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Abstract

Extrachromosomal circular DNAs (eccDNAs) are found in many eukaryotic organisms. ECCDNA-powered copy number vari-
ation plays diverse roles, from oncogenesis in humans to herbicide resistance in crop weeds. Here, we report interspecific
eccDNA flow and its dynamic behavior in soma cells of natural populations and F; hybrids of Amaranthus sp. The glypho-
sate-resistance (GR) trait is controlled by eccDNA-based amplification harboring the 5-enolpyruvylshikimate-3-phosphate syn-
thase (EPSPS) gene (eccDNA replicon), the molecular target of glyphosate. We documented pollen-mediated transfer of
eccDNA in experimental hybrids between glyphosate-susceptible Amaranthus tuberculatus and GR Amaranthus palmeri.
Experimental hybridization and fluorescence in situ hybridization (FISH) analysis revealed that the eccDNA replicon in
Amaranthus spinosus derived from GR A. palmeri by natural hybridization. FISH analysis also revealed random chromosome
anchoring and massive eccDNA replicon copy number variation in soma cells of weedy hybrids. The results suggest that
eccDNAs are inheritable across compatible species, contributing to genome plasticity and rapid adaptive evolution.

Introduction gene, the molecular target of glyphosate (Steinriicken and

from chromosomal DNAs in sizes ranging from a few hun-
dred base pairs up to megabases and contributes to genome
plasticity in eukaryotes (Stark and Wahl 1984; Cohen et al.
2008; Pennisi 2017; Koo et al. 2018). High copy number
and expression of eccDNA drive the oncogenesis and pro-
mote the survival and proliferation of cancerous cells in hu-
mans (Turner et al. 2017). In plants, Koo et al. (2018) reported
that glyphosate resistance (GR) in the troublesome crop
weed Amaranthus palmeri was driven by eccDNA containing
the 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS)

to as eccDNA replicon. The eccDNA replicon was sequenced
by Molin et al. (2020). The sequence characterization of
eccDNA replicon from geographically distant populations re-
vealed that the eccDNA replicon may have a common origin
and be transmitted from one population to another
(Spier-Camposano et al. 2022).

GR may involve target-site alterations, either by mutation
or by amplification of the EPSPS gene (Gaines et al. 2010;
Dillon et al. 2017). The amplification of the EPSPS gene con-
ferring GR in A. palmeri was documented in Georgia in 2006
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and this resistance has since spread to most states in the
United States. All analyzed GR populations carry the identical
eccDNA replicon (Koo et al. 2018; Molin et al. 2018). Nandula
et al. (2014) reported the apparent transfer of GR from
A. palmeri to the related species Amaranthus spinosus L.,
another troublesome weed. The analysis of GR A. spinosus
genotypes showed amplification of the EPSPS gene (up to
40 copies), and their gene sequence was identical to the
EPSPS gene of GR A. palmeri (Nandula et al. 2014). This find-
ing led to the hypothesis that GR found in A. spinosus arose
from pollen-mediated eccDNA replicon transfer from GR
A. palmeri. Our results confirm this hypothesis. Furthermore,
we demonstrate that the eccDNA replicon drives the spread
and rapid evolution of herbicide resistance in an interspecific
hybrid of GS Amaranthus tuberculatus (female, 2n = 32) and
GR A. palmeri (male, 2n = 34).

Results

Fiber-fluorescence in situ hybridization (FISH) analysis using
six bacterial artificial chromosomes (BACs) (used in Koo
et al, 2018) associated with eccDNA replicon of GR A. pal-
meri detected 2 types of eccDNA replicons in GR A. spinosus
(Fig. 1), circular and linear with structural polymorphisms
similar to those found in GR A. palmeri (Koo et al. 2018).
The results indicated transfer of eccDNA replicon from GR
A. palmeri to GR A. spinosus via pollen by interspecific hy-
bridization in the natural environment. To test further the
pollen-mediated eccDNA replicon transfer by interspecific

22F22

399,435-bp
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inheritance, 6 interspecific F; hybrids were generated from
a cross between A. tuberculatus (female, 2n =32) and GR A.
palmeri (male, 2n = 34) carrying eccDNA replicon. Molecular
analysis of 6 F; hybrids using species-specific markers re-
vealed that 2 F; hybrids (W-P#3 and W-P#6) were positive
for both the markers tested, while the other 4 F; hybrids
were negative for the A. palmeri—specific marker (Fig. 2A).
All the 6 F, hybrids were positive for the A. tuberculatus—
specific marker (Fig. 2B).

FISH analysis detected 5 pairs of chromosomes carrying the
5S rDNA signals in A. tuberculatus (Fig. 2C) and 1 pair in A.
palmeri (Fig. 2D). As expected, the 55 rDNA-FISH detected
6 major hybridization signals in the metaphase chromosomes
of the F; hybrid, W-P#3; 5 from A. tuberculatus and 1 from A.
palmeri (Fig. 2, E to G). The 5S rDNA-FISH marker chromo-
somes provided an opportunity to study the dynamics of
eccDNA replicon anchoring to chromosomes of interspecific
origin. The eccDNA replicon FISH signals were randomly as-
sociated with 55 rDNA-marker chromosome of A. tubercula-
tus in the F; hybrid plant, W-P#3. One cell had eccDNA
replicon tethered with 4 of the 5 chromosomes of A. tuber-
culatus and with 1 chromosome of A. palmeri (Fig. 2E). The
second cell had eccDNA replicon tethered with only 1 of
the 5 chromosomes of A. tuberculatus and with 1 chromo-
some of A. palmeri (Fig. 2F). The third cell had no tethering
of eccDNA replicon with any of the 55 rDNA-marker chro-
mosomes (Fig. 2G). The analysis provided conclusive

Figure 1. Fiber-FISH images of eccDNA replicons in GR A. spinosus. A) Schematic representation of BAC-contig assembly of eccDNA replicon used in
fiber-FISH analysis (Koo et al. 2018); B) a circular form (bottom) and linear form of eccDNA replicons (top); C) dimerized circular form of eccDNA
replicon with head-to-tail tandem orientation; D) linear form of eccDNA replicon with head-to-tail dimer. Green: BAC 8H14, BAC 1G15, BAC 13C09.

Red: BAC 22F22, BAC 23A10, BAC 3A06. Bars = 10 um.
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Figure 2. Conformation of F; hybrids by PCR-based amplification and characterization of F;s along with their parents by FISH. Amplification of A.
palmeri-specific 697 bp genomic region using AW155/AW90 markers A). Amplification of A. tuberculatus—specific 992 bp genomic region using
AW468/AW469 markers B). Two F; hybrids (W-P#3 and W-P#6) were positive for both the markers tested. FISH mapping of 55 rDNAs on mitotic
metaphase chromosomes of A. tuberculatus (2n = 32; white arrows in C) and A. palmeri (2n = 34; white asterisks in D). Distribution of eccDNA
replicons (green signals) on the 55 rDNA-marker chromosomes of A. tuberculatus in F; hybrid from single root tip E to G). Out of 5 5S
rDNA-marker chromosomes of A. tuberculatus (arrows) 4 (red arrows), E) 1 F), and none G) of them had eccDNA replicons. The 5S
rDNA-marker chromosome from A. palmeri is marked by an asterisk. Distribution of eccDNA replicons (green signals) on the chromosomes of
GR A. spinosus from single root tip H to K). eccDNA replicons (green signals) associated with most H), half I), and few J) of the mitotic metaphase
chromosomes of GR A. spinosus and mosaic pattern of eccDNA replicon copy numbers in interphase cells of the same tissue K). Bars =5 ym.

evidence that the eccDNA replicon of A. palmeri is capable of
random tethering to chromosomes of a related species.

Apart from random tethering, somatic mosaicism for copy
number variation of eccDNA replicon was observed in GR A.
spinosus and F; hybrids. In a sample of 3 cells of GR A. spinosus
(Fig. 2, Hto ]), 1 cell had eccDNA replicon signals on most of
the chromosomes (Fig. 2H; Pattern 1), the second cell had
eccDNA replicon signals on half of the chromosomes
(Fig. 2I; Pattern II), and the third cell had few eccDNA replicon
signals (Fig. 2J; Pattern lll). The frequency of Patterns |, Il,and llI
observed in a sample of 50 cells of GR A. spinosus having EPSPS
gene copy number of 54.3 + 2.3 (Table 1) was 30%, 54%, and
2%, respectively. In F; hybrid plant W-P#3 (Fig. 2, Fand G;n =
30) where the EPSPS gene copy number was 3.0+ 0.8
(Table 2), the observed frequency of eccDNA replicon signals
corresponding to Patterns |, Il, and Il was 20%, 66.7%, and 13%,
respectively. Similar cytological behavior of eccDNA replicon
was also observed in the W-P#6 genotype (Table 2).

Discussion

Nandula et al. (2014) reported that GR in A. spinosus was due
to amplification of the EPSPS gene. The EPSPS gene sequence
of GR A. spinosus (GenBank: KF569211) was identical with
the EPSPS gene sequence of GR A. palmeri (GenBank:
FJ861243), but differed at 29 nucleotides from the EPSPS
gene sequence of susceptible A. spinosus (GenBank:
KF569212, KF569213). Nandula et al. (2014) hypothesized
that GR in A. spinosus was due to pollen-mediated transfer
of the GR gene by hybridization with naturally occurring
population of GR A. palmeri. Fiber-FISH and FISH analyses
of GR A. spinosus supported this hypothesis and proved
that GR A. spinosus harbors eccDNA replicon (Figs. 1 and
2), which it most likely acquired from GR A. palmeri through
interspecific hybridization, as both species are naturally com-
patible with hybridization (Franssen et al. 2001). The eccDNA
replicon in GR A. spinosus exhibits structural polymorphism
(Fig. 1, A to D) similar to that of GR A. palmeri (Koo et al.
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Table 1. EPSPS gene copy number and eccDNA replicon percent in
glyphosate-susceptible (GS) and -resistant (GR) A. spinosus, and GR A.
palmeri plants

Plant EPSPS copy
number (No. =+ sb)

EccDNA replicon
(BAC-FISH)

GS A. spinosus 1.0+09 0% (n = 100)

GR A. palmeri 773 +86 >90% (Koo et al. 2018)
GR A. spinosus-1* 1275+ 47 Fiber-FISH

GR A. spinosus-2 97.4 +10.7 ND

GR A. spinosus-4 1266 +7.1 ND

GR A. spinosus-5 543 +23 98% (n = 50)

GR A. spinosus-7 62.4+85 ND

GR A. spinosus-8 463+ 1.4 ND

The relative EPSPS:S-tubulin gene copy number was adjusted to 1 for known GS A.
spinosus, and the copy numbers for GR A. palmeri and A. spinosus plants shown
here are relative to the GS A. spinosus. Asterisk indicates the plant that is used in
fiber-FISH analysis.

%, mitotic metaphase cell with BAC-FISH signal; ND, not determined.

2018). Both the linear and circular forms of eccDNA replicon
occur in the cell. Out of 228 DNA fibers observed, the circular
eccDNA replicon was present in 139 DNA fibers, while the
linear form of eccDNA replicon was found in 89 DNA fibers.
The frequency of linearized eccDNA replicon in GR A. spino-
sus was 34.6%. This frequency may be slightly overestimated,
since the breakage of circular eccDNA replicon to linear form
due to mechanical force during DNA fiber preparation can-
not be ruled out. It is possible that the linear eccDNA repli-
cons were generated from eccDNA replicons associated with
replication errors of the eccDNA replicons (Koo et al. 2018).
The presence of linear molecules of chloroplast genome is re-
ported due to recombinational events or the random cleav-
age and fusion of replication intermediates (Lilly et al. 2001).
Also, dimeric circular and linear forms of eccDNA replicon
with head-to-tail tandem orientation were also observed in
GR A. spinosus (Fig. 1, C and D).

Further, a controlled hybridization experiment was con-
ducted to demonstrate the transferability of eccDNA repli-
con during interspecific hybridization. Six F; hybrids were
developed by hybridizing A. palmeri with A. tuberculatus.
Cytological and molecular analyses of F; hybrids corrobo-
rated that eccDNA replicon from A. palmeri can be trans-
ferred by interspecific hybridization (Fig. 2). Amaranthus
palmeri, A. tuberculatus, and A. spinosus are members of
the family Amaranthaceae and are among the most prob-
lematic weeds in the United States. Their floral biology and
close genetic relationships favor interspecific hybridization
among these species and enable the spread of herbicide re-
sistance (Oliveira et al. 2018). Earlier, we reported the
eccDNA replicon-mediated evolution of GR in A. palmeri
(Koo et al. 2018). This report documents that A. palmeri’s
eccDNA replicon is capable of pollen-mediated transfer
and spread to related species, posing a serious burden on
the control of pigweeds in crops.

The hybridization of GR A. palmeri (EPSPS copy number of
77.3 + 8.6) with GS A. tuberculatus (EPSPS copy number of 1)
resulted in the true F; hybrid W-P#3 with an EPSPS copy

Koo et al.

Table 2. EPSPS gene and eccDNA replicon copy number in interspecific
F, hybrids A. tuberculatus (1.0 + 0.1) X A. palmeri (77.3 + 8.6)

Plant EPSPS copy
number (No. + sp)

EccDNA replicon
(BAC-FISH)

GS A. palmeri 1.0+ 0.1 0% (Koo et al. 2018)
W-P#3 3.0+038 87% (n = 30)
W-P#6 44405 93.3% (n = 30)

The relative EPSPS:3-tubulin gene copy number was adjusted to 1 for known GS A.
palmeri, and the copy numbers for interspecific hybrids shown here are relative to
the GS A. palmeri.

%, mitotic metaphase cell having BAC-FISH signal.

number of 3.0 + 0.8 and susceptible to glyphosate (Table 2).
The FISH experiments revealed that W-P#3 has a certain per-
centage of soma cells in its meristematic tissues that harbor a
large number of eccDNA replicon signals anchored to the
chromosomes (Fig. 2, F and G). The cells with a large number
of eccDNA replicon copies can potentially survive glyphosate
application, multiply, and produce resistant shoots during the
lifetime of this hybrid. Some of the seed borne on the resistant
shoots will transmit the GR to the progeny. In cell culture stud-
ies exposed to drugs, a similar kind of resistance mediated by
episomes (here referred as eccDNA) has been described as an
acquired resistance or trait (Stark and Wahl 1984). Our work
on A. palmeri (Koo et al. 2018) and this report are documented
examples of rapid adaptive evolution of a trait in higher organ-
isms mediated by eccDNA. The eccDNAs enable copy number
variation in soma cells during the growth of the organism
which, under strong selection pressure, may drive rapid adap-
tive evolution.

Materials and methods

Plant materials

Spiny amaranth (A. spinosus) plants were obtained from the
field in Lafayette County, Mississippi (34.23450 N, 89.63433
W) and were confirmed to be GR (Nandula et al. 2014).
The collected plants were cloned by vegetative propagation
in the greenhouse. The interspecific hybrids between A. tu-
berculatus and A. palmeri were produced as per the proced-
ure given by Gaines et al. (2012). A total of 6 interspecific F,
plants were randomly selected for FISH analysis of eccDNA
replicons.

Molecular analysis

The quantitative PCR (qPCR) procedure given by Koo et al.
(2018) was followed to determine the EPSPS copy number
in GR Amaranthus sp. and their interspecific hybrids.
PCR-based species-specific primers developed by Wright
et al. (2016) were used for parental species screening and
evaluation of F; hybrids. The primer information and the
PCR set up are given as supplementary information.

Fluorescence in situ hybridization
The procedures for mitotic chromosome preparation, FISH,
and fiber-FISH were adapted from Koo et al. (2018). FISH
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images were captured with a Zeiss Axioplan 2 microscope
(Carl Zeiss Microscopy LLC, Thornwood, NY, USA) using a
cooled CCD camera CoolSNAP HQ2 (Photometrics,
Tucson, AZ, USA). Three single-channel (blue, green, and
red) images were captured in 8-bit depth black and white
and were later superimposed in AxioVision 4.8 software
(Carl Zeiss). Assignments for the color of each channel after
being superimposed were the same as the fluorochrome
color used. The final contrast of the images was processed
using Adobe Photoshop CS5 software.

Supplemental data

The following material is available in the online version of this
article.

Supplemental Information. The primer sequence infor-
mation and the PCR set up used in the study.
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