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Abstract
BACKGROUND: The de novo transcriptome sequencing of a weedy plant using GS-FLX 454 technologies is reported. Horseweed
(Conyza canadensis L.) was the first broadleaf weed to evolve glyphosate resistance in agriculture, and also is the most widely
distributed glyphosate-resistant weed in the United States and the world. However, available sequence data for this species are
scant. The transcriptomic sequence should be useful for gene discovery, and to help elucidate the non-target-based glyphosate
resistance mechanism and the genomic basis of weediness.
RESULTS: Sequencing experiments yielded 411 962 raw reads, an average read length of 233 bp and a total dataset of 95.8 Mb
(NCBI accession number SRA010952). After trimming and quality control, 379 152 high-quality sequences were retained and
assembled into contigs. The assembly resulted in 31 783 unique transcripts, including 16 102 contigs and 15 681 singletons.
The average coverage depth for each contig and each nucleotide position was 22-fold and 12-fold respectively. A total of
16 306 unique sequences were annotated by searching a custom plant protein database. The utility of the transcriptome data
was demonstrated by further exploration of ABC transporters, which were previously hypothesized to play a role in non-target
glyphosate resistance. Real-time RT-PCR primers were designed from the transcriptome data, which made it possible to assess
expression patterns of 17 ABC transporters from resistant and susceptible horseweed accessions from Tennessee, with and
without glyphosate treatment.
CONCLUSION: These results show that GS-FLX 454 sequencing is a powerful and cost-effective platform for the development of
functional genomic tools for a weed species.
c 2010 Society of Chemical Industry
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Glyphosate has become the world’s most widely used herbicide
for controlling weeds for a number of reasons, including its high
efficacy and low cost, and because it is environmentally benign.
Using glyphosate along with no-till cropping systems is considered
to be a superior economic and environmental choice compared
with other systems.1,2 The widespread use of glyphosate, however,
has exerted selection pressure on various species of weeds. In fact,
agricultural weeds are becoming more difficult to control as
they continue rapidly to evolve herbicide resistance.3 Horseweed
(Conyza canadensis L.), which is in the Asteraceae family, was
the first broadleaf weed to evolve glyphosate resistance,4 first
occurring in Delaware in 2000. Resistant biotypes are found in 20 US
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states and several countries on four continents. The authors have
recently performed a phylogeographic study providing evidence
that horseweed has evolved glyphosate resistance independently
in many locations in the United States.5 Resistant biotypes seem
abruptly to appear and then spread within populations. This
within-population spread of resistance is enabled by high seed
production (each mature plant can produce more than 200 000
wind-dispersed seeds) coupled with glyphosate treatment which
kills non-adapted genotypes.6
Horseweed has several attractive features making it amenable
for genomics research.7,8 From the authors’ own flow cytometry
experiments it is estimated that horseweed has a genome size
of about 335 Mb (unpublished data), which is approximately 2.5
times the size of Arabidopsis thaliana (L.) Heynh. In fact, horseweed
has the smallest known genome of all agricultural weeds.8 It is selffertile, has high homozygosity and is relatively easy to maintain
in low-light growth rooms until plants bolt, when they quickly
outgrow light rack spacing. Horseweed is a true diploid (2n = 18),
which simplifies sequence analysis compared with polyploid weed
species. In addition, a plant transformation and regeneration
method has been developed9 that allows for overexpression or
knockdown analysis of potential gene targets.
The likely mechanism for glyphosate resistance in horseweed
does not involve the target EPSPS enzyme-coding genes (EPSPS1,
GenBank accession number AY545 666; EPSPS2, accession number
AY545 667).5,10 Moreover, the non-target mechanism appears to
have a relatively simple Mendelian inheritance, indicating that a
single locus is responsible for conferring resistance.9,11 In addition
to the high fecundity and glyphosate selection pressure, the
spread of resistant biotypes within and among populations is
likely enhanced by autogamy and simple inheritance of dominantto-semi-dominant non-target-site glyphosate resistance in this
species.
Horseweed, like most agricultural weeds, has received little
attention from genomics researchers.8 However, 2019 expressed
sequence tags (ESTs) were recently identified and analyzed.5
In addition, a list of genes upregulated by glyphosate in a
resistant biotype compared with an isogenic susceptible genotype
were discovered by the use of heterologous microarrays.5 Many
more horseweed gene sequences must be discovered to validate
and expand microarray results, to enable gene discovery and
cloning candidate genes, and to provide baseline data for
further functional genomics analysis. Therefore, transcriptome
sequencing was performed using a high-throughput method to
obtain the first large-scale genomic information in horseweed.
For non-model plants, such as weeds, the traditional method of
obtaining genome or transcriptome data has been through library
construction, repeated rounds of normalization/subtraction, followed by traditional Sanger sequencing, which was a lengthy and
expensive process in spite of incremental improvements in Sanger
sequencing technology. Sequencing of eukaryotic genomes or
transcriptomes has remained beyond the typical grant-funded
investigator. Recently, the Sanger method has been partially
supplanted by several ‘next-generation’ sequencing technologies that offer dramatic increases in cost-effective sequence
throughput.12,13 One extensively used method relies on Roche
GS-FLX 454 technology, which has had a tremendous impact on
genomic research for increasing sequencing depth and coverage
while reducing time, labour and cost.13,14 GS-FLX 454, the first
next-generation sequencing technology, was released onto the
market in October 200512 and has been the most widely published
next-generation technology, with more than 600 peer-reviewed
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research publications to date. GS-FLX 454 has been applied to
standard sequencing applications, such as de novo genome and
transcriptome sequencing, resequencing15 – 20 and for novel applications previously unexplored by Sanger sequencing.21 The
454 technology avoids expensive cloning-based library construction by taking advantage of a highly efficient in vitro DNA
amplification method known as emulsion PCR.12 Followed by
pyrosequencing,22,23 the GS-FLX 454 system is capable of generating on average 100 Mb of 250 base reads per 7.5 h run
(http://www.454.com). Compared with similar expenditure by
Sanger sequencing, GS-FLX 454 yields redundant coverage for
many more genes. Also, even though the read length is shorter
than Sanger sequencing, the lower error level (<0.5%) associated with 454 technology is beneficial for sufficient coverage
depth to allow assembly of overlapping reads.21 It produces less
concern about assemblage for transcriptomes. Compared with
genomes, transcriptomes are smaller and typically contain much
less repetitive DNA. However, the 454 technique is not perfect. As
pyrosequencing relies on the magnitude of light emitted to determine the number of repetitive bases, erroneous base calls can
occur with homopolymers. Also, 454 is less expensive and faster
on a per base basis, but a single 454 run is expensive compared
with Sanger, and thus 454 is not suitable for sequencing targeted
fragments from small DNA samples. Although next-generation
technologies allow genome sequencing to become more efficient, the sequencing of complex genomes remains expensive,
often prohibitively so. Therefore, the authors chose to perform
transcriptome sequencing of horseweed by using the 454 platform to acquire candidate sequences for functional genomics
analysis. Here, the de novo assembly of horseweed transcriptome
data and the annotation of expressed genes are reported, and the
utility of these data for gene expression analysis is demonstrated.
Resultant sequence data are publicly available from GenBank
(accession number SRA010952).

2

MATERIALS AND METHODS

2.1 Sample preparation for 454 sequencing
Horseweed plants were grown in potting media in a greenhouse
at the University of Tennessee, Knoxville, TN, under a 16 : 8 h
light : dark photoperiod at ambient temperatures (25 ± 2 ◦ C).
Plants were watered and fertilized as necessary with Osmocote
slow-release fertilizer. Young leaves and meristematic tissue were
harvested at the rosette stage from plants that were approximately
3 months old and 6–8 cm in diameter. Total RNA was isolated
and pooled into one sample from the following three sample
types represented by six plants each: untreated (water-sprayed)
TN-susceptible horseweed (from Knoxville, TN) and TN-resistant
biotype from western Tennessee (Lauderdale County, TN), and the
latter biotype after 24 h glyphosate-sprayed with the field rate
of Round-up Weathermax (0.84 kg AI ha−1 ; Monsanto, St Louis,
MO).24 RNA extraction was done using TriReagent according to the
manufacturer’s protocol (MRC, Cincinnati, OH). The pooled sample
was used to generate double-stranded cDNA using SMART
cDNA Library Construction Kit (Clontech, Mountain View, CA).
Normalization was performed using TRIMMER cDNA Normalization
Kit (Evrogen, Moscow, Russia) to decrease the prevalence of
abundant transcripts before sequencing. The cDNA sample was
then fractionated into smaller pieces (300–500 bp). The ends of
these fragments were subsequently polished by treating with DNA
polymerase to fill in or remove any unpaired bases. The short A and
B adaptors were then ligated on to each resulting fragment, which
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provided priming sequences for both emulsion PCR amplification
and pyrosequencing, forming the basis of the single-stranded
template library. Pyrosequencing using a Roche GS-FLX sequencer
was performed by the WM Keck Center for Comparative and
Functional Genomics at the University of Illinois, as described
previously.12,25 A preliminary titration run was followed by two
bulk runs. The first bulk run was dedicated to horseweed cDNAs,
whereas in the second run only half the plate was allocated
to horseweed cDNAs. Raw reads of 454 data were submitted
to the GenBank Short Read Archive (SRA) database (accession
number SRA010952). All contig sequences present in this study
are provided in Supporting Information File 6.
2.2 454 sequencing data trimming, assembling and annotation
The raw 454 sequences were processed according to standard protocols used in the authors’ waterhemp [Amaranthus
tuberculatus (Moq.) JD Sauer] paper,26 and the waterhemp
transcriptome data were used as a comparison in this study.
Lucy27 and EGassembler (http://egassembler.hgc.jp/) were used
to remove the low-quality sequences, end regions that were
rich in ambiguous nucleotides, very short reads (<50 bp),
poly (A/T) tails, SMART adaptors for cDNA synthesis, primers
and potential contaminating vector sequences. The returned
high-quality clean sequences were assembled using CAP328 and
EGassembler. All unique sequences (contigs and singletons) were
annotated by similarity search (NCBI Standalone Blast program,
ftp://ftp.ncbi.nih.gov/blast/) of three protein databases: Arabidopsis all proteins database (AGIallAA.gz, 130 814 protein sequences;
ftp://ftp.arabidopsis.org/home/tair/Sequences/blast datasets/
other datasets/12-18-07/), UniProtKB/Swiss-Prot annotated protein database (353 658 protein sequences, http://www.uniprot.
org/downloads) and a custom protein database including all
green plants proteins from GenBank (677 422 protein sequences,
ftp://ftp.arabidopsis.org/home/tair/Sequences/blast datasets/).
The best five protein hits for each query sequence were parsed out
to create annotated tables, which included available information
such as taxonomy, keywords, protein function, accession number
and/or gene ontology (GO) terms. The potential micro-RNAs
in non-annotated sequences were scanned by searching the
miRBase database (ftp://mirbase.org/pub/mirbase/CURRENT/).
To help determine which sequences were of non-plant origin,
contiguous sequences (contigs) and singletons that had no
hits found in the custom plant proteins database were further
searched using the Uniport database (Release 15.14).
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3

RESULTS AND DISCUSSION

3.1 Roche GS-FLX sequencing and assembly
Normalized cDNA was used to reduce oversampling of highabundance transcripts and obtain sufficient coverage of lowabundance transcripts. Two sequencing runs (1.5 plates) plus a
titration run yielded a total of 411 962 raw reads. The average
length of each read was 233 bp (Supporting Information File
2), with 79.2% distributed between 200 bp and 300 bp, and
the total data size was 95.8 Mb (Fig. 1). The sequence yield was
somewhat lower compared with genomic DNA 454 sequencing,
but was higher than other de novo transcriptome sequencing
projects for non-model plant species.30,31 The difference resulted
from shorter DNA fragments from the transcriptome preparation
or other input effects compared with those data from genome
studies. Compared with Sanger EST library sequencing methods,
cDNA molecules needed to be fractionated into smaller pieces and
size scanned rather than fully cloned into vectors. Shotgun 454
sequences are located evenly across the cDNA of a given gene,32
which resulted in multiple fragments per single gene, requiring
further analysis to assess their relationships.
Initial quality filtering of the 454 reads was performed at
the machine level before base calling. These sequences were
subsequently trimmed as described in Section 2.2. A total of
94% of sequences (379 152) passed the quality-control filter for
assembly into unique sequences. A total of 363 471 high-quality
clean sequences resulted in 7.05 Mb representing 16 102 contigs.
After assembly, 55% of the contigs (8817) were longer than 300 bp,
and 19.5% of them (3145) were longer than 600 bp (Fig. 2). Of these
contigs, 15 681 high-quality clean sequences (3.8%) remained as
singletons (coverage depth = 1), with the data size totaling
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2.3 Expression analysis of selected ABC transporter genes
using real-time RT-PCR
Plants were grown and harvested and total RNA was extracted
as described above. Four combinations of plant biotypes and
treatments were made: TN-S and TN-R biotypes that were
glyphosate treated and untreated were compared for gene
expression differences. Young leaves of six individual plants
were used for total RNA extraction for each biotype–treatment
combination. Therefore, the four combinations were represented
by one sample each. The residual genomic DNA in the total RNA
extract was removed by several treatments with RNase-free DNase
I (Invitrogen, Carlsbad, CA). First-strand cDNA was synthesized
using 2 µg of total RNA, 0.5 µg of oligo(dT)18 and SuperScript III
reverse transcriptase according to the manufacturer’s instructions
(Invitrogen), employing an Eppendorf MasterCycler (Eppendorf,

Hamburg, Germany). The cDNAs were diluted to 100 µL with sterile
water, of which 2 µL was used per real-time PCR sample. Real-time
PCR was carried out in an ABI-7000 thermal cycling system using
a real-time PCR Power Mix Kit (ABI, Foster City, CA). The reaction
mixture (25 µL) contained 2 µL of first strand cDNA, 0.5 µM of each
of the forward and reverse primers and appropriate amounts of
other components as recommended by the manufacturer (ABI).
The ABI-7000 thermal cycler was programmed as follows: 2 min
at 95 ◦ C for predenaturation, 40 cycles of 15 s at 94 ◦ C, 15 s at
55 ◦ C and 20 s at 72 ◦ C. Data were collected during the extension
step. The cDNA samples were tested by using three independent
repetitions in the same condition. For control reactions, either
no sample was added or RNA alone was added without reverse
transcription to test if the RNA sample was contaminated with
genomic DNA. An actin-like housekeeping gene (contig9305, 916
bp) was used as a reference gene. The absolute expression level
of this actin-like gene was relatively invariant (average ±0.31 Ct
value, within 10% variation) using equal amounts of cDNA samples
from glyphosate-treated plants in this study. Furthermore, abiotic
stresses (salt, drought and cold; data not shown) did not perturb
its expression. The relative expression of target genes to the
actin control was calculated using the efficiency-adjusted Ct
method as described by Yuan et al.29 The oligonucleotide primers
(Supporting Information File 1) were designed with the Primer
Express 2.0 software (ABI). To test the suitability of these primer
sets, the specificity and identity of the RT-PCR products were
monitored by a melting curve analysis (65–99 ◦ C, 5 ◦ C s−1 ) of the
reaction products, which can distinguish the gene-specific PCR
products from the non-specific PCR products. All primers were
synthesized by Integrated DNA Technologies (IDT, Iowa City, IA).
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Figure 1. Frequency distribution of horseweed GS-FLX 454 sequence raw read lengths.

Table 1. Summary of 454 sequencing, data trimming, assemblage
and annotation
Sequences (number; Nucleotides (number;
% of total)
% of total)
Raw reads
After quality control and
trimming
Sequences assembled to
contigs
Assembled contigs
Singletons
Annotated unique
sequences

411 962 (100%)
379 152 (92.04%)

95 822 385 (100%)
88 013 743 (91.85%)

363 471 (88.23%)

84 692 110 (88.38%)

16 102
15 681 (3.81%)
16 306

7 054 041 (7.36%)
3 321 633 (3.47%)
6 478 624

3.3 Mb. This resulted in 10.35 Mb of new horseweed transcriptome
sequencing data representing 31 783 unique sequences (Table 1).
A further 2016 quality-trimmed unique transcripts (average length
689 bp; total size 1.39 Mb) obtained from horseweed cDNA libraries
using traditional Sanger sequencing techniques5 were used to
gauge the quality of the 454 sequencing and assembly.
The most challenging aspect of de novo assembly is obtaining
abundant coverage of sequences. In this study, 95.9% of the
high-quality trimmed sequences were assembled into contigs
with an average length of 438 bp. However, this average length
was still shorter than the average length of Sanger ESTs. Given
that the average coverage depth for each contig and each
nucleotide position was ∼22-fold and ∼12-fold respectively, this
high coverage depth of contigs ensured that the 454 sequences
were likely more accurate than traditional Sanger sequences which
rely on a single or very few reads.

1056

3.2 Quality and performance of the 454 assembly
To test the quality and performance of the sequence assembly,
contigs were aligned against themselves and the singletons using
the NCBI Blastn program. A total of 4405 contigs (27.1%) had
best Blast hits (i.e. had significantly similar sequences based on
a bit score of >45 and an E-value of <0.0001 produced by
the Blastn program) with >95% identity with other contigs and
singletons, but in no case did these alignments extend over the
entire length of either the Blast subjects or queries. These perfect
match alignments averaged 92 bp and 73 bp in length for contig
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Table 2. Summary Blast data for assembled FLX-454 contigs against
themselves and all singletons. All Blast results refer to hits with bit scores
greater than or equal to 45, an E-value of <0.0001 and alignments with
greater than or equal to 95%
Total assembled horseweed FLX-454 contigs
Number of contigs that had best Blast hits with
other contigs and singletons
Average length of alignments as contigs versus
contigs
Average length of alignments as contigs versus
singletons
Average coverage of alignments to queried contig
as contigs versus contigs
Average coverage of alignments to queried contig
as contigs versus singletons
Number of Blastn-paired contigs that had Blastx
hits against protein database
Number of Blastn-paired contigs that had identical
best Blastx hits

16 102
4405 (27.1%)
92 bp
73 bp
18.5%
11.5%
2768 (17.2%)
285 (1.8%)

versus contigs and contigs versus singleton hits respectively. Also,
the average coverage of the match alignments were 18.5% and
11.5% of the length of the queried contigs in the case of contigs
versus contigs and contigs versus singletons respectively. A total
of 2768 of these contigs had Blastx hits (bit score >45) against the
all green plants protein database, and only 285 (1.8%) of those
Blastn-paired contigs had the same best Blastx hits in the protein
database (Table 2). Considering that conserved motifs in different
genes widely exist in the genome and different transcripts resulting
from alternative splicing of single genes occur frequently,33,34 the
present assembly appropriately partitioned these gene regions,
which produced high identity but short coverage alignments into
different contigs.
To estimate the error rate of 454 sequencing and the quality
of assembly, 2016 high-quality trimmed Sanger-sequenced ESTs5
were aligned with the 454 contigs and singletons. Of these,
1540 (76.4%) had strong Blast hits to 454 sequences (Table 3).
Nucleotide alignments of Sanger versus 454 sequences were
95.8% identical for all alignments, 97.3% for those alignments
involving 454 contigs and 99.3% for those alignments with a
bit score of >100. The average number of gaps for alignments
involving 454 singletons was 0.22 and 7 per 1000 aligned bases.
The average number of gaps for alignments involving 454 contigs
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Figure 2. Characteristics of assembled horseweed GS-FLX 454 contigs: (a) length frequency distribution of assembled contigs; (b) average coverage
frequency distribution of assembled contigs.

was 0.04 and 1.4 per 1000 aligned bases, which was less than
that for 454 singletons. This comparison might overestimate the
real 454 sequencing error rates, as they include base mismatches
caused by polymorphisms, possible gaps created by alternative
splicing and alignments with end regions of Sanger sequences,
which are known to have decreased accuracy. The horseweed
genotypes between Sanger and 454 sequencing were not the
same. However, these results indicated that a sufficient coverage
depth could efficiently reduce the error rate in 454 sequencing,
and it is reasonable to suggest that it could be more accurate than
traditional Sanger sequences on the basis of depth of coverage.

Pest Manag Sci 2010; 66: 1053–1062
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3.3 Functional annotation of 454 unique sequences
One objective of this project was to assign hypothetical protein
sequence and function to each EST. All unique sequences (contigs
and singletons) were used as queries to search annotated protein
databases and were assigned a gene description and/or a GO
term (Supporting Information Files 3 and 4). A number of
factors, especially the E-value, affect the reliability of results when
searching databases for similarities. The E-value is the probability,
due to chance, that there is another alignment with a similarity
greater than the given bit score. In short, a lower E-value set

translates to higher confidence in the search results. A total of
10 698 contigs had hits to the protein database with the E-value
threshold set at <0.1, which was 1438 (∼16%) more than that with
the E-value threshold set at <0.0001 (Supporting Information
File 5). The authors sought to enlarge the database to allow
maximal functional searching for gene discovery in this de novo
transcriptome sequencing project. The number of contigs that
had hits to different protein databases was counted on the basis
of the ‘best five hits’ of Blastx search (E-value <0.0001, score bits
>45). The greatest yield of protein counts was obtained when
searching the all green plant protein database, which hit 629
more contigs than searching the Arabidopsis protein database;
about 20% more putative proteins were identified. Thus, a total
16 306 unique sequences were annotated. Of these, 13 708 (84.1%)
were associated with Biological Process GO classification and were
divided into 14 subgroups, 12 404 (76.1%) were associated with
‘cellular components’ and were further divided into 16 subgroups
and 7364 (45.2%) were associated with ‘molecular function’ and
were divided into 15 subgroups (Fig. 3).
Only 39.8% of singletons found hits in the present custom
protein database and could be annotated, while 61.5% of the
contigs could be annotated, possibly the result of low coverage
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Figure 3. Summary of GO annotation of 454 unique sequences. Annotated sequences were classified into (A) ‘biological process’, (B) ‘molecular Function’
and (C) ‘cellular component’ groups and 45 subgroups.
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depth and the short average length of the singletons. The average
length of annotated contigs was 526 bp with a 30.3 average
coverage, while non-annotated contigs averaged 297 bp with only
9.6 coverage. Similarly, the average length of annotated singletons
was 30 bp longer than that of non-annotated singletons. In 15 477
non-annotated unique sequences, ∼2.8% of these (431) had hits

wileyonlinelibrary.com/journal/ps

in the plant micro-RNA database, and ∼0.9% of them (134) had
hits with non-plant proteins (Table 4). The remainder might be
partial sequences that locate to non-coding regions (5 and 3
untranslated regions of genes) or some horseweed-specific genes
that have no orthologs in these databases. However, the inability
to annotate these sequences is a problem that could be common
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Figure 4. Expression levels of 17 ABC transporter genes in young leaves of glyphosate-treated TN-R biotype horseweed plants relative to an internal
control actin gene using real-time RT-PCR. Data are presented as mean ± SE of three technical replicates for each biotype–treatment combination (one
pooled sample each).

Table 3. Summary Blast data for assembled Sanger sequences
against FLX-454 contigs and singletons. All Blast results refer to hits
with bit scores greater than or equal to 45. Alignment lengths refer to
nucleotides
Number of Sanger sequences
Number of Sanger sequences with at least one Blast hit
against 454 sequences
Percentage Sanger sequences with a Blast hit against 454
sequence
Mean percentage identity of Sanger versus all 454 contig
Blast hit alignments
Mean percentage identity of Sanger versus all 454 Blast
hit alignments
Mean percentage identity of Sanger versus 454 Blast hit
alignment (bit score >100)
Mean number of gaps within Sanger versus all 454 contig
Blast hit alignments
Median number of gaps within Sanger versus all 454
contig Blast hit alignments
Mean number of gaps within Sanger versus all 454
singleton Blast hit alignments
Median number of gaps within Sanger versus 454
singleton Blast hit alignments

2016
1540
76.4%
95.8%
97.3%
99.3%
0.04
0
0.22
0

Table 5. Comparison of the number of hits (contigs + singletons)
to herbicide target-site genes and gene families and non-target
gene families from transcriptome 454 sequencing of horseweed and
waterhemp
Horseweed Waterhemp
Herbicide target gene family
Acetolactate synthase
D1 protein (plastidic gene)
Tubulin
Protoporphyrinogen oxidase
Phytoene desaturase
Glutamine synthetase
1-Deoxy-D-xylylose-5-phosphate synthase
4-Hydroxyphenylpyruvate dioxygenase
Acetyl-CoA carboxylase
Dihydropteroate synthase
5-Enolpyruvylshikimate-3-phosphate
synthase
Non-target gene family
Glutathione S-transferase
Cytochrome P450 monooxygenases
Glycosyltransferases
ABC transporter genes

6
4
29
2
5
9
6
1
6
1
2

2
2
33
8
1
7
1
2
8
2
3

7
125
76
151

22
191
84
192

Table 4. Summary data for horseweed-unique annotated and nonannotated sequences
Average length of annotated contigs
Average coverage of annotated contigs
Average length of non-annotated contigs
Average coverage of non-annotated contigs
Average length of annotated singletons
Average length of non-annotated singletons
Number of non-annotated unique sequences
having hits to micro-RNAs
Number of non-annotated unique sequences
having hits to non-plant proteins

526 bp
30.3-fold
297 bp
9.6-fold
230 bp
199 bp
431
135

Pest Manag Sci 2010; 66: 1053–1062
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for many non-model plants. The authors are planning to use either
454 FLX-Titanium or Solexa (Illumina) to sequence unnormalized
cDNA (RNAseq) samples to fill in gaps and acquire additional
target genes involved in glyphosate resistance. At that time,
transcriptome data from resistant and susceptible isogenic lines
with and without glyphosate treatment will be compared. More

data might also help address the annotation problem. However,
if genes involved in weediness are truly novel to weeds, then a
comprehensive functional genomics research program would be
required to elucidate the genes and their functions.7,8
The effectiveness of this horseweed 454 transcriptome sequencing for identifying gene candidates involved in herbicide resistance
was estimated by comparing with waterhemp data.26 Eleven herbicide target-site genes/gene families and four non-target gene
families were identified from unique horseweed and waterhemp
sequences (Table 5). In ten gene families, more resistance-gene
candidates were identified in waterhemp than in horseweed. In
the remaining five gene families, more resistance-gene candidates
were identified in horseweed than in waterhemp. In short, some
430 unique sequences identified in this study might be involved
in the evolution of herbicide resistance. This finding demonstrates
the enormous value of 454 transcriptome sequencing for gene
discovery in an important weedy plant with scant sequence data.
In the following section, the utility of the horseweed transcriptome
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data is illustrated by exploring a non-target glyphosate resistance
hypothesis in this species.5 Specifically, the transcriptome data
enabled expression analysis of ABC transporter genes based on
real-time RT-PCR experiments.
3.4 Expression analysis of ABC transporter-like genes
ABC transporters are transmembrane proteins that utilize the
energy of ATP hydrolysis to transport a wide variety of substrates
across extra- and intracellular membranes, including metabolic
products, lipids and sterols and drugs.35,36 A number of ABC
transporter genes were shown to be upregulated in previous
microarray analysis by the present authors, suggesting that one
or more might contribute to the glyphosate resistance in TNR horseweed plants.5 One model for non-target resistance is
glyphosate sequestration into vacuoles via active transport of
glyphosate by ABC transporters;5,10,37,38 therefore, overexpression
of ABC transporters could account for the resistance. In fact,
some gene families that might be involved in glyphosate
resistance in horseweed39 were found in the dataset, which
included ABC transporters, glutathione S-transferases (GSTs),
glycosyltransferases and P450s (Table 5). In the case of ABC
transporters, 67 unique sequences belonging to the subfamilies
of multidrug resistance protein/multidrug resistance-associated
protein (MRP) and pleiotropic drug resistance (PDR) were
identified, mainly based on the annotation information of
these sequences. Members of these subfamilies were shown
to be upregulated at a high frequency by glyphosate in a
previous heterologous microarray study.5 However, multiple
unique sequences may represent segments of one unigene, as
there is no reference genome to assemble short reads into
scaffolds. Therefore, the identification of 67 unique sequences
does not mean that 67 different genes were identified in
these subfamilies. Subsequently, a preliminary gene-by-gene
transcription analysis was performed on 17 of the longer of these
ABC-transporter genes (M1 to M11 from the MRP-like subfamily;
P1 to P6 from the PDR-like subfamily). Only a few of these 17 genes
could determine the closest relatives of the Arabidopsis genes,
such as M11 to At3g13080. As a whole genome sequence dataset
does not yet exist, it is still not clear how many unigenes these
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sequences represent, a common problem for many non-model
organisms.20,30,31 The most abundant transcript of these 17 ABC
transporters, M11 (contig9470, 2120 bp of determined sequence),
was found in glyphosate-treated TN-R horseweed plants and was
1.4 times higher than the expression of the actin housekeeping
gene that was used as an internal control (Fig. 4). This AtMRP3like ABC transporter was the highest upregulated gene, with an
expression fold-change of 29.6, from a previous heterologous
microarray study in horseweed.5 Also, the identity of M11 with
the 70 bp Arabidopsis probe sequence was ∼90%. All other ABC
transporter genes had much lower absolute abundance: M1, M2,
M3, M8, M9 and P4 were among those with moderate abundance
levels, while the others can be classified as low-abundance
transcripts, but were still detectable by real-time RT-PCR (Fig. 4).
Compared with TN-S plants, M2 and P1 had lower expression
levels in TN-R horseweed plants. M1 and M8 had the same
expression level in both biotypes, while the remainder of ABC
transporters had higher expression levels in TN-R horseweed
plants. The responses of these ABC transporter genes to 24 h
glyphosate treatment varied as shown in Fig. 5. M1, M2, M8, M9,
M10, M11, P4 and P5 were shown to be upregulated in both TN-S
and TN-R biotypes. However, M1 and M2 had higher expression
levels in TN-S plants. M9, M10 and M11 had higher expression
levels in TN-R plants. The expression levels of M8, P4 and P5 were
comparable between the two biotypes. M3, M6, M7 and P3 were
shown to be upregulated in TN-S horseweed, whereas there was
almost no response in TN-R plants. M5 and P6 were shown to
be upregulated in TN-S horseweed but downregulated in TN-R
plants. P1 was downregulated in TN-S horseweed, whereas there
was little response in TN-R plants. M4 and P2 had almost no
response in both TN-S and TN-R biotype horseweed plants (Fig. 5).
M6, M7, M10, M11 and P3 are more likely to be involved in the
glyphosate resistance because their expression levels are always
higher in resistant lines than in susceptible lines, and these are
regarded as good preliminary target genes for further functional
genomics studies.
The most interesting results were the strong responses of
M10 and M11 transcription to glyphosate. M10 had a very low
expression level, ∼6×10−5 in TN-S and ∼1.2×10−3 in TN-R plants,
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Figure 5. Relative expression profiles (compared with the expression level in TN-S control plants, SC) of 17 ABC transporter genes in young horseweed
leaves from the following plant–treatment combinations: Tennessee susceptible–glyphosate sprayed, SG; Tennessee resistant–untreated control, RC;
Tennessee resistant–glyphosate sprayed, RG. Data are presented as mean ± SE of three independent real-time RT-PCR analyses. Each RNA sample was
isolated from leaves of six individual plants grown under the same conditions for each biotype and treatment and pooled to give one sample each.

wileyonlinelibrary.com/journal/ps

c 2010 Society of Chemical Industry


Pest Manag Sci 2010; 66: 1053–1062

de novo transcriptome of horseweed

www.soci.org

compared with the actin control gene. M10 was upregulated nearly
300-fold in treated TN-S plants, and 16-fold in treated TN-R plants,
compared with their untreated controls, but TN-R plants had the
highest expression level (Fig. 4). M11 was upregulated 60-fold
and 45-fold in treated TN-S plants and TN-R plants respectively.
Therefore, the promoter of this gene could be used to construct an
efficient glyphosate reporter. Both M10 and M11 had a higher
expression level in treated TN-R plants than in treated TN-S
plants. There are several features of M11 that are intriguing with
regards to a potential non-target glyphosate resistance candidate.
These features include its high levels of absolute transcription,
upregulation by glyphosate, which is also highest in resistant
plants, and its putative tonoplast localization. Its ortholog in
Arabidopsis is tonoplast targeted.40 Thus, M11 could play a very
important role in glyphosate transport into vacuoles, thereby
resulting in the glyphosate resistance in TN-R horseweed. However,
there is no direct evidence that M11 is able to transport glyphosate.
It could not eliminate the possibility that the strong induction of
the MRP3 homolog might be caused by secondary effects of the
herbicide. One of the next steps is to clone the full-length M11, as
well as other candidates, and perform functional analyses using
overexpression analysis in susceptible and/or knockdown analysis
in resistant horseweed biotypes. Transcriptome sequencing has
crucially enabled translational research in understanding herbicide
resistance mechanisms.
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CONCLUSIONS

Young leaves and meristematic tissues from bulked samples
of two horseweed biotypes, TN-S and TN-R, with and without
glyphosate treatment, were used to carry out a large-scale
transcriptome sequencing project using GS-FLX 454 sequencing,
de novo assemblage and functional annotation of the sequence
data. These data were also used to design specific primers and
measure the expression of potential candidate genes that might
be involved in conferring non-target glyphosate resistance in
horseweed. Moreover, the data are sufficient to allow the design
of microarray oligonucleotide probes and SNP discovery. The data
also enable full-length cDNA cloning of non-target candidate
genes via a RACE protocol for the next step in functional
genomics research. Because of its very small genome size,
horseweed could serve not only as a useful species for identifying
non-target herbicide resistance mechanisms10,39 but also as a
good model for weed genomics.7,8 Sufficient data provided by
this large-scale sequencing, coupled with further application of
multigenomic tools, will improve understanding of the genetic
basis of weediness characteristics and the evolution mechanisms
of herbicide resistance in weeds. In the long term, this research
should be helpful in weed management and control.
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