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Amaranthus hybridus can be pollinated frequently
by A. tuberculatus under field conditions

F Trucco, MR Jeschke, AL Rayburn and PJ Tranel
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Recent studies have confirmed that weedy Amaranthus
species are capable of interspecific hybridization, and such
hybridization may foster the evolution of herbicide resistance.
However, the extent to which hybridization among these
species occurs in nature is unknown. The purpose of this
study was to determine the frequency under field conditions
at which A. hybridus, a monoecious and predominantly self-
pollinated species, would be pollinated by A. tuberculatus, a
dioecious species. To do this, parents carrying different
alleles at the ALS locus, which encodes a herbicide target
site, were used. Male A. tuberculatus parents were homo-
zygous for a dominant herbicide-insensitive allele, while A.
hybridus parents were homozygous for a sensitive form.
Hybrid progeny therefore could be detected via herbicide

selection. Mean hybridization frequencies between 0.4 and
2.3% were obtained, depending on the proximity between
parents (P=0.02). The robustness of the hybrid selection
assay was verified using a molecular marker and DNA
content analyses. Using these techniques, more than 99% of
the progeny that survived the herbicide were confirmed to be
hybrids. Frequencies obtained in this study were many times
higher than the generally expected rate of mutation. There-
fore, even minimal fertility in hybrid progeny would support
the view that hybridization could play a role in adaptive
evolution of weedy Amaranthus species.
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Introduction

A species’ ability to evolve in response to changing
environmental conditions is found in the genetic
diversity of its populations. Success in weed populations
facing changing agricultural ecosystems often correlates
with abundance of genetic polymorphisms within those
populations (Jasieniuk and Maxwell, 2001). De novo
genetic diversity can be acquired through a number of
different mechanisms that include enzymatic errors at
replication, meiotic recombination, and transposable
element activity. Additionally, a species’ genetic varia-
bility could reflect the ability of that species to acquire
new allelic forms via introgression.

Gene flow between domesticated plants and their
wild relatives has been studied extensively in efforts
to establish the likelihood of transgene escape from
genetically modified crops (Jorgensen and Andersen,
1994; Whitton et al, 1997; Seefeldt et al, 1998; Ellstrand,
2001; Rieger et al, 2001; Spencer and Snow, 2001).
Although several studies have characterized hybrids
between related weed species, the frequencies of
spontaneous hybridization between such species have
been seldom addressed (Darmency, 1996).

The genus Amaranthus includes several weed species
that, collectively, are distributed throughout the world.
In Illinois, the two most problematic Amaranthus species
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in agronomic crops are A. tuberculatus and A. hybridus
(Wax, 1995; Hager et al, 2002). A. tuberculatus is native to
North America and found predominantly in the Mid-
western United States (Sauer, 1957). A. hybridus is of
world-wide distribution, being found in areas of South,
Central, and North America, eastern Asia, Australia, and
Africa (Sauer, 1967). Both species are annual herbaceous
plants with high reproductive output; a single plant may
produce over 100000 seeds. Seeds germinate in several
flushes beginning in spring and extending well into the
growing season, particularly for A. tuberculatus (Hager
et al, 1997). Multiple flushes of germination result in
plants at different developmental stages and overlapping
flowering times of the two species. Both species are
primarily wind pollinated (Murray, 1940). Being dioe-
cious (separate male and female plants), A. tuberculatus is
an obligate outcrosser. A. hybridus has separate male and
female flowers (monoecism); however, due to the
proximal arrangement of these flowers, it is thought to
be mostly self-pollinated.

Several scientists have investigated hybridization be-
tween different amaranths and described the relative ease
with which it can occur, yet all research has fallen short
from establishing field frequency of occurrence (Murray,
1940; Sauer, 1957; Wetzel et al, 1999; Franssen et al, 2001;
Tranel et al, 2002). Moreover, the fate of hybrids and their
evolutionary significance have yet to be fully explored.
The difficulty in distinguishing Amaranthus hybrids from
nonhybrids based on morphological features has con-
tributed to the lack of information in this area.

Hybridization among weedy amaranths is hypothe-
sized to increase genetic variation and allow these
species to adapt more quickly to cropping systems. In



particular, recent studies have shown that hybridization
among some Amaranthus species may be a route for
acquisition of resistance to various herbicides (Wetzel
et al, 1999; Franssen et al, 2001, Tranel et al, 2002).
Regardless of the potential adaptive advantage of
hybridization, its evolutionary impact is dependent on
its frequency of occurrence. For instance, if hybridization
were to occur at frequencies lower than the generally
expected rate of mutation — 10-¢ for ALS mutations
conferring herbicide resistance (Gressel, 2002) - its
impact might be rather trivial. On the other hand, if
frequencies are shown to be substantially higher,
hybridization could play a predominant adaptive
role.

The purpose of this study was to determine the
frequency under field conditions at which the predomi-
nantly self-pollinated A. hybridus could be pollinated by
the dioecious A. tuberculatus. Since hybridization was
assessed in the direction where A. hybridus acted as the
female parent, production of hybrid seed was expected
to be a very rare occurrence. Therefore, to accomplish the
goal of this study, field crosses were designed using
specific parental biotypes such that hybrid progeny
would exhibit resistance to acetolactate synthase (ALS)-
inhibiting herbicides. Resistance to these herbicides, in
the form of a mutation in the ALS gene, has been selected
in populations of A. tuberculatus (Foes et al, 1998) (As
suggested by Pratt and Clark (2001), A. tuberculatus and
A. rudis are now considered synonymous.) and numer-
ous other weed species (Guttieri et al, 1996). Herbicide
resistance in hybrids permits the use of herbicide
selection to discriminate hybrids from nonhybrid pro-
geny, resulting in high-throughput hybrid detection.
Hybrid identity was further verified using two addi-
tional tools: molecular analysis of the ALS gene based on
a restriction enzyme polymorphism, and cytogenetic
analysis based on the different DNA contents of A.
hybridus, A. tuberculatus, and their hybrids.

Materials and methods

Plant material

One population of each species was used for this study.
The A. hybridus population was obtained by selfing
herbicide-susceptible parents grown from seed collected
in an Illinois field. The A. tuberculatus population used
was derived from that described by Foes et al (1998), and
it contained resistance to ALS-inhibiting herbicides, such
as chlorimuron-ethyl. Samples from both populations
were tested with a 90 g/ha rate of chlorimuron-ethyl to
confirm their herbicide susceptibility/resistance.

Field hybridization experiment

Seedlings were started in the greenhouse and trans-
planted to field plots at three different timings to ensure
overlapping flowering periods. Each year, the first timing
was transplanted on July 1, 3 weeks after greenhouse
initiation, when seedlings were 10-15cm tall. Additional
seedlings were transplanted on July 10 and 20. The first
timing included only A. tuberculatus seedlings; seedlings
of both species were transplanted for the second and
third timings. Field plots were 10 x 10m? in size and
were surrounded by soybean in 2001 and corn in 2002.
As shown in Figure 1, a total of 50 A. hybridus and 60 A.
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Figure 1 Schematic representation of a field plot showing indivi-
dual plants and their transplant timings.
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tuberculatus plants were transplanted to each plot and
arranged in east-west rows. (The prevailing summer
wind at the study location is from the southwest.) Plots
and surrounding crop rows were regularly inspected for
interfering weeds, which were removed upon detection.
Flowering dates and sex data were obtained for all plants
in the study; A. tuberculatus females were removed as
soon as identified. All A. hybridus plants were harvested
the same day in late September, regardless of the initial
transplantation date. The study consisted of two plots for
each of two consecutive years of experimentation, for a
total of four replications.

Greenhouse screening

Seed were manually threshed from each A. hybridus
plant. Total seed production per plant was estimated by
weighing the seed obtained and determining the weights
of 100-seed aliquots.

Pools of 10000 seeds harvested from parents trans-
planted at the same time and located in the same row
were obtained according to the equation: A, =10000 (T./
T,), where A,: seed aliquot from parent X, T,: total seed
produced by parent X, T,: total seed produced by all
parents in pool. This equation was used to have plants
within a sample unit contribute to the pool in a way
proportional to their share of total seed production.
There were a total of 10 pools per plot (A. hybridus plants
were transplanted at two different timings and arranged
in five rows).

Pooled seeds were placed in 0.2% agarose solution in a
final volume of 50 ml, and seeds/agarose mixtures were
homogenized by shaking. The 50ml mixtures were
pipetted to trays filled with soil (1:1:1 mixture of
soil:peat:perlite), with the first, 23rd and 48th ml placed
in separate control trays. Planted trays were covered
with a thin layer of soil and sprayed with chlorimuron-
ethyl at a rate of 90 g/ha. Control trays were not sprayed,
thus emergence in these trays was used to estimate the
total number of germinating seeds in sprayed trays of the
same seed pool. Seedlings that emerged and grew in
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herbicide-treated trays were designated as putative
hybrids. Approximately 10% of putative hybrids within
each pool were randomly selected for molecular analysis
of the ALS gene. Of these selected individuals, 5% were
subsequently analyzed using flow cytometry. Once most
putative hybrids flowered, about 2 months after screen-
ing initiation, plant sex was recorded to determine the
sex segregation ratios.

Analysis of the ALS gene

DNA was extracted from young leaves according to a
CTAB procedure modified from that followed by Doyle
and Doyle (1990). Polymerase chain reactions (PCRs)
were performed to amplify a 450 base-pair region of ALS
using alsfl (5-AGCTCTTGAACGTGAAGGTG-3') and
alsrl  (5-TCAATCAAAACAGGTCCAGG-3) primers
(Foes et al, 1998). Reactions consisted of a total volume
of 25 ul with 20 mM Tris-HCI (pH 8.4), 50 mM KCl, 2mM
MgCl,, 0.2mM each dNTP, 0.4 pM each primer, 1.0U Tag
DNA polymerase (Invitrogen), and about 40 ng genomic
DNA. The thermoprofile began with 3 min at 95°C; then
40 cycles of 0.5min at 95°C, 1 min at 57°C, and 1min at
72°C; followed by 5min at 72°C. Half of each PCR
reaction (12.5pl) was subjected to digestion with 5U
EcoRV (Invitrogen) in 30 pl reactions, with 50 mM Tris-
HCl (pH 8.0), 10mM MgCl,, and 50mM NaCl. The
EcoRV reactions were incubated at 37°C for 300 min.
Digestion products were fractionated by electrophoresis
in 1.2% agarose gels containing ethidium bromide and
photographed atop a UV light box. Plants were classified
as A. tuberculatus, A. hybridus, or hybrid based on the
presence of a 374 base-pair fragment, a 444 base-pair
fragment, or both fragments, respectively (Tranel et al,
2002).

DNA content analysis

Nuclei were isolated from putative hybrids and 2-week-
old seedlings of maize inbred line W22 (5.35 pg DNA /2C
nucleus). About 1.cm? of fresh leaf tissue from a putative
hybrid and 1-cm-long maize stem segment were finely
chopped and combined for each isolation. Isolation and
staining procedures followed were those indicated
previously by Rayburn et al (1992). Flow cytometry was
conducted on a Coulter EPICS XL-MCL four-color flow
cytometer (Beckman Coulter) equipped with an argon
ion laser operated at 15mW, with an excitation wave-
length of 488 nm. At least 8000 nuclei were evaluated per
each sample. Plants from the parental A. hybridus and A.
tuberculatus populations were evaluated in each flow
cytometer run.

Statistical analyses

The statistical model used checked the extent to which
hybridization frequencies were explained by seed pro-
duction, row location (row effect), and transplant timing
(timing effect) of the mothers. Experimental effects were
analyzed using an analysis of variance and considered
significant if P<0.05. Homoskedasticity was checked by
plotting studentized residuals versus predicted values.
Mean hybridization frequencies were compared using
Fisher’s least significant difference (LSD) approach for
effects having a significant F statistic. Sex segregation
data were compared to the expected 1:1 ratio using a y2
test. A T-distribution-based 95% confidence interval was
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calculated for the mean DNA content for each of the A.
hybridus and A. tuberculatus parents. DNA content values
inside these confidence intervals were considered within
parental ranges; values between the parental ranges were
considered consistent with hybrid identity.

Results

Field experiment

Transplantation stress, insect damage, and rodents
caused the loss of some plants. However, a total of 120
out of 200 A. hybridus transplants reached maturity and
contributed progeny for the analysis (Table 1). Of the
transplanted A. tuberculatus seedlings, half died as a
result of factors such as those listed above and roughly
half of the survivors were males. Thus, there were about
15 males per plot. Flowering occurred between the last
week of July and the third week of August. Both species
flowered during the same time span, indicating that the
staggered transplant timings were adequate.

Seed production ranged from an estimated 2000 to
600000 seeds, with an average of 100000 seeds/plant.
Average seed production in the first year was more than
three times that of the second year, probably due to dryer
conditions during the second year.

Herbicide screening

As explained in Materials and methods, A. hybridus
plants that were located in the same row and trans-
planted at the same time were pooled together. Since a
plant could be located in one of five possible rows and
transplanted at one of the two possible times, there were
10 possible pools for each of the four plots (reps).
Individuals contributing to 36 out of the possible 40 seed
pools were available for screening. Each pool was
comprised of seeds harvested from an average of three
parents, although some pools had only one contributing
parent and others five. Overall germination in controls
(nontreated trays) was estimated at 78% of the seed
planted. A total of 3662 plants (putative hybrids)
emerged and grew in herbicide-treated trays, 1.3% of
the total estimated number of germinating seeds
(Table 1). Putative hybrids comprised 0.0-5.9% of the
estimated germinating seeds for any one seed pool.
Parental seed production did not correlate significantly
with putative hybrid frequencies (P=0.24, Hy: r=0).
Likewise, transplantation timing did not explain any of
the observed frequency differences (P=0.3). However,

Table 1 Summary table for A. hybridus parents and hybrid progeny

Year 2001 2002

Seedlings transplanted 100 100
Plants harvested 60 60
Seed produced® 9144500 2879400
Seed evaluated® 160000 200000
Seed germinated® 137140 142190
Putative hybrids obtained 1109 2553
Putative hybrids analyzed at ALS gene 111 255
(% confirmed) (98) (100)
Putative hybrids analyzed cytogenetically 7 13
(% confirmed) (100) (100)
Total number of hybrids produced® 72600 51700

2Estimated values.
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Figure 2 Hybridization frequency based on herbicide selection.
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Figure 3 Confirmation of putative hybrids by ALS gene analysis.
Gels show a PCR-amplified fragment of ALS before (—EcoRV) and
after (+EcoRV) digestion for representative parental and hybrid
plants.

there was a significant row effect (P=0.02). Figure 2
shows the mean putative hybrid frequencies for each
row location. As expected, central rows showed higher
hybrid frequencies than outer rows.

ALS analysis

Figure 3 shows representative EcoRV digestion band
patterns observed for PCR products using DNA from
parental plants and herbicide-resistant progeny. Of the
366 survivors (putative hybrids) evaluated, only two did
not show double bands indicative of hybrid origin. Of
these two, the ALS gene analysis suggested one to be A.
hybridus and the other A. tuberculatus.

DNA content
DNA content of selected survivors that were confirmed
hybrids by ALS gene analysis ranged between 1.23 and
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Figure 4 DNA content values of selected herbicide survivors with
their corresponding ALS analysis results.

Table 2 Hybrid sex segregation at different plant densities

Hybrids per pool Flowered (%) Males Females P

1-100 78 452 431 0.48
101-200 74 302 211 <0.01
>200 70 717 565 <0.01

2P-values of the y? test statistics for male-to-female ratio (Hy=1:1).

1.33pg/2C nucleus (Figure 4). None of the plants
confirmed hybrids by ALS gene analysis had a DNA
content value that was within the 95% confidence ranges
of the two parents. In contrast, both plants that gave
nonhybrid EcoRV band patterns were included in the
flow cytometry analysis, and their DNA content values
were within parental ranges.

Sex segregation

In all, 73% of the survivors flowered and all but six were
dioecious. There were a total of 1471 males and 1207
females scored, more males and fewer females than
expected for a 1:1 ratio (P <0.01). However, if pools with
more than 100 survivors are excluded from the analysis
(10 out of 36 pools), the sex segregation ratio is not
dissimilar to the expected 1:1 (Table 2). Flowering in
these pools was 78%, while it was 70% in the excluded
trays.

Discussion

Parental biotypes that are either homozygous resistant or
susceptible to ALS inhibitors can be used to obtain
heterozygous progeny detectable by herbicide selection,
providing a high-throughput approach to hybrid identi-
fication. By default, the approach also unmasks the
acquisition of the herbicide-resistance trait in hybrid
progeny.

Using this approach, the study established field
hybridization frequencies between A. hybridus and A.
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tuberculatus (males) of up to 5.9%, with mean frequencies
for rows at different distances from A. tuberculatus
ranging from 04 to 23%. As expected, hybrid
frequencies decreased as the distance between parents
increased (Figures 1 and 2). These estimations are based
on ALS allele movement from male A. tuberculatus to A.
hybridus parents, as detected by herbicide selection on A.
hybridus progeny. Herbicide-resistant progeny could
arise from alternative scenarios, namely: from external
(outside of field plot) Amaranthus pollen (not A.
tuberculatus) carrying a resistance-conferring ALS
allele, from resistance segregating at low frequencies in
the A. hybridus parental population used, and/or
from herbicide treatment escapes that are not really
resistant or hybrid in nature. Therefore, several steps
were taken to confirm the fidelity of the herbicide
selection assay.

Seeds were harvested from the self-pollinating parent,
A. hybridus; hence the vast majority of escapes were
expected to be monoecious. However, hybrids were
described previously as dioecious (Murray, 1940; Tranel
et al, 2002). Only six (0.4%) monoecious plants were
identified among the flowering herbicide survivors,
confirming that herbicide escapes did not significantly
impact hybridization frequency estimates. The herbicide
rate used was six times higher than the recommended
field rate, thus reducing the chance for escapes among
susceptible progeny. Additionally, herbicide-spray con-
tact problems associated with high seedling density
conditions were minimized by using pre-emergence
(soil-applied) treatments.

Similarly, the fact that almost all survivors were
dioecious suggested that observed frequencies can
neither be explained by resistance segregating in the A.
hybridus parental population nor by contamination with
external pollen from herbicide-resistant A. hybridus.
Likewise, pollination by other monoecious amaranths is
unlikely because hybrids among monoecious species are
monoecious themselves (Murray, 1940).

About 27% of the herbicide survivors did not flower
(likely because of stress caused by high seedling
densities in relatively shallow trays); in these cases,
dioecism could not be used to support hybrid identity.
Prior ALS sequencing data from both parental popu-
lations revealed the existence of a species-specific
polymorphism. Whether carrying a herbicide-resis-
tance-conferring mutation or not, a restriction site
recognized by EcoRV endonuclease has been identified
in A. tuberculatus ALS alleles, which is absent in A. hybridus
alleles. This marker was used successfully by Tranel et al
(2002) to show hybrid identity. ALS analysis on a random
sample of the surviving population showed that almost all
putative hybrids (364 out of 366) had both parental alleles,
regardless of whether they flowered or not.

As a final confirmation of hybrid identity, DNA
contents were determined for a subset of the herbicide
survivors. Nuclear DNA content analysis on several A.
hybridus and A. tuberculatus populations has established
2C values to be fairly consistent, with mean values of
1.04 and 1.34 pg/nucleus for A. hybridus and A. tubercu-
latus, respectively (Jeschke et al, 2003). The nonoverlap-
ping nature of these estimates allows for the use of flow
cytometry in identification of hybrid progeny. As can be
seen in Figure 4, observed DNA content values were
within the intermediate range (1.12-1.33 pg/2C nucleus)
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expected of hybrids. Furthermore, the two escapes
identified by means of ALS analysis had DNA content
values within parental ranges and corresponding to the
identities suggested by ALS evaluation (Figure 4).

Although DNA contents of suspected hybrids were
within the expected range (ie, between the parent
values), it cannot by itself determine hybrid identity.
Moreover, no one experimental approach by itself is
sufficient to unequivocally determine the hybrid nature
of the tallied progenies. Rather, herbicide resistance, ALS
analysis, DNA content, and flower type combined
testify to the accuracy of the reported hybridization
frequencies.

Overall male-to-female ratio among obtained hybrids
was dissimilar from the previously reported 1:1 (Murray,
1940). This was most likely due to the conditions in
which hybrids grew. Trays with fewer than 100 hybrids
showed expected segregation (Table 2). In high-density
trays, flowering percentages were lower, as nutritional
and other stresses probably stalled development. At low
flowering percentages, sex segregation ratios have a
propensity to be male-biased, since males tend to flower
earlier. In any case, the data do not suggest that any one
sex is clearly predominant among hybrids.

Hybridization between A. hybridus and A. tuberculatus
has been reported previously (Murray, 1940; Tranel et al,
2002); nevertheless, field hybridization frequencies ob-
tained in this study were much higher than anticipated.
As shown in Table 1, 124300 hybrids were estimated to
have been produced in the field plots included in this
study. Franssen et al (2001) obtained a hybridization
frequency of less than 0.1% (an estimated 440 hybrids
from roughly 4 million flowers) between A. tuberculatus
and A. palmeri under controlled greenhouse crosses.
These species are not only obligatory outcrossers but also
belong to the same subgenus (Robertson, 1981). Yet,
hybridization frequencies many times higher were
observed herein, perhaps indicating closer evolutionary
proximity between A. tuberculatus and A. hybridus than
between A. tuberculatus and A. palmeri. This view is
consistent with previous findings from phylogenetic
analysis of the Amaranthus genus (Lanoue et al, 1996).

As previously stated, A. hybridus is thought to be
predominantly self-pollinated. Its outcrossing rate is
unknown; however, a study done with grain amaranths
closely related to A. hybridus reported intraspecific
outcrossing frequencies of about 10% (Agong and
Ayiecho, 1991). Assuming a similar outcrossing rate for
A. hybridus, the highest hybridization frequency obtained
in this study (5.9%) was equivalent to approximately half
of its intraspecific outcrossing rate.

Perhaps the full extent of hybridization among A.
hybridus and A. tuberculatus will be apparent when
evaluating frequencies in the reciprocal direction (A.
tuberculatus as a female), a scenario in which the mother
is not capable of self-pollination. However, this is a
harder direction to appraise hybridization under field
conditions due to the widespread ALS-inhibitor resis-
tance in A. tuberculatus (Patzoldt et al, 2002) and the
almost ubiquitous nature of its pollen in Illinois fields
(unpublished data). Thus, herbicide selection assays will
tend to overestimate hybridization frequencies. Instead,
a high-throughput molecular approach should be used to
obtain accurate hybrid estimates among A. tuberculatus
seeds.



The evolutionary implications of the magnitude of
hybridization reported herein are necessarily linked to
the fate of hybrids. Currently, studies looking at overall
hybrid fitness and fertility are being undertaken.
Previous reports have shown that although hybrid
fertility is greatly reduced backcross progeny can be
obtained, with fertility increasing in subsequent genera-
tions (Tranel et al, 2002). Moreover, for hybrids to be
evolutionary meaningful, they need to show a compara-
tive advantage with respect to the original population
(Abbott et al, 2003). The acquisition of herbicide
resistance via single gene movement, combinatorial gene
action, or other hybrid-related mechanism could provide
hybrids with such comparative advantage. In the
presence of herbicide selection pressures, herbicide
resistance in the hybrids becomes a competitive advan-
tage with respect to nonresistant populations. In the
context of this study, hybrids survived a sulfonylurea
herbicide treatment, whereas their nonhybrid siblings
(A. hybridus) died.

Estimated frequencies presented in this study are not
meant to provide an all-encompassing population para-
meter, but rather a sense of magnitude. Besides, because
hybridization frequencies were expected to be very low,
the experimental plot layout was such as to promote
hybridization. To ensure detectable hybridization fre-
quencies, a large number of A. tuberculatus pollen donor
plants were grown in close proximity to A. hybridus
parents. Thus, results provided by this study are a better
indication of the maximum potential for hybridization
under field conditions than that of actual hybridization
under agronomic settings. However, A. hybridus and A.
tuberculatus plants are commonly found in close proxi-
mity — and synchronously flowering — in Illinois fields,
leading to the belief that estimates reported herein can be
accomplished under real conditions.

Combined with future data on the fitness of hybrids
and their subsequent generations, the current informa-
tion can be used to assess the relative advantage of
hybridization in the adaptive ability of weedy amar-
anths. Hybridization frequency is a component of the
rate of interspecific gene introgression; therefore, this
information can be used to more accurately model
herbicide resistance development in populations of the
studied species. Furthermore, the obtained frequencies
were many times higher than the generally expected rate
of mutation. Consequently, even minimal fertility among
hybrid progeny would support a role for adaptive
hybridization in some weedy Amaranthus species, at
least with respect to acquisition of monogenic herbicide
resistance.
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