Figure 2. Relationships between collection locations of D. barberi and D. longicornis. The tree is an unrooted neighbor-joining
tree constructed from pairwise Fsr differences. D. barberi are marked in black; D. longicornis are marked in blue. Branch length
corresponds to genetic distance.



Figure 3. Principal components analysis plot for D. barberi and D. longicornis from color-scoring and head capsule width
(mm) data. Filled circles represent putative D. barberi, and open circles represent putative D. longicornis. PC1 and PC2 combined
explained 66.05% of the total variation. See Table 6 for eigenvectors for principal components.
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Table 1. Collection sites, dates, and hosts for D. barberi and D. longicornis used for

genetic analysis.

Putative species’ County State N Date Host(s)"

D. barberi Champaign IL 7 8/2/99 corn

D. barberi DeKalb IL 10 8/22/99 soybean

D. barberi Peoria IL 10 8/22/99 soybean

D. barberi Clinton IA 10 7/27/98 corn

D. barberi Palo Alto IA 10 8/31/99 sunflower

D. barberi Buena Vista 1A 10 8/31/99 sunflower

D. barberi Benton MN 10 8/30/99 sunflower

D. barberi McLeod MN 10 8/31/99 sunflower

D. barberi Martin MN 10 8/31/99 sunflower

D. barberi Brookings SD 10 9/15/99 sunflower

D. barberi Brookings SD 9 9/14/98 sunflower

D. barberi Madison NE 10 9/16/98 corn

D. barberi Lancaster NE 10 7/14/98, 8/18/98  lights, amaranth
D. barberi Saunders NE 9 7/21/98 corn

D. barberi Merrick NE 10 9/10/99 sunflower

D. barberi Hall NE 10 9/10/99 sunflower

D. barberi Adams NE 10 corn

D. barberi Jefferson NE 7 8/25/99 corn

D. barberi Webster NE 4 7/28/98, 8/25/99  buffalo gourd
D. longicornis Lancaster NE 5 7/14/98 pumpkin

D. longicornis Nuckolls NE 8 7/14/98 buffalo gourd
D. longicornis Webster NE 10 7/28/98 buffalo gourd
D. longicornis Dundy NE 4 8/13/98 buffalo gourd
D. longicornis Scott KS 9 7/26/98 buffalo gourd

? Species determined by morphology and collection location.
®Host species are: sunflower (Helianthus annuus L., Asteraceae), corn (Zea mays L., Poaceae), soybean
(Glycine max (L.), Fabaceae), amaranth (4maranthus sp., Amaranthaceae), buffalo gourd (Cucurbita
Joetidissima HBK, Cucurbitaceae), and pumpkin (Cucurbita pepo L., Cucurbitaceae).



Table 2. Collection sites, dates, and hosts for D. barberi and D. longicornis used for morphological analysis.

Putative Latitude Longitude No.
species® County State Region” (°N) (°W) N Sites Date Host(s)
D. barberi Tompkins NY Allopatry 42.44 76.53 10 1 9/16/05 corn
D. barberi Clark OH Allopatry 39.8667 83.6667 26 1 9/7/06 corn
D. barberi Lafayette MO  Allopatry 39.00 93.70 21 1 summer 2005 corn
D. barberi Nodaway MO Allopatry 40.4438 95.0822 20 1 8/6/05 corn
D. barberi Pipestone MN Allopatry 44.0669 96.2968 19 1 8/12/04 corn
D. barberi Traill ND Allopatry 47.3523 97.3253 23 1 8/21/06 corn
D. barberi Dodge NE Sympatry 41.6331 96.6562 11 1 8/16/05 corn
7/13/88, 8/16/05, thistle, rosinweed, corn, sunflower,
D. barberi Saunders NE Sympatry 41.11 96.68 64 4 9/12/06 goldenrod, buffalo gourd
7/20/85, 8/9/05, corn, thistle, sunflower, tall thistle,

D. barberi Lancaster NE Sympatry 40.79 96.76 47 4 8/24/05, 9/12/06 bur cucumber
D. barberi Gage NE Sympatry 40.2822 96.8223 1 1 8/9/05 corn
D. barberi Dixon NE Sympatry 42.3518 96.8621 15 1 8/17/05 corn
D. barberi Polk NE Sympatry 41.176 97.7714 5 1 8/11/05 corn
D. barberi Howard NE Sympatry 41.1866 98.3058 6 1 8/11/05 corn

curlycup gumweed, horseweed,
D. barberi Hall NE Sympatry 40.8009 98.4749 17 1 8/11/05 goldenrod, sunflower
D. barberi Sherman NE Sympatry 41.27 98.86 15 2 8/11/05, 9/13/06 corn, sunflowers
D. barberi Custer NE Sympatry 41.2769 99.3669 12 1 8/11/05 corn, western ironweed, thistle
D. barberi Buffalo NE Sympatry 40.7866 99.3854 13 1 8/11/05 corn, sunflowers
D. barberi Dawson NE Sympatry 40.8729 100.1634 3 1 8/26/05 sunflower
D. barberi Frontier NE Sympatry 40.6003 100.4979 15 1 8/27/05 sunflower
D. barberi Lincoln NE Sympatry 41.0904 100.7767 2 1 8/26/05 pumpkin, sunflower
D. barberi Riley KS Sympatry 39.10 96.61 24 5 8/4/05-8/5/05 buffalo gourd, rosinweed, corn
D. longicornis Nuckolls NE Sympatry 40.0732 98.0684 2 1 8/9/05 buffalo gourd
D. longicornis Webster NE Sympatry 40.0877 98.6507 7 1 8/2/04 buffalo gourd
D. longicornis Lincoln NE Sympatry 41.0904 100.7767 1 1 8/26/05 pumpkin, sunflower
D. longicornis Dundy NE Allopatry 40.0417 101.7219 3 1 8/6/06 buffalo gourd
D. longicornis Keith NE Allopatry 41.2575 101.9607 3 1 7/22/07 buffalo gourd
D. longicornis Garden NE Allopatry 41.3049 102.1115 12 1 7/23/05 buffalo gourd
D. longicornis Riley KS Sympatry 39.11 96.60 20 4 8/4/05 buffalo gourd, rosinweed



D. longicornis Ottawa KS Sympatry 39.0769 97.8921 22 1 8/5/05 buffalo gourd
D. longicornis Finney KS Allopatry 38.0669 100.557 4 1 7/29/05 buffalo gourd
D. longicornis Scott KS Allopatry 38.6605 1009137 1 1 7/29/05 buffalo gourd
D. longicornis Pueblo CO Allopatry 38.23 104.27 32 3 7/28/05 buffalo gourd
D. longicornis Santa Cruz AZ Allopatry 31.62 110.70 2 2 7/25/05 buffalo gourd

? Species determined by morphology and collection location.

® Region is allopatry or sympatry.

“Host species are: sunflower (Helianthus annuus L., Asteraceae), rosinweed (Silphium sp., Asteraceae), curlycup gumweed (Grindelia squarrosa (Pursh) Dunal,
Asteraceae), horseweed (Conyza canadensis (L.) Cronquist), goldenrod (Solidago sp., Asteraceae), western ironweed (Vernonia fasiculata Michx., Asteraceae),
thistle (Cirsium sp., Asteraceae), tall thistle (Cirsium altissimum (L.) Hill, Asteraceae), corn (Zea mays L., Poaceae), soybean (Glycine max (L.), Fabaceae),
amaranth (Amaranthus sp., Amaranthaceae), buffalo gourd (Cucurbita foetidissima HBK, Cucurbitaceae), bur cucumber (Sicyos angulatus L.), and pumpkin
(Cucurbita pepo L., Cucurbitaceae).
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Table 3. Average gene diversity (= SD) and proportion of polymorphic loci for each

population.

Average Gene

Proportion of

Putative Species County, State Diversity Polymorphic Loci
D. barberi Champaign, IL 0.240 £ 0.138 0.535
D. barberi DeKalb, IL 0.275+0.149 0.687
D. barberi Peoria, IL 0.301 £0.163 0.745
D. barberi Clinton, IA 0.303+0.164 0.714
D. barberi Palo Alto, IA 0.350 £0.189 0.838
D. barberi Buena Vista, [A 0.349 +0.188 0.808
D. barberi Benton, MN 0.273 £0.148 0.711
D. barberi McLeod, MN 0.320+0.173 0.847
D. barberi Martin, MN 0.364 £0.196 0.918
D. barberi Brookings 1, SD 0.322+0.174 0.808
D. barberi Brookings 2, SD 0.289 +0.159 0.694
D. barberi Madison, NE 0.302+0.163 0.748
D. barberi Lancaster, NE 0.293 +£0.159 0.707
D. barberi Saunders, NE 0.272+0.150 0.647
D. barberi Merrick, NE 0.300+0.162 0.735
D. barberi Hall, NE 0.339+0.183 0.828
D. barberi Adams, NE 0.251 £0.136 0.653
D. barberi Jefferson, NE 0.291 £ 0.166 0.626
D. barberi Webster, NE 0.251£0.168 0.475
D. longicornis Lancaster, NE 0.299 +£0.185 0.586
D. longicornis Nuckolls, NE 0.229 +0.129 0.556
D. longicornis Webster, NE 0.259 £0.141 0.636
D. longicornis Dundy, NE 0.246 £ 0.165 0.434
D. longicornis Scott, KS 0.225+0.124 0.596




Table 4. Results from analysis of molecular variance for D. barberi and D.

longicornis combined, and for each species separately.

Sum of Variance Percentage
Source of variation d.f. squares components  of variation
Among groups (species) 1 98.24 0.985 5.33
Among populations 22 907.19 3.025 16.35
Within populations 188 2724.35 14.49 78.33
Total 212 3729.78 18.50
D. barberi
Among populations 18 814.71 3.30 18.26
Within populations 157 2317.87 14.76 81.74
Total 175 3132.58 18.06
D. longicornis
Among populations 4 80.80 1.13 8.48
Within populations 31 379.59 12.24 91.52
Total 35 460.39 13.38
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Table 5. Mean total color scores (= SE) and mean head capsule width (in mm) of
beetle populations by county.

Putative Head Capsule Width
Species County State Color £ SE (mm) = SE

D. barberi Tompkins NY 14.5+0.36 c 1.079 £0.0270  bc
D. barberi Clark OH 12.1£0.22 d 1.107+£0.0167 bc
D. barberi Lafayette MO 11.3+0.25 d 1.141+0.0186 b
D. barberi Nodaway MO 11.5+0.25 d 1.100+0.0191  bc
D. barberi Pipestone MN 11.9+0.26 d 1.180+0.0196 ab
D. barberi Traill ND 11.3+0.24 d 1.129+0.0178 b
D. barberi Dodge NE 11.2+0.34 d 1.102+0.0257 bc
D. barberi Saunders NE 12.0+0.14 d 1.087+0.0107 bc
D. barberi Lancaster NE 123+0.16 d 1.075+0.0125 c
D. barberi Gage NE 11.8+1.13 d 1250+0.0853 ab
D. barberi Dixon NE 11.5+0.29 d 1.083+0.0220 bc
D. barberi Polk NE 11.9+0.51 d 1.117+£0.0382 bc
D. barberi Howard NE 11.2+0.46 d 1.035+0.0348 c
D. barberi Hall NE 11.5+0.27 d 1.105+0.0207 bc
D. barberi Sherman NE 11.4+0.29 d 1.097+£0.0220 bc
D. barberi Custer NE 11.3+0.33 d 1.073 £0.0246 c
D. barberi Buffalo NE 11.4+0.31 d 1.135+0.0237 b
D. barberi Dawson NE 11.5+0.65 d 1.070 +0.0493

D. barberi Frontier NE 11.8+0.29 d 1.025+0.0220

D. barberi Lincoln NE 10.6+0.80 d 1.104+0.0603 bc
D. barberi Riley KS 10.9 +0.23 d 1.111£0.0174  bc
D. longicornis Nuckolls NE 17.84+0.80 ab 1.083 £0.0603  bc
D. longicornis Webster NE 169+0.43 b 1.137+0.0323 b
D. longicornis Lincoln NE 185+1.13 ab 1.125+0.0853  bc
D. longicornis Dundy NE 16.8+0.65 b 0.958 £ 0.0493 c
D. longicornis Keith NE 18.0+0.65 ab 1.139+0.0493 b
D. longicornis Garden NE 17.5+0.33 b 1.142+0.0246 b
D. longicornis Riley KS 16.3+0.25 b 1.127 £ 0.0191 b
D. longicornis Ottawa KS 16.7+0.24 b 1.117+£0.0182  be
D. longicornis Finney KS 17.6 £0.56 b 1.052 + 0.0427 c
D. longicornis Scott KS 13.0+1.13 cd 1.083+0.0853 bc
D. longicornis Pueblo CO 173+£0.20 b 1.103 £ 0.0151 be
D. longicornis  Santa Cruz AZ 19.84+0.80 a 1.292 £0.0603 a
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Total color score is the sum of the individual scores for antennae, clypeus, scutellum, three episternites, and
tibiae. Greater values for color score were associated with greater degrees of piceousness for all
morphological characters. Means presented are least-squares means (LSMEANS). Effect of population

(putative species and county) was significant for total color score (F = 62.18, df: 32, 445, P <0.0001) and
for head capsule width (F =2.22, df: 32,427, P =0.0002). Within columns, means followed by the same
lower-case letter are not significantly different (P > 0.05).
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Table 6. Eigenvectors for principal components (PC) analysis.

Morphological Character’ PC1 PC2

Antennae 0.41 0.24
Clypeus 0.41 0.046
Scutellum 0.40 0.031
Episternite 1 0.31 -0.38
Episternite 2 0.20  -0.64
Episternite 3 0.43 0.043
Tibiae 0.43 0.21

Head capsule width (mm) 0.013 0.57

Values in bold were greater than the mean of |0.33| for PC1 and the mean of |0.27| for PC2. These
components were considered important for explaining variation of each axis. The two principal
components explain a total of 66.1% of the total variation.

? Head capsule width was measured in mm. All other morphological characters were color-scored as
described by Krysan et al. (1983) (see text).
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Table 7. Classifications of sympatric putative D. barberi and D. longicornis by
discriminant analysis, based on color scores and head capsule widths of allopatric
beetles.

Putative Species

Classified into: D. barberi D. longicornis

D. barberi 244 (97.6%) 6 (11.5%)
D. longicornis 6 (2.4%) 46 (88.5%)
Total 250 (100%) 52 (100%)

The first number represents the total beetles classified into a species by discriminant analysis; the number
in parentheses represents the percentage beetles classified into that species. Total represents the total
number of beetles classified by discriminant analysis. Total error rate in putative species identification was
6.97%. Allopatric beetles were used for calibration of the discriminant analysis.
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reproductive isolation, mate recognition, ecological isolation, diagnosibility, monophyly,

genetic coalescence, or genotypic clustering, as lines of evidence to delimit species (de
Queiroz 2007). D. barberi and D. longicornis demonstrate some reproductive isolation,
because hybridization is unidirectional (Chapter 2). The two taxa do differ in certain
reproductive characteristics (Chapter 3), but the available genetic and morphological data
provide little evidence for lineage separation (Chapter 4).

Ecological isolation could be important in separating D. barberi and D.
longicornis. Currently the only known larval host for D. longicornis is corn, but corn is
most likely not a natural or typical host for D. longicornis, as corn has never been
documented as a host of D. longicornis in the field (Krysan et al. 1983). D. longicornis
adults are often collected from wild buffalo gourd (Krysan et al. 1983, Golden 1990), but
adult habitat requirements are largely unknown. Therefore, habitat preferences for D.
longicornis larvae and adults are not well-defined. D. barberi generally utilizes corn as a
larval host (Krysan 1986), but adults frequently move out of corn when corn has finished
pollinating but return to corn habitats to oviposit (Cinereski and Chiang 1968, Branson
and Krysan 1981, Naranjo and Sawyer 1988, Lance et al. 1989, Boetel et al. 1992,
McKone et al. 2001, Campbell and Meinke 2006). D. barberi are very mobile and
engage in trivial flights (Naranjo 1990, 1994); D. longicornis are most likely similarly
mobile. This suggests that either taxa could move easily between habitats. If
heterospecific individuals come into contact during mating, or if females do not exhibit
strong ovipositional preferences, then the two taxa may not be ecologically isolated.
However, if habitat fidelity during mating or during oviposition is strong, as Krysan et al.

(1983) hypothesized but did not test directly, the two taxa could be diverging
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ecologically. It is also important to note that most of the geographic ranges of either

species do not overlap (Krysan et al. 1983), which could cause ecological divergence in
allopatry. Understanding the degree of habitat isolation is essential for determining the
potential for hybridization and divergence of these two taxa.

The potential for gene flow might change from year to year, depending on climate
conditions in the area of sympatry. D. longicornis population densities in the area of
sympatry have been reported to be relatively large in wetter years (Krysan et al. 1983,
Golden 1990; L.J. Meinke and T.L. Clark, pers. comm.), but D. longicornis densities
were very low in the drier years of 2004 — 2005 (CPC 2009), when most of the
collections of D. barberi and D. longicornis were made for this study (Chapters 2 — 4).
D. barberi were also more common in the area of sympatry previous to the invasion of D.
virgifera virgifera LeConte (NebRecs 2008), which outcompetes D. barberi in
continuous corn (Hill and Mayo 1980). D. barberi is becoming an increasing economic
problem in rotated corn in Minnesota, South Dakota, lowa, and Nebraska. One
hypothesis for the greater abundance of D. barberi is the increased frequency of the
extended diapause trait (Chiang 1965, Krysan et al. 1984, Krysan et al. 1986, Levine et
al. 1992; L.J. Meinke and T. Hunt, unpub.). However, in southeast Nebraska, D. barberi
is relatively uncommon and rarely an economic problem. Climatic variation,
interspecific competition with other Diabrotica species, and other unknown factors that
may affect D. barberi densities in the area of sympatry could result in fluctuating levels
of contact between D. barberi and D. longicornis.

Hybridization between D. barberi and D. longicornis has the potential to affect

the evolution and pest status of either taxon. A favorable mutation in either taxon could
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spread among populations of both taxa. Greater knowledge of the ecology of either

taxon, plus habitat preferences of hybrids, could be important for pest management. D.
barberi is an important pest of corn in the U.S. Corn Belt (Krysan 1986), and gene flow
between D. barberi and D. longicornis could affect pest management of D. barberi or the
ovipositional preferences of D. longicornis in the area of sympatry.

D. barberi and D. longicornis were originally elevated to species status based on
known differences in larval and adult host range, geographic range, pheromone response
in the field, unidirectionality in interspecific crosses, and color differences (Krysan et al.
1983). The studies presented here support the unidirectionality observed by Krysan et al.
(1983) and also demonstrate the viability of hybrids of a D. longicornis female and D.
barberi male (Chapter 2). Additionally, pheromone response in the laboratory, courtship
and mating behavior, and spermatophore volumes demonstrate multiple small differences
between D. barberi and D. longicornis (Chapter 3). Despite these differences, the
genetic data (Chapter 4) do not support the hypothesis that D. barberi and D. longicornis
are separately evolving lineages, or full species (de Queiroz 2007). D. barberi and D.
longicornis could be isolated by their many small differences, but the two taxa overlap in
many other characteristics (McDonald et al. 1982, Krysan et al. 1983, Golden and
Meinke 1991, Golden et al. 1992, Clark et al. 2001b). Additional work on the ecology of
both taxa would help to elucidate how gene flow is occurring and the degree of
ecological separation between D. barberi and D. longicornis in the field. In light of the
currently available data, it is appropriate to question the status of D. barberi and D.
longicornis as species (Krysan et al. 1983) and to consider the taxa as subspecies, as

originally proposed by Smith and Lawrence (1967).
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APPENDIX 1:

TECHNIQUE FOR REARING INDIVIDUAL DIABROTICA LARVAE AND

ADULTS (COLEOPTERA: CHRYSOMELIDAE)

Introduction

All described species in the chrysomelid genus Diabrotica feed on plant roots as
larvae (Branson and Krysan 1981); species in the virgifera group are generally limited to
roots of specific grasses (Branson and Krysan 1981, Krysan 1999, Cabrera Walsh 2003),
while species in the fucata group are polyphagous (Branson and Krysan 1981, Krysan
1986). The genus Diabrotica includes important pest species of corn and other crops
(Krysan 1986).

Because larval stages are root feeders and adults feed primarily on reproductive
plant tissues (Krysan 1986), rearing these species for use in lab or field studies can be
challenging (Jackson 1986). Most available methodology focuses only on mass rearing
of pest Diabrotica species; examples include: D. virgifera virgifera LeConte, the western
corn rootworm (Branson et al. 1975, Jackson and Davis 1978, Jackson 1986, Campbell
and Jackson 1987, Branson et al. 1988), D. barberi Smith and Lawrence, the northern
corn rootworm (Dominique and Yule 1983), D. undecimpunctata howardi Barber, the
spotted cucumber beetle or southern corn rootworm (Branson et al. 1975, Marrone et al.
1985, Jackson 1986), and D. balteata LeConte, the banded cucumber beetle (Schalk
1986). Additionally, data on the survival or general quality of adults obtained from

published rearing methods are often lacking.
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To facilitate study of the sibling species D. barberi and D. longicornis (Say), the

need arose in our laboratory to efficiently rear high-quality individuals of each species.
Few papers address this need. Woodson and Jackson (1996) successfully reared
individual D. barberi larvae on corn in a sealed system without soil; however, this
method was time-intensive and required changing the food source, corn roots, daily.
Golden and Meinke (1991) reared D. longicornis larvae on corn seedlings in small
containers with peat moss as the soil medium. In our laboratory, early attempts to rear D.
barberi with existing techniques, either individually or in larger cohorts, resulted in poor
survival. Additionally, a standardized rearing technique was necessary to ensure that all
larvae received equal care. This paper reports the individual larval and adult rearing
technique that was optimized over time, and presents data on survival and quality of D.

barberi adults produced with the technique.

Materials and Methods

Egg Handling

Eggs were held in Petri dishes (100 mm diameter, 15 mm high) with a base of
moistened (about 30% moisture by volume), autoclaved silty clay loam soil pre-sifted
through a 60-mesh sieve. Eggs were partially covered with a light layer of 60-mesh soil,
and the Petri dishes were then wrapped with Parafilm M (Pechiney Plastic Packaging,
Menasha, WI) for storage. To facilitate diapause development and diapause termination,
eggs were maintained at 22 °C for approximately two months after oviposition, 10 °C for
approximately 30 days, 5 °C for approximately 6 months, and 22 °C until eclosion of

neonate larvae.
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Larval Rearing

Larvae of D. barberi were reared at a mean temperature of 22.5 °C £ 0.2 °C and
mean relative humidity of 66.7% + 0.7%, using a modification of the method presented
by Golden and Meinke (1991). Individual larvae were reared in 5.9 cm® (2 oz.) plastic
condiment cups with lids (SYSCO, Houston, TX, products 5318571 and 5318399, and
Sweetheart (Solo), Highland Park, IL, products UR2H and LUR2H). Six to eight small
holes were punched into lids to allow for air exchange. Pioneer Brand 31G66 (Johnston,
IA) corn, treated with fungicides Fludioxonil and Mefenoxam, was used for rearing.
Corn kernels were soaked in water for 24 hours, then allowed to germinate and grow in
covered dishes until roots were at least 1.3 cm long. One corn seedling was planted per
plastic condiment cup into approximately 2 cm (about three-quarters of the container) of
pure sphagnum peat moss with no added fertilizer (Earl May, Shenandoah, IA). The peat
moss was not autoclaved, because autoclaving caused greater problems with mold
growth. The peat moss was moistened with distilled water in large batches, with 30%
moisture by volume, prior to planting. The humidity or temperature in a given rearing
environment may dictate the necessity to modify the water content of the peat moss; an
earlier trial of this rearing process used 40% moisture by volume for larval rearing. The
peat moss retained sufficient moisture for corn seedling growth for at least two to three
weeks, particularly in the covered rearing cups; therefore, additional water was not
generally necessary. Corn seedlings were grown in the plastic cups for at least one to two
days before infestation with larvae to allow seedlings to establish (Fig. 1a).

Egg hatch from each Petri dish was monitored daily. Each neonate larva was

transferred using a fine paintbrush to a corn root in a separate plastic cup (Fig. 1). Each
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cup then was labeled with a unique identification number; using this method, each larva

could be tracked throughout its development (Fig. 1). Each cup was evaluated at ten and
fifteen days after infestation. These evaluation periods were selected based upon larval
development rates at 22.5 °C. At ten days after infestation, most larvae had reached the
second instar, which made them easier to find in the peat moss. At fifteen days, most
larvae were in the late third instar but had generally not reached the prepupal stage. After
fifteen days, larvae were not disturbed to avoid damage to the pupal cell and the pupa.
During each evaluation, the corn seedling and peat moss were removed from the plastic
cup and examined for the presence of the larva. If the larva was found, it was transferred
to a new cup that had been prepared as described above. If the larva was not found, the
corn seedling and all peat moss were placed back into the original cup, and a fresh corn
seedling was added. Beginning approximately 25 days after infestation, all cups were
checked twice daily for adult emergence, which was defined as the time that the beetle
was found on the surface of the soil. Because immature development is temperature
dependent (Woodson and Jackson 1996), the timing of evaluations would need to be
modified at different rearing temperatures.
Mating and Oviposition

After emergence, all beetles were held individually in fresh plastic condiment
cups with sweet corn sections and lettuce until mating pairs were selected. Beetles were
randomly chosen for mating; mated pairs were retained in the plastic cups for seven to
ten days. Pairs were then transferred to oviposition boxes, which were a modification of
the design used by Boetel and Fuller (1997). The polystyrene oviposition boxes were 5.9

cm long by 5.9 cm wide by 7.8 cm high, which included a lid 0.64 cm deep (ShowMan
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box, Althor Products, Wilton, CT, Fig. 2a). Oviposition boxes were filled with

approximately 60 mL of fine 60-mesh soil (about 40% of the volume of the box) and
moistened with distilled water to about 30% by volume (Fig. 2b). The soil was then
stirred to absorb the water and remained in a clumpy, “stirred” form. A food “shelf”
made of a rectangular piece of plastic (4.5 cm long by 2.5 cm wide by 1.5 cm high) was
attached to the lid with Velcro (Fig. 2); mated pairs were provided with a fresh slice of
sweet corn every four to five days. The food shelves could be prepared in advance, and
the Velcro shelf attachment allowed old food and the shelf to be removed quickly and
replaced with fresh food. Because they were easily removed, food shelves were also easy
to clean.

Mated pairs remained in the oviposition boxes until death. Eggs were obtained by
washing the oviposition soil through a 60-mesh sieve; eggs were then placed on milk
filters (KenAG Animal Care Group, product D110, Ashland, OH), counted, and
transferred to Petri dishes with moistened, 60-mesh soil as previously described.
Production and Quality of Adults

The rearing technique was used in 2006 to document quantity and quality of D.
barberi adults produced. D. barberi individuals were reared from field collections
originally made near Pipestone, MN. Percentage survival to adult and development time
from neonate larva to adult emergence were calculated. Eggs from fifteen randomly
chosen D. barberi male-female pairs were counted. Lastly, the head capsule widths of
100 randomly selected beetles were measured as an indication of larval fitness (Branson

and Sutter 1985, Naranjo 1991, Woodson and Jackson 1996).
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Results

With this rearing technique, survival of D. barberi to the adult stage was
relatively high, with 61.1% survival (N = 986). Mean development time to adult
emergence was 35.3 £ 0.1 days (range: 30 to 49 days, N = 600) and mean fecundity per
female was 244.9 + 49.9 eggs (range: 0 to 538, N = 15). Mean head capsule widths of
males were generally larger than females (females: 1.11 £ 0.01 mm, N = 52; males: 1.14
1+ 0.01 mm, N =48). Very few beetles (less than 1%) had physical deformities, which

generally were improperly developed legs or abdominal abnormalities.

Discussion

Life history parameters of beetles produced with this rearing technique were
similar to parameters of beetles produced with other lab-rearing methods or wild-type
beetles collected in the field. Percentage survival (neonate larva to adult) from this study
was either greater than or comparable to survival reported for D. longicornis (Golden and
Meinke 1991), D. barberi (Dominique and Yule 1983), and D. v. virgifera (Branson et al.
1975, Jackson and Davis 1978, Branson et al. 1988) in the laboratory. Field survival of
D. v. virgifera has been reported to be only 0.8% to 6.5% (Fisher et al. 1992). Mean
development time to adult was shorter in this study than has been reported in other
studies; neonate to adult development time has been reported as 37.3 to 47.4 days
between 21 °C and 24 °C for D. barberi (Dominique and Yule 1983, Golden and Meinke
1991, Woodson and Jackson 1996). Fecundity in this study was comparable to field-
collected wild-type (Naranjo and Sawyer 1987, Boetel and Fuller 1997), and lab-reared

D. barberi (Dominique and Yule 1983). The mean head capsule width obtained from this
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study was slightly larger than the mean reported by Woodson and Jackson (1996) for lab-

reared D. barberi at similar temperatures. As reported in Woodson and Jackson (1996),
the mean head capsule width of male D. barberi was larger than that of female D.
barberi. These data suggest that male D. barberi may intrinsically be larger than
females, because density-dependent conditions would not affect head capsule width in
either study.

Advantages of this rearing system include: high larval survival, production of
virgin adults, the ability to track individual development and survival, production of
healthy, high-quality adults, and reliable egg production. However, dedicating a high
level of attention to each larva is time and labor-intensive. Therefore, this technique is
probably best suited for small-scale rearing in support of experiments that involve small
or rare populations (i.e., progeny of specific crosses, genetic lines, etc.), where good
survival and high quality adults are necessary. This technique could also be used to
record individual development times to specific larval instars or to the adult stage.

This general rearing technique should be applicable to different Diabrotica species or
other Coleoptera that oviposit in the soil. The larval rearing procedure and oviposition
boxes described in this paper have been used successfully in our laboratory for D.
longicornis, D. v. virgifera, and D. u. howardi. The larval rearing method has also been
successfully scaled up for small cohorts of D. v. virgifera larvae using more corn
seedlings and a larger container (A.P. Alves, unpubl. data). Two important factors that
led to successful larval and adult rearing were maintenance of clean environments with as

little mold as possible and consistent availability of high quality food for all life stages.
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To echo Jackson (1986), successful rearing is often more dependent on the quality of care

than on the supplies used.
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Fig. 1. Larval rearing containers, a) individual rearing cup, b) arrangement of
rearing cups.
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Fig 2. Oviposition box for Diabrotica, a) box and lid, b) box with food and soil.
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APPENDIX 2:

DOCUMENTATION OF EXTENDED DIAPAUSE TRAIT IN DIABROTICA
BARBERI SMITH AND LAWRENCE AND DIABROTICA LONGICORNIS (SAY)

FROM NEBRASKA

Diabrotica barberi Smith and Lawrence, the northern corn rootworm, and
Diabrotica longicornis (Say) are considered to be sister species (Krysan et al. 1983,
Krysan et al. 1989, Golden 1990, Clark et al. 2001). The two species were separated
based on color differences, habitat preferences, morphological differences in
embryogenesis at diapause, and differences in mating behavior and pheromone response
(Krysan et al. 1983). D. barberi is a pest of corn throughout the U.S. Corn Belt, while D.
longicornis is found in grasslands in the southwestern United States and Mexico; the
ranges of the two species overlap in eastern and central Nebraska and Kansas (Krysan et
al. 1983, Krysan and Smith 1987).

As members of the virgifera group of Diabrotica, D. barberi and D. longicornis
overwinter in the egg stage (Krysan 1986, Krysan and Smith 1987, Krysan 1999), and
larvae hatch in late May to early June. In 1965, Chiang reported that a very small
percentage (0.3%) of D. barberi eggs could survive for two years in the soil. He
suggested that delayed hatching in D. barberi could account for the presence of D.
barberi in corn following soybeans but concluded that it was most likely unimportant
economically (Chiang 1965). Krysan et al. (1984, 1986) later examined extended
diapause in D. barberi and found that up to 47% of eggs hatched after two winters in the

soil. By this time, D. barberi was causing economic damage to corn in corn-soybean,
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Glycine max (L.) Merr., crop rotations (Krysan et al. 1986, Ostlie 1987, Levine et al.

1992a). The extended diapause trait seems to be present in many D. barberi populations,
but the intensity of the trait varies over the range of D. barberi (Krysan et al. 1986,
Levine et al. 1992a). Additionally, D. barberi eggs can survive in diapause for up to four
years in the soil (Levine et al. 1992a). D. longicornis was also documented to have the
extended diapause trait, with eggs hatching after two cold periods, but larval eclosion was
low after the second cold period (Golden and Meinke 1991).

The extended diapause trait has been historically inferred to occur in D. barberi
populations in northeast Nebraska, because of economic damage and proximity to areas
with documented extended diapause, but no empirical data has been collected to formally
document extended egg diapause in Nebraska. The D. barberi has been observed in
eastern Nebraska in increasing numbers over the last eight years in first-year corn and
soybeans, especially in areas where annual corn-soybean rotation is followed.
Historically, very few D. barberi were collected from emergence cages in first-year corn
at the University of Nebraska Agricultural Research and Development Center (ARDC),
near Mead, NE, during the 1990's. Dramatic increases in D. barberi emergence from
first-year corn have been recorded at the ARDC. It is currently unclear what has led to
this change, but possibilities include increased survival from a series of mild winters or a
change in frequency of extended diapause individuals in a population.

This study had two goals: to confirm that the extended diapause trait does occur
in east-central Nebraska in D. barberi, and to confirm the observations of Golden and
Meinke (1991) that the extended diapause trait is also present in populations of D.

longicornis.
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Adult D. barberi were collected from emergence cages (1.83 x 1.83 m) in first-

year corn at the ARDC in 2004 or from corn near Pipestone, MN, an area that has a
history of extended diapause. Adult D. longicornis were collected from buffalo gourd
near Rock Creek State Recreation Area, Lewellen, and Inavale, NE. Two to four mated
female D. barberi and individual female D. longicornis were placed in each oviposition
box (Table 1) and allowed to lay eggs in soil (see Appendix 1 for description). Females
were maintained on a diet of fresh corn and corn silks until death.

For Mead D. barberi, fifteen oviposition boxes that contained more than 150 eggs
each were randomly chosen to measure percentage egg hatch; for Pipestone D. barberi
and D. longicornis, all eggs were used. In 2004, 2005, 2006, and 2007, eggs were held at
22 °C for up to four months (after initial oviposition in 2004, and during/after egg hatch
in 2005-2007) before they were moved to the following winter temperature regimes. In
each winter, eggs were maintained at 10 °C for approximately 30 days, 5 °C for
approximately six months (Chiang et al. 1972), and then 22 °C to terminate diapause and
facilitate post-diapause egg development. In each spring, the number of larvae that
hatched was recorded daily. Means and standard errors for each colony were obtained
using the PROC MEANS statement in SAS (SAS 2003).

Results are presented in Table 1. Although sample sizes are not large for D.
longicornis, it is clear even with limited sampling that the extended diapause trait is
present in both species in Nebraska and that eggs can survive through at least four
simulated winters. For D. barberi, although these data only represent one Nebraska site,
the results document that the extended diapause trait is present in east-central Nebraska

as far south as Saunders County. In addition, viable eggs were present in all egg cohorts
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from the Mead, NE, and Pipestone, MN, locations after being subjected to four simulated

summer—winter temperature cycles.

These results also reaffirm that geographically distinct populations of either
species may vary widely in the frequency of extended diapause. D. longicornis from
Inavale exhibited a very low frequency of eclosion in the second year (0.33% + 0.21),
and no remaining eggs appeared to be viable. In contrast, D. longicornis from Rock
Creek and Lewellen had much higher frequencies of eclosion in the second year (9.72%
+ 1.71 and 16.3% + 4.88, respectively); eggs from Rock Creek hatched for three years
total, and eggs from Lewellen hatched for four years total. Both populations of D.
barberi had larval eclosion for four years, but the Pipestone colony had the highest
percentage eclosion in the second year, while percentage eclosion from Mead was highest
in the first year.

Extended diapause in D. barberi and D. longicornis could serve as a way to
spread the risk for larvae. In D. barberi, the risk is larval eclosion into a non-host crop,
resulting in larval mortality (Krysan et al. 1984). For D. longicornis, the risk could be
unfavorable conditions (Golden and Meinke 1991), such as drought or fire, when the host
plants may be stressed. The differences in frequency of extended diapause may also
reflect selection for local conditions (Krysan et al. 1986). The Pipestone colony comes
from an area that has a history of strict corn-soybean rotations, which would exert a
selection pressure for D. barberi with a two-year diapause.

The results from this study suggest that variable diapause length may be an
ancestral trait in the D. barberi-D. longicornis lineage and perhaps even within the

virgifera group of Diabrotica. D. virgifera virgifera LeConte exhibits a very low
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frequency of extended diapause (<1%) (Levine et al. 1992b), and all three species have a

small percentage of eggs that hatch with a very short diapause and no cold treatment (D.
virgifera virgifera (Chiang et al. 1972, Branson 1976), D. barberi (Chiang et al. 1972),

D. longicornis (pers. obs.) (Golden and Meinke 1991).
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Table 1. Mean + SE number of females, eggs, numbers of eggs eclosed each year,
and percentage eclosion of the total eggs for each year.

D. barberi D. longicornis
Colony Mead Pipestone Rock Creek Lewellen Inavale
N 15 7 3 3 4
No. Females 3.7 3.7 1.0 1.0 1.0
Eggs 433.6 £56.3 491.6+107.5 100.0+27.1 112.0£53.4 110.7+50.2
2005 Hatch  111.4+18.4 61.4+16.9 343+13.9 21.0+8.9 455+274
2006 Hatch 81.7+13.3 124.4+32.8 9.0+2.1 233+ 164 0.5+0.3
2007 Hatch 70.8£12.0 43.7+11.1 0.3+0.3 10.7+7.1 -
2008 Hatch 23.3+6.1 9.0+4.4 0 1.0+1.0 -
Total Hatch 287.2+38.0  238.6+58.1 43.7+16.2 56.0+31.0 46.0+27.6
2005
Percentage
Hatch 252+29 142 +4.1 31.7£6.0 18.8+5.5 379=+11.5
2006
Percentage
Hatch 192+ 1.8 23.1+4.2 9.7+1.7 16.3+4.9 0.33+0.21
2007
Percentage
Hatch 16.9+2.2 8.6+1.3 0.25+0.25 11.1+64 -
2008
Percentage
Hatch 51+1.1 1.5+0.6 0.00 0.47 £0.47 -
Total
Percentage
Hatch 66.4+£23 474 +6.1 41.6£6.0 46.7+4.0 382=+11.5




