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Genetically modified (GM) alfalfa (Medicago sativa) was marketed for the first time in 2005. For
countries with established thresholds for GM plants, methods to detect and quantify their adventitious
presence are required. We selected acetyl CoA carboxylase as a reference gene for the detection
and quantification of GM alfalfa. Two qualitative polymerase chain reaction (PCR) assays (Accl and
Acc?2) were designed to detect alfalfa. Both were specific to alfalfa, amplifying DNA from 12 separate
cultivars and showing negative results for PCR of 15 nonalfalfa plants. The limits of detection for
Accl and Acc2 were 0.2 and 0.01%, respectively. A quantitative real-time PCR assay was also
designed, having high linearity (r > 0.99) over alfalfa standard concentrations ranging from 100 to
2.0 x 10° pg of alfalfa DNA per PCR. The real-time PCR assay was effective in quantifying alfalfa
DNA from forage- and concentrate-based mixed diets containing different amounts of alfalfa meal.
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INTRODUCTION products is performed by comparing the amount of transgenic
DNA to a reference target (), usually an endogenous reference

During the 10 year period of 1996 to 2005, the global area
of genetically modified (GM) crops increased more than 50- gene. . )
fold, reaching a total of 90 million hectares worldwide).( In 2005, Roundup Ready (herbicide tolerant) alfalNée(i-
Despite widespread use of GM crops and studies showing €290 satia) was approved for _release into the environment and
nutritional equivalence as compared to non-GM variet®s ( for use as food and/or feed in _the Unlteq States and Canada
public acceptance varie$,(4). Some regulatory bodies have (12). In 2004, these two countries com_blned exported a total
mandated labeling laws concerning approved GM foods and 436809 Mt of glf_alfa meal and pellets with an estlmateo_l value
feeds in order to give consumers the option of selective Of $U.S. 63 million (3). Alfalfa meal and pellets are widely
purchasing (56). For unapproved GM crops, importation is used_ as feed for ruminants. While there are stipulations
generally banned if the GM trait is detected above a set thresholdPertaining to the use and export of Roundup Ready alfalfa,
percentage. Therefore, companies exporting products containingluality assurance may require testing for GM alfalfa in
GM constituents to nations with labeling legislations must abide Shipments of seeds or feed. The purpose of this paper was to

by the laws of the importing countries. To meet these require- develop qualitative and quantitative PCR assays for an endog-
ments, methods enabling detection and quantification of GM €nous alfalfa reference gene that could be used for the estimation

products are necessary. of adventitious presence of GM alfalfa in forage and feed

Polymerase chain reaction (PCR) is capable of detecting andShiPments.
measuring the concentration of GM products at or below most
regulatory thresholds (B). Event-specific tests can be devel- MATERIALS AND METHODS
oped by designing primers to amplify a DNA sequence spanning
the junction between transgenic and plant genomic DR ( Plant Materials. Twelve different cultivars of alfalfaNl. sativa;
However, in addition to an event-specific test, a PCR assay for Table 1) were grown on adjacent fields at the Lethbridge Research
an endog’enous species-specific gene needs’to be avallbie ( Centre, Lethbridge, Alberta, in 2005. Fresh samples from each cultivar

11, 1 litative GM . lificati f h q were collected in October, at harvest, and storee-&® °C prior to
) In qualitative screening, amplification of th€ entog-  p\a jselation. Nonalfalfa plants, used to validate primer specificity,

enous gen_e aCt_S "’_‘s a positive control, identifying_the_ type(s) of were grown in an environment that precluded its contamination with
plant species within the test sample. PCR quantification of GM gjtaifa plant material Table 2). Plant seeds were rinsed with ethanol
(70% v/v) and then placed into 50 mL sterilized flasks containing agar

* To whom correspondence should be addressed. F&l403 317 2240.  (1.5% wiv). Plants were grown until there was adequate material for
Fax: +1 403 382 3156. E-mail: McAllisterT@agr.gc.ca. DNA extraction. The growth of cicer milkvetct\étragalus cicerand
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Table 1. List of Alfalfa (M. sativa) Plants
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Table 4. Description of Primers and Probe Used for PCR

sample cultivar sample cultivar
1 Rambler 7 SW LU8407
2 DS336 8 DS335
3 DS337 9 unknown?
4 Rangelander 10 Sperdor
5 AC Blue J 11 Geneva
6 Beaver 12 Gala
a Cultivar not reported.
Table 2. List of Nonalfalfa Plants
sample plant species cultivar
1 nova sanfoin Onobrychis viciifola Nova
2 lentil Lens culinaris Laird
3 safflower Carthamus tinctorius Saffire
4 canola Brassica napus Westvar
5 birdsfoot trefoil Lotus corniculatus unknown?
6 triticale Triticosecale AC AHA
7 cicer milkvetch A. cicer Oxley
8 maize Zea mays unknown?
9 bean Phaseolus vulgaris NW63
10 pea Pisum sativum Trapper
11 Timothy Phleum pretense Richard
12 red clover Trifolium pretense Florex
13 sugar beet Beta vulgaris HM Bergen
14 wheat Triticum aestivum Superb
15 barley H. vulgare unknown?

@ Cultivar not reported.

Table 3. Ingredients of Diets Containing High (HA) or Low (LA)
Amounts of Alfalfa Meal

diet HA LA
ingredients (kg t~1)

alfalfa meal 352.51 80.7
barley (ground) 256.3 724.5
canola meal 150 150
beet pulp 203.17 0
calcium carbonate 0 7
sheep mineral? 7 7
vit ADE? 0.25 0.25
dry molasses 20 20
Maxi-Pel® 5 5
canola oil 5 5
Decox? 0.13 0.13

@ Containing (%): NaCl (93.1), Mg (1.25), Zn (0.9), Mn (0.94), Cu (0.13), Se
(0.003), K (1.25), and Fe (1.25). ® Containing (IU g~%): vitamin A (10000), vitamin
D (1250), and vitamin E (10). ¢ Feed pellet binder. ? Decoquinate (60 g kg~?).

barley (Hordeunwulgare) in the sterilized flasks was limited, and as
a result, seeds rinsed with ethanol (70% v/v) were used for DNA
extraction.

Alfalfa (cultivar Rambler), previously dried at 5% for 48 h, and

fragment name gene
and size? primer or probe sequence (5' to 3') position
alfalfa-specific
Accl (91 bp) (F?) GATCAGTGAACTTCGCAAAGTAC 6813
(R9) CAACGACGTGAACACTACAAC 6903
(P%) TGAATGCTCCTGTGATCTGCCCATGC 6851
Acc2 (154 bp) (F) GATCAGTGAACTTCGCAAAGTAC 6813
(R) GAGGGATGCTGCTACTTTGATG 6966
plant-specific
Rbc (138 bp) (F) CTTGGCAGCATTCCGAGTA not
(R) CCTTTGTAACGATCAAGACTGG reported

@ Primers for Accl and Acc2 were designed for this study specific for the alfalfa
acetyl CoA carboxylase gene (16); Rbc specific for universal plant rbcL gene (17).
b Forward primer. ¢Reverse primer. @ Probe for real-time PCR.

cally using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen,
Burlington, ON) with a VersaFluor fluorometer (BioRad).

Gene SelectionThe Entrez Nucleotide database (15) was used to
search for candidate alfalfa genes meeting the following criteria: The
gene was previously reported to be present at less than five copies per
genome by Southern blot analysis; a sequence of the gene showed no
homology to nonalfalfa plant DNA when entered into NCBI's BLAST
search; and a TagMan primer and probe set could be designed within
the nonhomologous region by Beacon Designer 5 (Premier Biosoft,
Palo Alto, CA) with a default software rating greater than 50. From
these criteria, the best candidate gene aetyl CoA carboxylasglL6;
accession #L.25042).

PCR Analyses.The primers and probe used for PCR analyses in
this study are described Fable 4. Two primer sets were used for the
detection of alfalfaacetyl CoA carboxylaséy conventional PCR,
amplifying fragments Accl (91 bp) and Acc2 (154 bp). Alfalfa DNA
from cultivar Rambler served as a positive control for PCR. Universal
plant-specific primers for the chloroplasicL gene (encoding ribulose
bisphosphate carboxylase, Rubisco) were used as a positive control
for the nonalfalfa plants, amplifying a 138 bp fragment (R&@).
Conventional PCR conditions for fragments Accl, Acc2, and Rbc were
as follows: 95°C for 15 min; 40 cycles of 95C for 20 s and 60C
for 1 min; and 72°C for 10 min. Each PCR mixture (L) contained
(final concentrations) 1xHotStarTaq Master Mix (Qiagen Inc.,
Mississauga, Canada), 0.4 each primer, and 100 ng of template
DNA. The PCR was performed with a DNA Engine Dyad (M.J.
Research Inc., Watertown, United States). Following each PCR, 20
uL of product was visualized on a 2.0% (w/v) agarose gel, following
electrophoresis and staining with ethidium bromide.

Real-time PCR was performed using an iCyler iQ system (BioRad,
Mississauga, Canada) and primers and probe for fragment Aedilg
4). Each PCR (5@L) contained (final concentrations) 1niversal
Master Mix (Applied Biosystems, Foster City, CA), 0.18/ each
primer, and 0.05(M probe. The probeTable 4) was labeled at the
5'-end with the reporter dye 6-carboxyfluorescein (FAM) and at the
3'-end with the quencher dye, 6-carboxytetramethylrodamine (TAM-
RA). Each real-time PCR reaction contained 200 ng of DNA. For
quantitative real-time PCR, standards were prepared using DNA isolated
from dried alfalfa (Cultivar Rambler) and concentrations of 2.QC,

canola meal were used to prepare standards for quantitative real-timeg g » 105, 2.0 x 10%, 1.0 x 10¢, 2.0 x 18, 1.0 x 10%, 200, and 100

PCR. Alfalfa DNA was quantified in two diets prepared at the
Lethbridge Research Centre, containing high- (HA) and low-alfalfa meal
(LA) content (35.3 and 8.1% as-fed basis, respectivéghle 3).

DNA Extraction and Quantification. Prior to DNA extraction, fresh
plant tissue was ground in a mortar and pestle with liquid nitrogen or
in the case of dried alfalfa, canola meal, cicer milkvetch, and barley
seeds, ground to a fine powder using a planetary micro mill (Fritsch,
Albisheim, Germany). A previously described CTAB proceduré)(
was used to extract DNA from plant tissues, with the following
modifications: For fresh plant material, 1.2 mL of CTAB lysis buffer

pg per reaction. As the amounts of alfalfa DNA were decreased, canola
meal DNA was substituted in its place so that the final concentration
of DNA (200 ng per reaction) in each standard remained constant.

Sequencing.Alfalfa DNA fragments were amplified using primer
sets Accl or Acc2, as described above. PCR products were purified
using a QIAquick PCR purification kit (Qiagen Inc., Ontario, Canada)
and eluted in water (pH 8) from the columns. Samples were sequenced
at the Lethbridge Research Centre DNA Sequencing Lab (Alberta,
Canada).

Limits of Detection (LODs). LOD assays were conducted to

was added to 300 mg of ground material. For all extractions, the samplesdetermine the sensitivity of conventional PCR for fragments Accl and

were incubated for 90 min to lyse cells and the final DNA was
resuspended in 10 of TE buffer. DNA was quantified fluorometri-

Acc2. PCR contained 1.2 10% 500, 200, 100, 50, 25, 12.5, and 6.25
pg of alfalfa DNA (cultivar Rambler) diluted in canola meal DNA (100
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Figure 2. PCR of the alfalfa acetyl CoA carboxylase gene from 12 different
alfalfa cultivars, using primer set Accl (A) or Acc2 (B). Alfalfa cultivars
1-12 correspond to the same cultivar number in Table 1. Positive control
(+) contained DNA from cultivar Rambler. Negative control (=) contained
water in place of DNA template.

the detection of approximately 58 and four genome equivalents
154 bp for Accl and Acc2, respectively. As a percentage of total DNA
in the PCR (100 ng), both primer sets were highly sensitive,
detecting alfalfa DNA when it was present at 0.2 (Accl) or
0.01% (Acc2). Plant DNA may be degraded to fragments after

Figure 1. LOD for primer sets Accl (A) and Acc2 (B). Alfalfa DNA (6.25— heat treatment of feeds and foo@®(21) or ensiling 22, 23),
1000 pg) was diluted in DNA extracted from canola meal so that the potentially limiting the size of DNA that can be amplified by
amount of DNA for each PCR (100 ng) remained constant. PCR. The small fragment sizes of both Accl and Acc2 should

_ ~ enable qualitative PCR detection of alfalfa from samples
ng DNA per PCR). Other PCR mixture components, thermocycling containing fragmented DNA as a result of heat processing.
conditions, and resolution of PCR products were identical to those To determine the specificity of Accl and Acc2 primer sets
described earlier for fragments Accl and Acc2. PCR analyses were conducted on 12 different alfalfa cultivars

and 15 nonalfalfa plants. For DNA from each of the alfalfa

RESULTS AND DISCUSSION plants, PCR resulted in amplified fragments corresponding to

Gene Selection.We choseacetyl CoA carboxylas€16; the predicted sizeg-{gure 2A,B). Additionally, the sequences
accession #L.25042) as a reference gene for the detection anaf Accl and Acc2 were identical to those published in the NCBI
guantification of transgenic alfalf@\cetyl CoA carboxylasis database (data not shown), and neither sequence showed any

involved in the production of malonyl CoA for fatty acid homology to plant species entered in the database. The nonal-
synthesis. The gene has been reported to be present at two copidglfa plants were chosen to represent commonly used forage-
per haploid genome by Southern Blot analysis (16). Low-copy and concentrate-based animal feeds because mixed diets are
genes are generally considered to be less variable in copyfrequently used in animal nutrition and may require testing for
number between cultivars and have lower mutation r&t8} ( the presence of GM alfalfa. DNA from each of the plants was
Thus, acetyl CoA carboxylasés an ideal candidate for the of PCR quality, indicated by amplification of a general plant
quantification of GM alfalfa, as it limits the amount of error Rbc sequence (Figure 3A). In contrast, none of the nonalfalfa

arising from cultivar variation. plants tested positive for Accl or AccEigure 3B,C, respec-
LOD and Primer Specificity. Using the BLAST tool for tively). Moreover, artifact bands were not present after PCR of
comparison of homology of thacetyl CoA carboxylasgene any plant species examined, including alfalfa cultivars, sug-

to other DNA sequences in the NCBI database, a section of thegesting a high degree of primer specificity to alfadfzetyl CoA
gene appeared to be alfalfa-specific. Upon entering this region carboxylase.
into Beacon Designer software for design of a TagMan assay, Real-Time PCR. When analyzed by real-time PCR, no
the best-rated primer and probe set was for a 91 bp sequencaonalfalfa plant produced a positive threshold cycler)(C
of the gene (AcclTable 4). Initially, we were going to use  supporting the high degree of specificity of the Accl primer
the same primer pair used in real-time PCR for qualitative set for alfalfa (data not shown). Alfalfa DNA (200 ng) extracted
detection of alfalfa. However, smaller amplicons generally have from fresh plant material was tested by real-time PCR to
greater LODs by ethidium bromide gel staining and visualization investigate variability in gene copy number between cultivars
as a result of a reduction in the total DNA produced by PCR. (Figure 4). Each of the cultivars showed similar amplification
Therefore, a second primer pair was designed, amplifying a 154 plots. Only slight variation in €was evident, ranging between
bp alfalfa DNA sequence with increased sensitivity for detection 19.8 and 20.6 PCR cycles (mean, 20.3; standard error, 0.02).
by conventional PCR (AccZfable 4). The difference in the range int(0.8) was similar to values
As predicted, the LOD for Accl was higher as compared to reported for single-copy reference genes for wh&@j,(maize
Acc2 (200 and 12.5 pg, respectivelyigure 1). Considering (18), and canola24). An important quality of a reference gene
the 2C (diploid) value of alfalfa is 3.44 pd9), this represented  to be used in the quantification of GM plants is that the copy
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Figure 3. PCR of the universal plant chloroplast rbcL gene using primer
set Rbc (A) or the alfalfa- specific acetyl CoA carboxylase gene using
primer sets Accl (B) or Acc2 (C) from 15 nonalfalfa plants. The plant
numbers correspond to the same species numbers in Table 2. Negative
control (—) contained water in place of DNA template. Positive control (+)
contained DNA from alfalfa cultivar Rambler.
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Figure 4. Real-time PCR of the alfalfa acetyl CoA carboxylase gene from
12 different cultivars. Each PCR contained 200 ng of alfalfa DNA.

number is stable among cultivard4). The G values obtained
imply that acetyl CoA carboxylasevas conserved and the
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Figure 5. Real-time PCR amplification plots of the acetyl CoA carboxylase
gene in eight alfalfa DNA standards (A) and the standard curve generated
from DNA amplification (B). Alfalfa DNA content: 2.0 x 10° (1); 1.0 x
105 (2); 2.0 x 10* (3); 1.0 x 10* (4); 2.0 x 108 (5); 1.0 x 10° (6); 200 (7);
and 100 (8) pg per reaction. As the amounts of alfalfa DNA were
decreased, canola meal DNA was substituted in its place so that the
final concentration of DNA (200 ng per reaction) in each standard remained
constant.

(Figure 4) vs dried Figure 5A) alfalfa was compared by PCR.
This highlights the importance of extracting DNA for use as
standards from alfalfa that is processed in a manner similar to
unknown test samples.

The PCR efficiency, calculated by iCycler software, was
consistently between 93 and 99% (representative standard
amplification plots and curve shown kigure 5). This implied
that alfalfa DNA was amplifiable to a similar extent in each of
the standards, regardless of starting concentrak@u(e 5A).
Additionally, these data demonstrated that the primer and probe
concentrations were suitable for efficient amplification and that
PCR inhibitors did not adversely affect efficiency, regardless
of the concentration of alfalfa or canola meal DNA in the
standard. The standard curve generated from the amplification
plots confirmed efficient amplification for each DNA standard
(Figure 5B). High linearity was evident across each of the alfalfa
DNA concentrations, and the correlation coefficient was always
greater than 0.99. The concentration of alfalfa DNA in the lowest
standard (100 pg of alfalfa DNA) was 0.05% of total DNA.

numbers of copies per genome among the alfalfa cultivars testedThe range of quantification therefore included thresholds<0.5

were similar. Error inherent in DNA extraction, quantification,
and dilution may have added to the Cariation.

Eight DNA standards ranging from 100 to 201C° pg of
alfalfa DNA (per PCR reaction) were created for quantitative
real-time PCR analysis of two mixed dietSaple 3). Matrix
effects can cause variation in the amplification of DNA. Ideally,

5%) set by regulatory bodies that mandate the allowable
adventitious levels of approved GM products or those given
favorable risk assessments @,

Regulators may test processed food and feed products for
the presence of GM constituents to ensure that producers are
complying with labeling lawsZ5). Consequently, complex diets

the standards and unknown test samples should have similamay need to be analyzed. The diets chosen to quantify alfalfa
matrices to avoid errors due to matrix effects. In an attempt to DNA varied in the concentration of alfalfa (35.3%, HA; 8.1%,

mimic the DNA from the diets, we used DNA from dried alfalfa
in our standards and diluted the alfalfa DNA with DNA

LA) and other ingredients, therefore representing two types of
complex matrices. The mean values for alfalfa DNA quantified

extracted from canola meal, which was present in both diets were 4.40x 10* (standard error 3.2% 10®, diet HA) and 1.04

(15% wiw). Drying the alfalfa did appear to result in degradation
of the number of copies of Accl isolated. The, @vhich is

x 10* pg (standard error 1.2% 103, diet LA), representing 22
and 5.2% of total PCR DNA (200 ng), respectively. Although

inversely related to copy number, increased from a mean valuethe quantity of plant DNA does not necessarily reflect plant

of 20.3 to 22.2 when 200 ng of DNA extracted from fresh

weight (11), the ratios of DNA:weight should be similar for a
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Table 5. Alfalfa Meal Weight and DNA Proportions in Mixed Diets

diet? weight ratio (1) DNA ratio (r,) nin
LA 0.081 0.052 0.64
HA 0.353 0.22 0.62

2 Diets containing low (LA) or high (HA) amounts of alfalfa meal are described
in Table 3.

single plant source. The diets in this study were formulated using
the same source of alfalfa meal. The alfalfa DNA:weight per-

centage ratios were 0.62 and 0.64 for diets HA and LA, respec-
tively (Table 5). This suggested that the PCR assay worked
well to quantify alfalfa DNA in two processed mixed diets.

In summary, the PCR assays that we developed were highly
sensitive and specific for alfalféAcetyl CoA carboxylases a
suitable reference gene for the detection of alfalfa and quanti-
fication of GM cultivars. A real-time PCR assay specific to GM
alfalfa needs to be designed and validated in combination wit
the quantitativeacetyl CoA carboxylasassay presented in this
paper.

h

ABBREVIATIONS USED

Cr, threshold cycle; FAM, 6-carboxyfluorescein; GM, geneti-
cally modified; HA, diet containing high alfalfa meal content;
LA, diet containing low alfalfa meal content; LOD, limit of
detection; Rubisco, ribulose bisphosphate carboxylase; TAMRA,
6-carboxytetramethylrodamine.
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