; 57; 68; 

74; 120). A. parasiticus may be the etiologic agent of aflatoxin contamination of peanut in some 

regions, not often associated with peanut in others (84; 96; 120; 131) and A. flavus is the causal 

agent of aflatoxin contamination of peanut in still others (47; 95; 130). A. parasiticus associated 

with sugarcane are divergent from the rest of the species and, based on the response of these 
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aflatoxin-producers to sugarcane production, occupy a distinct ecological niche on sugarcane 

planting material (53).  

The A. parasiticus type-isolate and its relatives are known antagonists of sugarcane 

mealybugs in Hawaii, the Philippines, Australia and Colombia (43; 55; 133; 141). A lineage 

distinct from that of the type isolate (53) has been repeatedly associated with raw sugar 

contamination in Japan (91; 124; 126; 127), and sugarcane soils and planting material in Japan 

and the US (53; 91). In the US, sugarcane fields have a unique community of aflatoxin-producers 

characterized by a dominance of A. parasiticus. Sugarcane planting material and field soils with 

history of sugarcane cropping in the Rio Grande Valley of South Texas are significantly 

associated with increased incidence of have shown that aflatoxin-producing fungal community 

changes associated with sugarcane introduction of A. parasiticus (53). 

Aflatoxin-producing fungi have not displayed host-specificity (122) but Aspergillus 

section Flavi communities have been shown to be affected by crop rotation (80) and crop history 

(53). In the lab, very closely related A. flavus isolates have displayed competitive differences that 

could affect the composition of crop and soil communities (98). Manipulations of the 

composition of the Aspergillus section Flavi community by adding atoxigenic isolates on 

colonized food sources have proven effective at lowering the risk of aflatoxin contamination in a 

number of susceptible crops in diverse endemic areas (21; 23). Applications of atoxigenic strains 

on colonized wheat seed is a long standing technology that has undergone refinement for use 

globally, in crops including maize, cottonseed, and pistachios (3; 4; 26; 31; 36; 39; 118). 

In the current study population genetic and phylogenetic methods were used to 

investigate the distribution of A. parasiticus and determine effects of geographic boundaries and 

crop associations on diversity within the species, and to identify patterns of distribution that may 
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implicate human movement of crop material in the dispersal of aflatoxin-producing fungi and 

modification of aflatoxin-producing communities. A total of 118 A. parasiticus isolates were 

analyzed from Africa, Asia, Europe, and North and South America isolated from a variety of 

crops and soils. 

Materials and Methods 

 

Sample set. A. parasiticus isolates were selected from previous collections made by our 

USDA/ARS laboratory in the School of Plant Sciences or from publicly accessible collections 

(Table 2.1). A. parasiticus isolates from our lab were collected in studies characterizing fungal 

communities present on or in the soils of fields cultivating maize (103; 116) or sugarcane (53). In 

many tropical areas where maize is grown, co-cropping regimes frequently include groundnut 

(17), and fields can be rotated from sugarcane into maize and groundnut. In the current study, US 

isolates from cotton lint are considered sugarcane associated because the isolates were from 

cotton that followed several years of sugarcane cultivation (53). Crop histories were only 

available for the sugarcane producing areas of Texas.  

DNA isolation. For the following procedures, isolates previously transferred by single 

spore were cultured on 5/2 agar (31°C, dark, 5d; 20). After incubation, spores were collected 

with a sterile cotton swab and suspended in sterile distilled water. The resultant spore suspension 

(100μl) was added to 70ml sterile potato dextrose broth (Difco Laboratories, Detroit, MI) in a 

250ml Erlenmeyer flask, and incubated on a rotary shaker (150 rpm, 31°C, dark, 5 d). Mycelia 

were captured on Miracloth (EMD Millipore, Billerica, MA 01821) and DNA was isolated using 

the FastDNA SPIN Kit and the Fast Prep Instrument (Qbiogene, Inc. Carlsbad, CA 92008) 

according to manufacturer’s instructions. DNA was stored in buffer at either -20Cor -80C 

(long-term).  
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Microsatellite primers and PCR. 24 microsatellite primers located on eight 

chromosomes were initially developed to study gene flow within and among vegetative 

compatibility groups of A. flavus (59). Thirteen of the 24 loci amplified homologous loci in the 

A. parasiticus examined in the current study. Multiplex polymerase chain reaction was 

performed following the protocols in Grubisha and Cotty (59). Briefly, one primer for each allele 

was 5′-fluorescently labeled for use with the ABI G5 dye set. Multiplex PCR used the QIAGEN 

Multiplex PCR Kit in a 10 μL containing 1× QIAGEN Multiplex PCR Master Mix, 0.25x Q-

solution, 0.1 μm of each primer and 1–5 ng DNA. Thermocycler conditions were: 95 °C for 15 

min, 25 cycles of 94 °C for 30 s, 57 °C for 90 s, 72 °C for 30 s, and 30 min at 60 °C. PCR 

amplicons were sized on an ABI 3730 DNA Analyser at GATC with the LIZ500 standard 

(Applied Biosystems). Allele sizes were called using GeneMarker version 1.6 (SoftGenetics 

LLC). Null alleles were infrequent and included in the data analyses.  

Allele frequencies and population structure. Allele frequencies were calculated and a 

covariance matrix was produced for principal coordinates analysis using Genalex version 6.1 

(107). Population composition, admixture and genetic structure were characterized by assigning 

haplotypes to populations using the Bayesian clustering program Structure version 2.2.3 (Fig. 

2.2; (113).  Markov chain Monte Carlo (MCMC) simulations were run on the data testing K = 1-

10, with 10 replicates of each, using default parameters and the admixture model. Each 

simulation was run for 1,000,000 MCMC iterations preceded by a burn-in of 100,000 

generations. ΔK was calculated (48) based on the rate of change in the log probability of data 

between successive runs of K to determine the number of haplotypes required to characterize the 

populations. Fungi were characterized by haplotype identity (Q score), the source from which 

they were isolated, as well as country and continent of origin (Table 2.1). 
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PCR amplification for phylogenetic analysis. A portion of the nitrate reductase gene 

(2227 bp), niaD, was amplified in three pieces using the primers NIADF (5’-

CGGACGATAAGCAACAACAC-3’) and NIADR (5’-GAGCCGTTACATTCTCACAC-3’), 

NIADBF (5’-ACGGCCGACAGAAGTGCTGA-3’) and NIADBR (5’-

ACGGGGAGTCTCTTCGCCCA-3’), and NIAD3F (5’-GTCACTACGGCACATCTA-3’) and 

NIAD3R (5’-ATGCCTACAGGATGGATG-3’). PCR reactions were carried out in 20 l 

AccuPower HotStart PCR PreMix polypropropylene tube strips (Bioneer Corporation, Daejeon, 

Korea) using 18l autoclaved, distilled deionized water and 1 l genomic DNA (15 ng/µl final 

DNA concentration). PCR conditions for ITS primers included a denaturation and hot start step 

of 5 minutes at 94C, followed by 35 cycles of 94C for 20 s, 54.3C for 20 s and 72C for 30 s, 

and final extension at 72C for 10 m. PCR conditions for aflR primers were similar except the 

extension was 90 s, and annealing was at 47C for AFLR F-R, 59C for AFLR 1F-1R, 57C for 

AFLR 2F-2R, and 55C annealing and 2.5 m extension for AFLJR 1F-20R. PCR conditions for 

the NiaD region were similar except annealing temperatures were 52C for primers NIAD F-R 

and NIAD 3F-3R, and 57C for primers NIAD BF-BR. Amplicons were separated by 

electrophoresis on 1% agarose gels and evaluated for size and singularity. Excess primers and 

unincorporated nucleotides were degraded with ExoSAP-IT (USB Corporation, Cleveland, OH 

44128; 1 l ExoSAP-IT in 16 l of PCR product at 37C, 1 h, followed by 85C, 15 m). 

ExoSAP-IT treated PCR products were sequenced twice (once in each direction) by the 

University of Arizona core sequencing facility, UAGC with a 3730XL DNA Analyzer (Applied 

Biosystems, Carlsbad, CA 92008). Novel A. parasiticus sequences will be submitted to NCBI 

GenBank. 
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Phylogenetic analyses. Sequences were edited and aligned using Geneious Pro version 

4.8.2 (Biomatters Ltd., Auckland, NZ). Isolates included in the phylogeny were well-

characterized isolates from public culture collections and those from a global sample set 

assembled from studies that characterized A. parasiticus communities associated with sugarcane, 

and A. flavus communities associated with maize across Africa, especially Kenya, and Mexico. 

Representative fungi from every population, as determined by Structure (113), were included in 

the phylogenetic analysis. At least one A. parasiticus isolate from each sampled field was 

included (Table 2.1). The final alignment was edited in Mesquite (mesquiteproject.org) and the 

default MRBAYES block was added to the nexus file. MRBAYES (75) was used to generate a 

strict consensus tree from a Metropolis coupled Markov chain Monte Carlo (MCMC) analysis 

with 1 million generations, with a burn-in of 25%, sampling every 1000th generation, saving 

branch lengths and employing 1 unheated and 3 heated Metropolis-coupled chains for each 

independent MCMC analysis. General time reversible model was employed with gamma 

distributed evolutionary rates and the proportion of invariable sites (Fig. 2.3). 

Results 

 

Principal coordinates analysis indicates one clear cluster composed of A. parasiticus 

isolated in association with sugarcane (Fig. 2.1). North American and Asian sugarcane-

associated isolates cluster together regardless of origin, and distinct from the A. parasiticus type 

isolate. Allele sizes are very similar within the examined collection of A. parasiticus and 

divergent genotypes are better resolved with the phylogenetic methods used in this study. The 

first two coordinates account for 57.24% of the variability in the data set. (Fig. 2.1), PCA did not 

cluster isolates based on geographic origin. Primers for microsatellites at 13 of the 24 loci 

reported by Grubisha and Cotty (59; 60) were informative in the A. parasiticus examined in the 
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current study.  Diversity at these loci was examined among 92 of the A. parasiticus isolates 

included in the current study.  Analysis of ΔK in Structure (48) indicated that covariance of allele 

sizes at the 13 loci formed three genetic clusters suggesting that this collection of A. parasiticus 

sampled 3 distinct populations (Fig. 2.2a). When grouped by haplotype similarity (Q score) the 

three clusters are clearly three distinct populations with relatively low proportions of the alleles 

at each locus shared among the populations (Fig. 2.2b). When isolates are grouped by 

geographical origin, diverse haplotypes group in each of North America, Africa and Asia (Fig. 

2.2c).  Asia is represented by just six isolates immediately to the right of Africa. The blue cluster 

dominates Africa, with only four isolates belonging to different populations.  The green cluster 

dominates North America. Segregating populations by substrate of origin reveals a strong 

association of one population with sugarcane (Fig 2.2d), and although the blue cluster dominates 

maize, the same cluster appears in isolates of peanut and soil origin. The final Structure figure 

(Fig. 2.2e) sorts the isolates into the three highly supported clades from the phylogeny presented 

in Fig. 2.3.  The structure analysis indicates that the three well supported clades delineate fungi 

belonging to 3 distinct populations.  The population labeled Clade B again corresponds to all 

sugarcane-associated A. parasiticus. Clades C, D, and F appear to be the same populations, but 

resolve into distinct clades on the phylogeny. Isolates in the C clade are all from peanut, D are all 

from eastern Africa, and F is the clade including the A. parasiticus type isolate. The population 

defined by the lineage in Clade E only contains Mexican A. parasiticus. 

The strict consensus tree based on 2.2 kb of the niaD gene region (Fig. 2.3) resolves a 

single A. parasiticus clade (A) includes all isolates morphologically identified as A. parasiticus 

and is sister to A. flavus. Within the A. parasiticus clade there are lineages that correspond to the 

populations in the Structure analysis (Fig. 2.2d). Both the population defined by the green cluster 
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in Fig. 2.2d and the clade labeled B (Fig. 2.3) contains all of the sugarcane-associated isolates 

from North America and Asia. The B clade also includes four isolates from Africa collected from 

soil for which crop associations are unknown.  Clades C, D, and F on the phylogeny (Fig. 2.3) 

are all found in the blue cluster populations (Figs. 2.2d) consisting of isolates associated with 

either maize or soil. Lineage C includes isolates from North America, Africa and Asia. Three of 

these isolates originated from peanut. Lineage D includes only isolates from eastern Africa 

(Kenya, Mozambique, Malawi, Somalia, and the regions of the Democratic Republic of Congo 

near Uganda).  All of these African isolates were collected from maize. Lineage F includes the A. 

parasiticus type isolate, and two African maize isolates. Lineage E corresponds to the red 

population in the Structure analysis (Fig. 2.2d) and includes only isolates from Mexico. The 

remaining isolates in the A. parasiticus clade are dispersed among the blue population and those 

with containing mixtures of alleles assigned by Structure to each of the three populations. The 

niaD phylogeny indicates that A. parasiticus includes isolates that are as divergent from the type 

isolate (NRRL502) as the type isolate is from several A. flavus isolates. 

Discussion 

 

A. parasiticus populations and phylogenetic lineages are widely distributed globally with 

only one population, located in Mexico, detected in the current study limited to within a national 

border (Figs 2.2 and 2.3). Fungus-crop associations and human movement of fungi with crop 

material is implicated by the current study in global distribution of A. parasiticus populations 

especially in the distribution of a sugarcane-associated population and phylogenetic lineage also 

supported by principal coordinates analysis. Isolates in the sugarcane-associated population 

originated from geographic locations as diverse as Africa, Asia, and North America but the 

majority come from sugarcane or sugarcane field soils, and the few African isolates belonging to 
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this population that are not know to come from sugarcane, came from sugarcane producing areas 

(85). This lineage is solely associated with sugarcane or within sugarcane producing areas (53; 

91). Population and phylogenetic analyses are concordant. The best resolution of relationships 

among A. parasiticus isolates is seen in the phylogeny derived from the 2.2 kb of niaD sequence, 

which also presents species relationships concordant with multi locus species trees (108). 

Sugarcane is a common crop throughout Africa, and the infrequency of isolation of 

sugarcane-associated A. parasiticus in the African sample set may result from isolate association 

with cropping systems including sugarcane (5; 17; 28; 40; 117). There has recently been an 

interest for African countries to develop biofuel markets from sugarcane ethanol especially in 

Benin which is in the midst of an energy crisis, and the Democratic Republic of Congo, where 

rain-fed sugarcane can be grown on 1.2 million km
2
 (138). The widespread cropping of 

sugarcane would likely expose more susceptible crops to sugarcane-associated A. parasiticus as 

has been seen in the state of Texas in the US (53), especially at risk would be staple crops 

including groundnut (32; 37; 69). Profit models for use of sugarcane as a biofuel crop in Africa 

require animal feed to be made from the bagasse after sugar is extracted from the plant (85). It is 

unknown what effect sugarcane-associated A. parasiticus has on the accumulation of aflatoxins 

in sugarcane used for fodder, but A. parasiticus was previously associated with aflatoxins in raw 

sugar (91; 126) which because of reduced processing is at a higher risk of aflatoxin 

contamination than refined sugar that is subjected to high heat and alkali treatments  (13; 38). 

Aflatoxins are concentrated in the valuable byproducts high protein meal and dry distiller grains 

resulting from vegetable oil and ethanol production, respectively (25; 144). Similar difficulties 

with aflatoxins may occur with sugarcane fodder.  
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The concordance of the gene genealogy (Fig 2.3) and the population Structure analyses 

(Fig. 2.2) suggest divergence within A. parasiticus may occur as a result of either crop 

associations, as with sugarcane, or geographic restriction to gene flow as observed in the current 

study with both the exclusively Mexican population and the phylogenetic lineage limited to 

eastern Africa. Closely related A. flavus isolates belonging to different vegetative compatibility 

groups differ in ability to  compete, colonize, and reproduce on hosts and these abilities are 

dependent of the specific host (98). In the current study, populations and phylogenetic lineages 

that cohabitate like those in Kenya, Benin, Mexico and US may be accumulating adaptive 

differences that allow for differential competitive advantages (123). Candidates for investigation 

of adaptive differences to sugarcane, maize, or peanut and to different climates could be selected 

from the populations and lineages presented in this study. Additionally, more intensive sampling 

of crops other than sugarcane, especially peanuts, with which A. parasiticus is frequently 

associated, may detect other population and lineage specific associations. 

In the current study, A. parasiticus populations have wide distributions that may have 

resulted from human movement of crop material previously demonstrated in studies of aflatoxin-

producing fungal communities of sugarcane (53) and peanut (71). One population and 

phylogenetic lineage is clearly associated with sugarcane, and no other populations or lineages 

are. Crop material may be moved as food, feed, seed or the source of germplasm for breeding 

programs. A. parasiticus populations are discrete, often associated with a limited number of crop 

species and composed of relatively fewer genotypes than A. flavus populations (17; 70; 71; 95). 

The delineated populations in the current study may be useful in the study of the movement of 

aflatoxin producing fungi.  The results demonstrate that certain lineages are widely distributed in 

association with specific host plants. The microsatellite loci used for haplotyping Aspergillus 
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section Flavi in this and other studies (59; 60) could also be adapted to diagnose and detect 

aflatoxin-producing fungi for inspection and quarantine. Many of the microsatellite primers 

developed for use in the sister species A. flavus (59) were not useful for A. parasiticus. Better 

resolution of populations would be possible with a greater number of microsatellite loci. This 

could be achieved by developing microsatellite loci directly from the A. parasiticus genome. 

The current study supports the contention that every aspect of cropping systems, 

especially co-cropped, rotation, and weed species have the potential to influence aflatoxin 

contamination through influences of the composition of Aspergillus section Flavi populations. 

Aflatoxin contamination may result from infection by aflatoxin-producing fungi both during crop 

development and after crop maturation (31; 120). Although it is clear that the aflatoxin-

producing potential of fungal communities associated with crops influences the likelihood of 

aflatoxin contamination, little is known about interactions between community composition of 

aflatoxin-producing fungi and the specific crop plants cultivated (32). A few studies suggest 

compositions of Aspergillus communities in field soils are influenced by both current and 

preceding crops (73; 82; 104).  The current study supports that specific fungal lineages 

associated with a rotation crop can alter crop associated fungal communities. 
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Figure 2.1 Results from a principal coordinates analysis of microsatellite allele size variation at 

13 loci.  Isolates of A. parasiticus from North American and Asian sugarcane form a distinct 

cluster.  A. parasiticus not from sugarcane do not segregate by either substrate or geographic 

origin. The first two axes accounted for 57.5% of the variation (31.4 % first axis, 26.1% second 

axis). 
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Figure 2.2 Results from Structure analysis based on 10 simulations for each Κ (Κ = 1-10) for 92 A. parasiticus isolates sampled from 

Africa, Asia, Europe, and North and South America. (a) Plot of Δ Κ calculated from 10 simulations following Evanno et al. (48). Δ Κ 

= mean ([L”(K)])/sd(L(K)). Graphical representation of the Structure output for one of the 10 iterations for Κ=3. Each haplotype is 

presented as a vertical bar along the x-axis. The estimated proportion of membership (Q) of a haplotype in each of Κ=3 inferred 

genetic clusters is denoted by color. Output is shown arranging isolates by (b) similarity in to three populations based on Q score, (c) 

isolate origin, (d) substrate or origin, (e) phylogenetic clade as described in Figure 2.3.  Arrows delimit isolates from North America 

and Africa (Fig. 2.2 c), maize, soil, and sugarcane (Fig. 2.2 d), and clades B, D, and E from the phlylogram in Fig. 2.3 based on niaD 

sequence. (Next Page) 
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Figure 2.3 Strict concensus, Bayesian gene genealogy based on an alignment of 2.2 KB of the 

partial nitrate reductase gene niaD. Labeled nodes correspond to all A. parasiticus isolates sister 

to A. flavus isolates (A), globally distributed A. parasiticus largely associated with sugarcane 

(B), a widely distributed lineage which may be associated with peanut (C), two lineages with 

geographic boundaries limited to eastern Africa (D) or Mexico, North America (E), and the 

lineage that includes the A. parasiticus type isolate (F). The scale bar shows 0.4 Bayesian 

distance units. Isolates followed by an asterisk were not included in population analyses. (Next 

page) 
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13137, A.nomius 

CP461, US, peanut 
* BN009E, Benin, soil * 

BN048E, Benin, soil * 
OPS393, Vietnam, peanut 
OPS417, Vietnam, peanut 

3I, Somalia, maize 
1I, Malawi, maize 
7I, DR Congo, maize * 
212C, Kenya, maize 
747J, Kenya, maize 

851I, Kenya, maize 

10A, DR Congo, 
maize 2D, DR Congo, maize 

53B, Kenya, maize 
WB, unknown, wolf berry * 

879B, Kenya, maize 
A240, US, pistachio * 

212J, Kenya, maize 
SU1, Uganda, peanut * 

NRRL2999, Uganda, peanut * 

NRRL465, unknown, unknown 
TurG, Spain, soil 

OPS651, China, peanut 
NRRL6433, US, maize 

V, A.flavus 
AF13, A. flavus 
AF36, A.flavus 

AF70, A. flavus 
AF42, A. flavus 
AF12, A. flavus 

NRRL424, US, soil 
NRRL4123, US, peanut 

767S, Kenya, maize 

P19, A. flavus 
U, A. flavus 

785D, Kenya, maize 

842F, Kenya, maize 
777J, Kenya, maize * 
34P, Kenya, maize 
286C, Kenya, maize 

841I, Kenya, maize * 
18B, Mozambique, maize 
796J, Kenya, maize 

Ye6E, Mexico, soil 
Ye5L, Mexico, soil 

1C, Tanzania, maize * 

854F, Kenya, maize * 

13B, Zimbabwe, maize * 
20D, Zambia, maize 
* 

NRRL502, US, mealybug 

12A, Mexico, soil * 
NCBS08H, Mexico, soil 
Ye3I, Mexico, soil 

A 

B 

D 

E 

C 

F 

Pal5N, US, sugarcane  
Mad1B, US, sugarcane  
BN028, Benin, soil * 

Gal22J, US, sugarcane  
Ray4C, US, sugarcane   
R7D, US, sugarcane  
Mad2H, US, sugarcane * 
Ma39S13, Nigeria, Soil * 
A17A, US, sugarcane 
A17H, US, sugarcane  
A17N, US, sugarcane 
Gal21E, US, sugarcane 
Har4A, US, cotton lint  
Har5K, US, cotton lint 
Har5L, US cotton lint 
5L, DR Congo, maize 

Har1AC, US, cotton lint 
Ray2F, US, sugarcane 

OPS515, Japan, sugarcane 
R12L, US, sugarcane 

Ray5I, US, sugarcane 
OPS500, Japan, sugarcane 

BN035O, Benin, soil * 
Gal19K, US, sugarcane 
Gal5N, US, sugarcane 

Gal2J, US, sugarcane 
Gal8O, US, sugarcane 
Gal12D, US, sugarcane 
Gal22I, US, sugarcane 
Mad1M, US, sugarcane 
Ray3BPal5N, US, sugarcane 

OPS485, Japan, sugarcane 
Har7O, US, cotton lint 

Gal2C, US, sugarcane 
Ab22S2, Nigeria, soil * 
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Isolate Species Continent Country Substrate Citation 

NRRL 13137 nomius N. America US Wheat Kurtzman et al.(1987) 

      P19 flavus N. America US Bermuda grass soil Cotty (1989) 
AF13 flavus N. America US Citrus soil Cotty (1989) 
AF12 flavus N. America US Cotton field soil Cotty (1989) 
AF70 flavus N. America US Cotton field soil Cotty (1989) 
AF36 flavus N. America US Cottonseed Cotty (1989) 
AF42 flavus N. America US Cottonseed Cotty (1989) 

V flavus N. America US Cottonseed Cotty (1989) 

      BN009E parasiticus Africa Benin Soil Probst et al. (2012) 

BN013P parasiticus Africa Benin Soil Cardwell and Cotty (2002) 

BN028S parasiticus Africa Benin Soil Cardwell and Cotty (2002) 

BN035O parasiticus Africa Benin Soil Cardwell and Cotty (2002) 

BN046K parasiticus Africa Benin Soil Cardwell and Cotty (2002) 

BN048E parasiticus Africa Benin Soil Cardwell and Cotty (2002) 

BN066F parasiticus Africa Benin Soil Cardwell and Cotty (2002) 

10A parasiticus Africa DR Congo Maize Probst et al. (2012) 

2D parasiticus Africa DR Congo Maize Probst et al. (2012) 

5L parasiticus Africa DR Congo Maize Probst et al. (2012) 

7I parasiticus Africa DR Congo Maize Probst et al. (2012) 
192B parasiticus Africa Kenya Maize Probst et al. (2012) 

212C parasiticus Africa Kenya Maize Probst et al. (2012) 

212J parasiticus Africa Kenya Maize Probst et al. (2012) 

286C parasiticus Africa Kenya Maize Probst et al. (2012) 

288H parasiticus Africa Kenya Maize Probst et al. (2012) 

330E parasiticus Africa Kenya Maize Probst et al. (2012) 

34P parasiticus Africa Kenya Maize Probst et al. (2012) 

53B parasiticus Africa Kenya Maize Probst et al. (2012) 

747J parasiticus Africa Kenya Maize Probst et al. (2012) 

753H parasiticus Africa Kenya Maize Probst et al. (2012) 

767N parasiticus Africa Kenya Maize Probst et al. (2012) 

767S parasiticus Africa Kenya Maize Probst et al. (2012) 

777J parasiticus Africa Kenya Maize Probst et al. (2012) 
785D parasiticus Africa Kenya Maize Probst et al. (2012) 

796J parasiticus Africa Kenya Maize Probst et al. (2012) 

841B parasiticus Africa Kenya Maize Probst et al. (2012) 

841I parasiticus Africa Kenya Maize Probst et al. (2012) 
842F parasiticus Africa Kenya Maize Probst et al. (2012) 

842G parasiticus Africa Kenya Maize Probst et al. (2012) 

851I parasiticus Africa Kenya Maize Probst et al. (2012) 

854F parasiticus Africa Kenya Maize Probst et al. (2012) 
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Isolate Species Continent Country Substrate Citation 

879B parasiticus Africa Kenya Maize Probst et al. (2012) 

910D parasiticus Africa Kenya Maize Probst et al. (2012) 

13F parasiticus Africa Malawi Maize Probst et al. (2012) 

13L parasiticus Africa Malawi Maize Probst et al. (2012) 

1I parasiticus Africa Malawi Maize Probst et al. (2012) 

18B parasiticus Africa Mozambique Maize Probst et al. (2012) 

31L parasiticus Africa Mozambique Maize Probst et al. (2012) 

Ab22S2 parasiticus Africa Nigeria Soil Atehnkeng et al. (2008) 
Ma39s13 parasiticus Africa Nigeria Soil Atehnkeng et al. (2008) 

3I parasiticus Africa Somalia Maize Probst et al. (2012) 

1A parasiticus Africa Tanzania Maize Probst et al. (2012) 

1C parasiticus Africa Tanzania Maize Probst et al. (2012) 
NRRL 2999 parasiticus Africa Uganda Peanut Rambo et al. (1974) 

SU1 parasiticus Africa Uganda Peanut Lee et al.(1971) 

10A parasiticus Africa Zambia Maize Probst et al. (2012) 

20D parasiticus Africa Zambia Maize Probst et al. (2012) 

13B parasiticus Africa Zimbabwe Maize Probst et al. (2012) 
17L parasiticus Africa Zimbabwe Maize Probst et al. (2012) 

1B parasiticus Africa Zimbabwe Maize Probst et al. (2012) 
OPS651 parasiticus Asia China Peanut Kumeda et al. (2003) 
OPS485 parasiticus Asia Japan Sugarcane Kumeda et al. (2003) 
OPS500 parasiticus Asia Japan Sugarcane Kumeda et al. (2003) 
OPS515 parasiticus Asia Japan Sugarcane Kumeda et al. (2003) 

OPS393 parasiticus Asia Vietnam Peanut Kumeda et al. (2003) 
OPS417 parasiticus Asia Vietnam Peanut Kumeda et al. (2003) 

TurG parasiticus Europe Spain Soil Current study 

12A parasiticus N. America Mexico Soil Current study 
A20D parasiticus N. America Mexico Soil Current study 

C1G parasiticus N. America Mexico Soil Current study 

C2E parasiticus N. America Mexico Soil Current study 

NCBS08H parasiticus N. America Mexico Soil Ortega, et al. (2011) 
Ye3B parasiticus N. America Mexico Soil Ortega, et al. (2011) 
Ye3I parasiticus N. America Mexico Soil Ortega, et al. (2011) 
Ye3K parasiticus N. America Mexico Soil Ortega, et al. (2011) 

Ye5I parasiticus N. America Mexico Soil Ortega, et al. (2011) 
Ye5L parasiticus N. America Mexico Soil Ortega, et al. (2011) 
Ye6E parasiticus N. America Mexico Soil Ortega, et al. (2011) 
Ye6G parasiticus N. America Mexico Soil Ortega, et al. (2011) 

Har1AC parasiticus N. America US Cotton lint Garber and Cotty (2013) 

Har4A parasiticus N. America US Cotton lint Current study 

Har5K parasiticus N. America US Cotton lint Current study 
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Isolate Species Continent Country Substrate Citation 

Har5L parasiticus N. America US Cotton lint Current study 
Har7O parasiticus N. America US Cotton lint Garber and Cotty (2013) 

I33 parasiticus N. America US Maize Current study 

I55 parasiticus N. America US Maize Current study 
NRRL 4123 parasiticus N. America US Maize Peterson (2008) 

NRRL 6433 parasiticus N. America US Maize Wicklow et al. (1981) 
NRRL 502 parasiticus N. America US Mealybug Peterson (2008) 

CP461 parasiticus N. America US Peanut Dorner et al. (1984) 
NRRL 424 parasiticus N. America US Peanut field soil Peterson (2008) 

A17A parasiticus N. America US Sugarcane Current study 

A17H parasiticus N. America US Sugarcane Garber and Cotty (2013) 

A17N parasiticus N. America US Sugarcane Garber and Cotty (2013) 

A34F parasiticus N. America US Sugarcane Current study 

Gal12D parasiticus N. America US Sugarcane Current study 

Gal19K parasiticus N. America US Sugarcane Current study 

Gal21E parasiticus N. America US Sugarcane Current study 

Gal22I parasiticus N. America US Sugarcane Current study 
Gal22J parasiticus N. America US Sugarcane Garber and Cotty (2013) 

Gal2C parasiticus N. America US Sugarcane Current study 

Gal2J parasiticus N. America US Sugarcane Current study 
Gal5N parasiticus N. America US Sugarcane Garber and Cotty (2013) 

Gal8O parasiticus N. America US Sugarcane Current study 
Mad1B parasiticus N. America US Sugarcane Garber and Cotty (2013) 

Mad1M parasiticus N. America US Sugarcane Current study 
Mad2H parasiticus N. America US Sugarcane Garber and Cotty (2013) 

Pal4E parasiticus N. America US Sugarcane Current study 

Pal5N parasiticus N. America US Sugarcane Current study 

R12L parasiticus N. America US Sugarcane Current study 

R7D parasiticus N. America US Sugarcane Current study 
Ray2F parasiticus N. America US Sugarcane Garber and Cotty (2013) 

Ray3B parasiticus N. America US Sugarcane Current study 
Ray4C parasiticus N. America US Sugarcane Garber and Cotty (2013) 

Ray5I parasiticus N. America US Sugarcane Current study 

A240 parasiticus N. America USA pistachio Doster et al. (2009) 

Arg1 parasiticus S. America Argentina Peanut Pildain et al. (2004) 
NRRL 465 parasiticus Unknown Unknown Unknown Wei and Jong (1986) 

WB parasiticus Unknown Unknown wolfberry Current study 
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CHAPTER 3 - HUMAN EXPOSURE TO AND CLIMATE INFLUENCE ON 

AFLATOXIN CONTAMINATION OF COMMERCIAL AND COTTAGE INDUSTRY 

MESQUITE (PROSOPIS VELUTINA) POD FLOUR. 

 

Abstract 

Mesquite trees (Prosopis velutina, P. glandulosa, and P. pubescens) produce protein- and 

carbohydrate-rich pods that are wildlife staples and have been consumed by indigenous people 

for generations in Arizona. Native food enthusiasts in Arizona conduct public millings of wild- 

and landscape-collected mesquite pods to produce mesquite flour, which is often consumed in 

the same localities where it is produced without conventional food safety inspection. Aflatoxin 

contamination of food and feed is a perennial concern in Arizona where aflatoxin contamination, 

caused mainly by Aspergillus flavus, has been previously reported in Fabaceae fruits including 

Prosopis pods. This study identified aflatoxin exposure risk posed by mesquite flour in 

southeastern Arizona. Aflatoxin was found in both commercial (imported and domestic) and 

non-commercial mesquite flour batches. Aflatoxin contamination above FDA action levels for 

human food occurred in 10% of the sampled flour, and only 2 of 37 batches had aflatoxin levels 

low enough for European export (< 2 ppb). Aflatoxin was also detected in flour imported from 

Peru and Argentina. Variability in aflatoxin content in Tucson was largely explained by harvest 

date (63%) with those harvested later in the monsoon season yielding more aflatoxin. Pods 

harvested in Tucson before monsoonal rains (≤ 4.5 mm rainfall) produced mesquite flour with 

aflatoxin below FDA action limits, while those exposed to monsoonal precipitation levels (60-67 

mm rainfall) were contaminated with 37 ppb aflatoxin on average. Immunochromatographic 

lateral flow assay of aflatoxin in mesquite flour proved a viable option for testing in the lab and 

at public events. 
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Introduction 

 

A component of regional Indian and South American diets (34; 61; 63) and eaten by 

indigenous peoples of the Sonoran desert for generations (64), mesquite (Prosopis spp.) has been 

proposed as a food crop in arid and developing countries because these nitrogen-fixing trees 

require few inputs, including water (50). Proponents of mesquite consumption encourage 

inclusion of mesquite pods into the diet for addition of antioxidants, protein, and soluble and 

insoluble dietary fiber (7). Mesquite pods can be low in antinutrients such as tannins and trypsin 

inhibitors, but species and individuals vary with some species containing levels high enough to 

cause gastrointestinal distress (63; 101; 105). Inclusion of mesquite pod products in indigenous 

diets has recently been sought as a way of managing epidemic diabetes among tribes (102). 

Mesquite can be used to replace wheat in traditional recipes, with tasters preferring recipes 

containing 40-45% mesquite flour (7).  

Producers in Arizona sell mesquite flour online, in grocery stores, and at farmer’s 

markets. Local and international interest in native, wild, and traditional foods has helped develop 

a niche market for mesquite flour with cost per kilogram ranging from 22 to 35 dollars in this 

study. The pods from which mesquite products are produced can be harvested from the wild, 

landscaping plants (public and private), and commercial orchards. Wild and landscape harvesters 

attempt to avoid trees exposed to pesticides, herbicides, and environmental toxins, but crop 

exposure history and the effect that environmental toxins have on pods is unavailable or 

unknowable to lay persons. In Arizona, pods are generally passively dried, stored for 2-4 months 

until monsoonal moisture has passed, and pulverized into flour with a hammer mill. A native 

food market has developed for mesquite pod products including mesquite flour, largely from P. 
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velutina, and mesquite syrup, primarily from P. pubescens. In addition to the flour itself, 

confections including mesquite flour are available in local markets. 

Aflatoxin contamination of food and feed produced in Arizona is a perennial concern, 

and susceptible crops are regularly rejected from premium markets due to aflatoxin 

contamination (15). Aflatoxins are toxic metabolites produced by fungi in Aspergillus section 

Flavi, and aflatoxin B1 is considered the most carcinogenic naturally occurring compound (18; 

32). In the US, aflatoxin contamination of foods and feeds is largely an economic issue (144). 

Susceptible crops are routinely assayed for aflatoxin content, and crops with aflatoxin content of 

20 parts per billion (ppb) or greater are excluded from the human food supply chain (136). 

Mesquite flour often enters consumer markets without undergoing any food hygiene scrutiny. 

Foods that are not assayed for aflatoxin contamination provide a unique health risk in the US of 

liver cancer, especially for those infected with hepatitis viruses (87; 94). The only previous study 

conducted to address aflatoxin-contamination in mesquite frequently isolated Aspergillus flavus 

and found dangerously high levels of aflatoxin in pods from tree canopies and the ground in 

native areas (16).  

The goals of the current study were to: 1) assess risk of aflatoxin exposure risk to 

consumers of mesquite flour in the Tucson area (both from large-scale and cottage industries), 2) 

determine factors that increase aflatoxin contamination in mesquite products, and 3) evaluate 

immunochromatographic lateral flow testing for use by small scale producers of mesquite flour. 

Materials and Methods 

 

Sampling plan. Sample locations were chosen among sites where annual or semiannual 

mesquite pods harvests have regularly occurred and included private and public landscapes, 

commercial orchards, and wilderness at a variety of elevations (Fig. 3.1). Sample sites were 
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located at elevations of 285 m to 1615 m above sea level (Table 3.1). Each sample consisted of 

one 20 liter bucket (similar to Polyethylene Pail, 5 gal., Ben Meadows, Janesville, WI, USA) 

filled with mesquite pods. Each bucket was filled with pods from 20-40 P. velutina trees. After 

harvesting, pods were laid on tarps and dried in the sun until the pods were easily broken. Dried 

pods were stored in buckets with sealed lids outdoors or left open indoors. Commercial samples 

were collected from health food and specialty stores, farmer’s markets, and online, either located 

in the sampling area or available to consumers within the sampling area. Commercial samples 

were purchased in 227 g and 453 g (0.5 and 1 pound) quantities. 

Sample milling. All harvested pods were pulverized using a gas-powered Number 5 

hammer mill (Meadows Mills, North Wilkesboro, NC, USA) fitted with a #4 screen, which is the 

mill used at public millings by Desert Harvesters (813 N 9th Ave, Tucson AZ 85705, 

desertharvesters.org).  After milling and mixing, two 200 g samples were collected from each 

batch of flour produced from each 20 L bucket of pods. Samples were stored at -20°C until 

analyzed for aflatoxin and moisture content. Samples were kept closed and passively warmed to 

room temperature before aflatoxin and moisture analysis.   

Moisture analysis. Twenty grams of each mesquite flour sample was weighed in pre-

weighed metal containers (metal container, 4 oz., Ben Meadows, Janesville, WI, USA) and dried 

in a gravity convection oven (70°C, 3 d, DX300, Yamamoto Scientific America Inc., San 

Francisco, CA, USA). Containers were sealed as they were removed from the oven, allowed to 

equilibrate to room temperature and then weighed (Top Loading Balance, GF-2000 A & D 

Company Ltd., San Jose, CA, USA). The dry flour weight was obtained by subtracting the 

container weight, and the percent moisture was obtained by subtracting the flour dry weight from 

the initial weight of the flour and dividing that difference by the initial flour weight. 
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Aflatoxin analyses. Aflatoxin was measured with a quantitative lateral flow test because 

of the reduced likelihood of matrix interference as compared with ELISA tests (112), and to 

select a test that would provide reliable results outside laboratory setting when performed by 

laypersons. Neogen Reveal Q+ for aflatoxin (Neogen Corp., Lansing, MI, USA) was selected for 

use in this study specifically because of room temperature storage. For each sample, 50 g 

mesquite flour was weighed directly into 500 ml media bottles (Corning Inc., Corning, NY, 

USA); 250 ml 65% ethanol was added to each bottle. The mixture was placed on an orbital 

shaker (300 RPM; KS-501, IKA Works Inc., Wilmington, NC, USA) for 3 minutes. Extracts 

were allowed to settle, before pouring through fluted #4 Whatman filter paper (GE Healthcare, 

Pittsburgh, PA, USA). At least 50 ml of filtrate was collected in a polyethylene beaker. 100 µl 

filtrate was mixed with 500 µl Neogen Reveal Q+ for Aflatoxin diluent in the test kit, and 100 µl 

of this diluted filtrate was transferred to the test well. One test strip was dropped into the test 

well and allowed to develop for 6 minutes, after which the strip was read by the Neogen 

AccuScan III Reader. Aflatoxin concentration was reported in parts per billion, and the final 

concentration was adjusted by the percent recovery from the spike and recovery assay. 

Spike and recovery assay. To test the accuracy of the Neogen Reveal Q+ for Aflatoxin 

lateral flow test for the assay of aflatoxin in mesquite flour, a matrix for which the test is not 

certified, five 50 g samples of mesquite flour with known low aflatoxin content were spiked with 

2.67 µg total aflatoxin by adding aflatoxin mix standard (Sigma Aldrich, St. Louis, MO, USA) to 

each in 10 ml ethanol. Four additional 50 g samples were spiked with 0.81 µg aflatoxin B1 only 

in 10 ml ethanol. Spiked mesquite flour was mixed by shaking and allowed to dry (2 d, 25° C, 

dark). Once dried the previously described protocol for aflatoxin analysis was followed. Percent 
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recovery was calculated by dividing the concentration of aflatoxin recovered by the known 

quantity of aflatoxin added. 

Precipitation measurement. Estimates of precipitation on mature mesquite pods in 

Tucson were calculated by adding the inches of precipitation recorded by the nearest AZMET 

weather station (The University of Arizona, Tucson http://ag.arizona.edu/azmet/az-data.htm) 

from the first of June until the harvest date for each sample collected in Tucson. A similar 

calculation was made using the Bonita and Kansas Settlement weather stations to approximate 

rainfall in Cascabel and Cochise County respectively. 

Data analysis. Aflatoxin content in mesquite flour and the number of samples from each 

site with aflatoxin content above 5 ppb were analyzed using a chi-squared and Pearson’s test of 

independence (Table 3.1). The correlation between accumulated precipitation on mature pods at 

harvest or harvest day and aflatoxin content of flour produced from those pods was analyzed sum 

of squares F- test to test fit and significance (Fig. 3.2). The significance of the difference in 

aflatoxin contamination in flour made from pods that had 0-4.5 mm rainfall exposure and those 

with 60-67 mm rainfall exposure was tested using ANOVA and Tukey’s HSD test. All analyses 

were done using JMP version 9 (SAS Institute Inc., Cary, NC, USA). 

Results and Discussion 

 

All samples had detectable levels of aflatoxin (Table 3.1). Accuracy of detection was 

confirmed with spike and recovery assays that achieved an average recovery of 91% of aflatoxin 

B1 added to mesquite flour.  Detection of aflatoxin in all samples confirms previous observations 

that A. flavus is frequently found in desert legumes, and aflatoxin can contaminate the pods (16). 

High frequencies of contamination indicate close association of mesquite pods with aflatoxin-
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producing fungi.  This close association dictates that mesquite pods and flour must be 

sufficiently dry and/or cool during storage to prevent aflatoxin increases (31; 143).  

Contamination heterogeneity puts significant constraints on estimating the aflatoxin 

content of crops, especially crops like mesquite with large individual fruits that vary widely in 

aflatoxin content (16; 32).  Processing mesquite pods into flour helps reduce the sample-by-

sample heterogeneity which causes inaccurate aflatoxin estimations.  In the current study, 

extraction of 50 g samples of flour allowed useful and reproducible estimates of the flour lot’s 

aflatoxin content.   Mesquite processors should be discouraged from using smaller samples 

which will result in less accurate estimates (139). 

Ten percent of mesquite flour lots evaluated in the current study tested positive for levels 

of aflatoxin in excess of the FDA action level for human food (Table 3.1). Two samples from 

Tucson had aflatoxin content of 24 and 74 ppb, and two samples from Oracle had 48 and 110 

ppb aflatoxin. Aflatoxin content in mesquite flour was variable across the harvest season and 

across and within sampling sites. Only two of the lots of mesquite flour had an aflatoxin 

concentration low enough for export to Europe (below 2 ppb; one from Tucson and another from 

Oracle). Mesquite pods present a unique aflatoxin exposure risk for consumers in the US as food 

produced and consumed locally may fall through the cracks of food hygiene programs. Imported 

food and food from large producers is routinely scrutinized for aflatoxins, among other food 

borne pathogens and contaminants (136), while local food from small producers might evade 

government food hygiene programs because of the proximity of producer to consumer (6). 

Although mesquite flour is a niche product in southeastern Arizona, human aflatoxin exposure 

risk is potentially greater in regions where mesquite pods provide significant calories to local 

diets and especially the diets of children, as in Chile, Argentina, Peru and India (61). For its ease 
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of use, immunochromatographic lateral flow aflatoxin testing programs would provide assurance 

on the safety of mesquite based foods in local markets in a number of geographic areas.  

In Tucson, samples produced from pods not exposed to monsoon moisture had levels of 

aflatoxin significantly lower than samples from pods exposed to monsoon levels of precipitation 

(F 1, 8=15.84, P=0.0041; Fig. 3.3). Rainfall on mature crops has been correlated with increased 

aflatoxin risk in numerous susceptible crops including cotton and maize (30; 32; 77). 

Consequently, later harvest was also correlated (F1,8=12.03, P=0.0085) with increased aflatoxin 

in mesquite flour, demonstrating a temporal component to aflatoxin contamination which may be 

mitigated by earlier harvests and rapid drying and milling. Monsoonal moisture was not 

quantifiable at some  sample sites due to lack of proximity to  weather stations, but areas with 

estimated statistically similar rainfall (Cascabel and Cochise County, data not shown) had lower 

levels of aflatoxin than Tucson (Table 3.1). This may be due to mesquite pods maturing later at 

these higher elevation locations, or the cooler temperatures limiting growth of aflatoxin-

producing fungi in Cascabel and Cochise County (30).  

Mesquite flour produced from pods harvested in the same vicinity varied widely in 

aflatoxin contamination, with aflatoxin content of pods harvested 11 days apart ranging from 4 to 

over 100 ppb (Table 3.1, Fig. 3.2). Mesquite flour produced from the Oracle harvest provided the 

lowest (1.3 ppb) and the highest (110 ppb) aflatoxin levels detected in the current study. This 

variability is consistent with other crops susceptible to aflatoxin contamination and continues to 

show the need for quantification of aflatoxins in mesquite flour. 

None of the batches of mesquite flour had moisture levels above 6% (Table 3.1), a level 

insufficient to support fungal growth and aflatoxin production in other crops (143). Aflatoxin 

contamination of mesquite flour is a process that begins as pods develop on the tree. It appears 
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that mesquite pods are exposed to A. flavus inoculum throughout maturing, ripening, and storage.  

Contamination can be exacerbated by suboptimal harvest (i.e. collecting pods from the ground; 

(16), insect damage, and warm and damp storage conditions either prior to or after milling (31).  

Reducing the amount of time between harvesting, drying, and milling could improve 

management of aflatoxins in mesquite flour. 

Mesquite species native to the Sonoran desert, Prosopis glandulosa, P. pubescens, and P. 

velutina (12), serve critical ecological roles in native landscapes (119) and are adapted to a wide 

variety of biomes and climatic conditions (62). Outside the Sonoran desert, including the 

grasslands bordering it (135), Prosopis spp. have proven to be destructive and intractable 

invaders displacing native flora and fauna and changing soil chemistry and water dynamics (76; 

99). Prosopis root production, soil modification, and fecundity allows for exponential range 

expansion and makes removal intractable (52), with costs of managing invasive mesquite 

ranging from $60 per acre if herbicide alone is effective to $2000 per acre if mature trees must be 

physically removed (129). Attempted biological control using seed pests has been ineffective in 

South Africa (145). Mesquite is a noxious weed even in areas where water is extremely growth 

limiting (145) yet mesquite are luxury water users in areas where water is plentiful capable of 

lowering water tables (35). Mesquite seeds are protected by a hard endocarp and seed coat, and 

seeds passed through the digestive tract of animals had germination rates as high as 82% in 

horses to as low as 25% in sheep (62; 86). If a ruminant consumes too many mesquite pods, the 

indigestible endocarp and seeds will become impacted in the digestive tract and sicken or kill the 

animal (1; 67). With adequate aflatoxin testing (32), production of mesquite flour as a nutritious 

additive for use in animal feed and human food (63; 105) could provide a saleable product that 
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would remove Prosopis seeds from the seed bank (132) and protect livestock from overfeeding 

on pods and unintended exposure to aflatoxins. 

In the course of performing this study, two community stakeholders with no scientific 

background were trained in the performance of lateral flow testing on mesquite flour. The ease of 

use, accuracy, and availability of reagents are adequate for use of lateral flow testing at 

community milling events and by small stakeholders to provide food safety information to 

consumers, without regulatory intervention. 

Conclusion 

 

The present study identifies human aflatoxin exposure risk through the consumption of 

mesquite flour. Most mesquite flour had aflatoxin levels that posed no health threat, although 

samples with the lowest and highest aflatoxin content originated from the same harvest area. 

Aflatoxin content in most samples was below FDA action levels for human food, but 10% of the 

mesquite flour sampled in 2012 should be excluded from the US human food supply chain. This 

study highlights how dangerous food may evade regulatory programs when consumed where it is 

produced. This is a widespread problem in developing nations but, as documented here, can also 

result in human exposure to aflatoxins in developed nations. Harvesting, drying, and milling 

pods before monsoonal weather patterns, and storing dry flour in closed containers may help to 

mitigate much of the aflatoxin contamination risk in Arizona.  
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Figure 3.1 Map of sampling locations in southeastern Arizona. 4 to 10 samples were collected at 

each location before and after monsoonal weather patterns brought summer rains. Each tree on 

the map represents the 1-8 trees whose pods were harvested at each sample date. At Oracle 

sampling site (inset), GPS data was collected at each harvest site to represent the number of trees 

and distance covered for each harvest. 
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Figure 3.2 Aflatoxin contamination levels in mesquite flour produced from pods harvested in 

Tucson is presented to show the statistically significant correlation determined by sum of squares 

F-test (F2, 7=6.026, P=0.0301) between harvest day and aflatoxin contamination. A two-degree 

polynomial trend line was best fit to the data (r
2
 = 63.2). 
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Figure 3.3 Average log aflatoxin was significantly different (F 1, 8=15.84, P=0.0041) for flour 

produced from pods exposed to between zero and 4.5 mm rainfall, and those exposed to between 

60 and 68 mm rainfall. Different letters (A or B) near each average indicate that log aflatoxin 

content was different according to Tukey’s HSD test (ɑ = 0.05). Rainfall was measured by the 

Tucson AZMET weather station from June 1 when the pods were ripe to the harvest date. 

 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Lo
g 

af
la

to
xi

n
 (

p
p

b
) 

A 

B 

Accumulated rainfall from June 1
st

 until mesquite pod harvest (mm) 

0 – 4.6 mm (n=7) 60 – 68 mm (n=3) 



72 

 

 

Table 3.1 Results of Neogen Reveal Q+ for Aflatoxin immunochromatographic assays performed on all mesquite flour samples in this 

study. The number of samples from each source with aflatoxin contamination greater than 5 ppb are significantly different among 

locations (χ
2
=17.97, P=0.003), and reported relevant to FDA action levels for dairy feed. Numbers not followed by the same letter (A 

or B) are independent using Pearson’s chi-squared test. 

 
*
Numbers not followed by the same letter are independent (P=0.003) using Pearson’s chi squared test.  

  

Source 
Samples 

(n) 
Elevation 

(m) 
Harvest Dates 
(day number) 

% Moisture 
(w/w) 

Aflatoxin 
(ppb) Range 

# Samples >20 ppb 
aflatoxin 

# Samples >5 
ppb aflatoxin* 

         

Tucson 10 730-805 167-202 6 13.5 1.6-81 2 3 A 

Oracle 8 714-1317 177-299 5 24.6 1.4-120 2 3 A 

Cascabel 4 964 196-246 5 3.9 2.7-5.5 0 1 B 

Cochise County 5 1438-1615 213-242 6 3.45 3.2-3.8 0 0 B 
Commercial 8 unknown unknown 4 8.2 5.2-10.4 0 8 A 
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