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major QTL was identified on linkage group 7 in all 
three populations that aligned with the Nic1 locus. A 
newly discovered 5 bp deletion in the gene MYC2a on 
linkage group 5 was found to likely partially underlie 
the ultra-low alkaloid phenotype of TI 313. This new 
information is useful for tobacco breeders attempt-
ing to assemble novel genetic combinations with the 
potential for meeting future levels of tolerance for 
nicotine concentration in cigarette tobacco.

Keywords Nicotiana tabacum · Tobacco · Nicotine 
alkaloids · Transcription factors · QTL mapping

Introduction

Tobacco, Nicotiana tabacum L., produces a diversity of 
plant natural products that affect how members of the 
species interact with their environment. Such chemistry 
also affects sensory characteristics for users of derived 
tobacco products. Perhaps the most studied tobacco 
natural product is nicotine, which serves as a deterrent 
to insect herbivory and as a stimulant to consumers of 
tobacco products. Nicotine is usually the most abundant 
pyridine alkaloid found in tobacco leaves, with norni-
cotine, anatabine, and anabasine typically being found 
in much lower amounts. However, nornicotine can pre-
dominate in plants highly expressing the nicotine dem-
ethylase gene, CYP82E4 (Lewis et al. 2010).

The concentration of nicotine in cured leaves of 
commercial tobacco cultivars can range from ~ 10 to 
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60 mg/g (1.0 to 6.0% on a dry weight basis), depend-
ing on market type, growing conditions, management 
approaches, and stalk position (Lewis 2018; Henry 
et  al. 2019; Lewis et  al. 2020). As part of an over-
all strategy to reduce human addiction to combusti-
ble cigarettes and exposure to tobacco-related smoke 
toxicants, the World Health Organization (WHO) has 
recommended that nicotine levels in cigarette filler be 
reduced to below 0.4  mg/g (WHO 2015). However, 
there are currently no commercially available tobacco 
cultivars that routinely produce this ultra-low level of 
nicotine, when averaged over all stalk positions.

Various types of genetic variation have been evalu-
ated for their utility in reducing nicotine levels in 
cured tobacco leaves (Lewis 2018). First, substan-
tial naturally occurring genetic variation for alka-
loid accumulation has been observed among diverse 
tobacco materials (Sisson and Saunders 1982). 
Tobacco alkaloid accumulation is considered to be 
under complex genetic control, but two loci with large 
effects, Nic1 and Nic2 (sometimes also designated as 
the A and B loci), have been described as having a 
large influence on the accumulation of all four major 
pyridine alkaloids (Legg and Collins 1971). The Nic2 
locus has been found to be comprised of a series of 
genes encoding for Ethylene Response Factor (ERF) 
transcription factors on linkage group 19 that globally 
influence the expression of genes in the alkaloid bio-
synthesis pathway (Shoji et al. 2010). This cluster of 
genes has been found to be deleted in ‘LA Burley 21’ 
(a backcross-derived, nic1/nic1 nic2/nic2 version of 
Burley 21). Increased insight has also recently been 
gained on the nature of genetic variability underlying 
the effect at the Nic1 locus located on linkage group 
7 (partially homologous to linkage group 19), where 
a series of similar genes coding for ERF transcrip-
tion factors also reside (Adams et  al. 2016, 2019; 
Humphry et  al. 2018; Pramod et  al. 2019a, b; Sui 
et al. 2020b; Qin et al. 2021). Qin et al. (2021) sug-
gest that an epigenetically silenced allele of ERF199 
explains the effect of the Nic1 locus in LA Burley 21, 
an outcome that could potentially be influenced by a 
large neighboring deletion (Sui et  al. 2020b). Natu-
rally occurring variability affecting transcription of 
CYP82E4 can also affect nicotine levels by virtue of 
increasing/decreasing its demethylation to form nor-
nicotine (Lewis et  al. 2010). Conversion of nicotine 
to nornicotine is not an overly attractive method to 
reduce nicotine levels in the tobacco plant, however, 

because of increased tendency for nornicotine to 
form its corresponding carcinogenic tobacco-specific 
nitrosamine (TSNA), N’-nitrosonornicotine (NNN) 
(Lewis et al. 2008).

De novo genetic variation generated via induced 
mutation, gene editing, or RNA interference has 
also been evaluated for its potential to affect alkaloid 
levels and relative composition (Chintapakorn and 
Hamill 2003; Xie et al. 2004; Kudithipudi et al. 2017; 
Lewis 2018; Lewis et al. 2015, 2020). Although these 
publications describe the development of tobacco 
genotypes with dramatically lower potential for nic-
otine accumulation, such tobaccos do not routinely 
accumulate nicotine at levels below that suggested by 
the WHO under conventional methods of cultivation. 
Commercial growing of tobacco cultivars derived via 
genetic engineering or gene editing is also compli-
cated by a diversity of regulatory requirements in dif-
ferent tobacco-producing countries.

Due to a general lack of intellectual property or 
regulatory concerns, there is continued interest in 
identifying naturally occurring genetic variability 
that could be used to assist tobacco breeders attempt-
ing to lower cured leaf nicotine to levels being rec-
ommended by the WHO. Substantial phenotypic 
variability has been reported for alkaloid accumu-
lation among 1,091 diverse tobacco introductions 
(TIs) maintained by the US Nicotiana Germplasm 
Collection (Sisson and Saunders 1982). Some mate-
rials have been reported to accumulate nicotine at 
levels below that for ‘LAFC53’ (https:// npgsw eb. 
ars- grin. gov/ gring lobal/ site. aspx? id= 25), a nic1/nic1 
nic2/nic2 nearly isogenic version of conventional 
flue-cured tobacco cultivar ‘NC 95’ (Chaplin 1975). 
All of these materials were not previously compared 
in a common environment, however, and some TIs are 
not believed to be authentic low alkaloid accumula-
tors. A re-evaluation of materials previously reported 
to accumulate nicotine at low levels seems justified. It 
seems likely that allelic variability with large effects 
on nicotine accumulation, besides that present at the 
Nic1 and Nic2 loci, exists within the US Nicotiana 
Germplasm Collection.

The first objective of the research described here 
was to verify the potential for alkaloid accumula-
tion in a subset of 81 putative low alkaloid TIs in a 
common environment and using common experi-
mental methodology. A second objective was to 
genotype these materials to gain insight into their 
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genetic condition at the Nic1 and Nic2 loci. A third 
objective was to gain insight on the genetic control 
of the low alkaloid accumulation trait in three veri-
fied low alkaloid TIs through quantitative trait locus 
(QTL) mapping, with the goal of potentially identi-
fying large-effect QTLs affecting alkaloid accumula-
tion alternative to the Nic1 and Nic2 loci. The final 
objective was to validate newly identified, gene-spe-
cific nucleotide variability for its association with the 
low alkaloid trait. The findings have implications for 
tobacco researchers with the goal of developing new 
tobacco cultivars with ultra-low nicotine levels.

Materials and methods

Phenotypic and genotypic evaluations of tobacco 
introductions

Eighty-one TIs (Table  1) from the US Nicotiana 
Germplasm Collection (Lewis and Nicholson 2007) 
previously reported to accumulate nicotine at rela-
tively low levels (Sisson and Saunders 1982; https:// 
npgsw eb. ars- grin. gov/ gring lobal/ site. aspx? id= 25) 
were selected for a 2017 field experiment near Clay-
ton, NC, to authenticate low alkaloid phenotypes in 
a common environment. Accessions with high levels 
(greater than ~ 20%) of nicotine conversion, calculated 
as [((nornicotine content)/(nicotine content + norni-
cotine content)) × 100], were selected against. Stand-
ard flue-cured tobacco cultivar ‘K326’ and LAFC 53 
were also included as control genotypes. Ten plants 
of each genotype were grown in single rows with 
56 cm plant and 114 cm row spacing. Individual plots 
were topped (removal of the apical inflorescence) 
when ~ 80% of the plants within the plot were flow-
ering. Sucker (lateral meristem) control was achieved 
via downstalk application of Prime + EC (flumetralin) 
according to manufacturer’s recommendations (Syn-
genta Crop Protection, Greensboro, NC). Fourteen 
days after topping, the top two leaves of each plant 
were collected, treated with ethephon (a chemical rip-
ening agent used to stimulate expression of nicotine 
demethylase genes, if active) according to manufac-
turer’s recommendations (Arysta LifeScience, Cary, 
NC), air-cured, stripped of their midveins, oven-dried, 
ground, and analyzed for alkaloid composition using 
previously described gas chromatographic meth-
odology (Lewis et  al. 2015). Total alkaloid content 

(mg/g) was calculated as the sum of the four major 
tobacco alkaloids (nicotine, nornicotine, anatabine, 
and anabasine).

Each of the 81 TIs, K326, and LAFC53 were also 
genotyped for the presence/absence of three genes 
(ERF115, ERF179, and ERF189) reported to be 
deleted at the Nic2 locus in LA Burley 21 using pre-
viously reported primers and PCR reaction conditions 
(Shoji et  al. 2010). These materials were also geno-
typed for the presence/absence of seven sequences 
(Table 1) reported to be deleted at, or near, the Nic1 
locus in LA Burley 21 (Adams et al. 2016); and also 
for the presence/absence of ERF199 recently sug-
gested to be the causal gene underlying the Nic1 
effect on alkaloid accumulation (Qin et  al. 2021). 
Primers used for PCR-based presence/absence assays 
are provided in Supplementary Table 1.

QTL mapping in three K326 × TI populations

Based upon their low-nicotine phenotypes and lack 
of an obvious deletion at the Nic2 locus, we selected 
TI 313, TI 508, and TI 1211 to investigate the poten-
tial that they may carry large-effect allelic variability 
affecting nicotine accumulation at loci other than that 
conferred by the Nic1 and Nic2 loci. At the time of 
making these selections, the aforementioned informa-
tion pertaining to the Nic1 locus was not available to 
the primary authors.

Each of the three selected TIs was hybridized with 
standard flue-cured tobacco cultivar K326 during 
the 2017 growing season. Resulting  F1 plants were 
self-pollinated during 2018 to produce respective 
 F2 populations that were grown in field experiments 
near Clayton, NC, during the 2019 growing season. 
Approximately 200 plants per population were grown 
using previously described plant and row spacings. 
Each population was surrounded by border plants.

Plants of each population were topped when 
approximately 80% of plants were in flower. Indi-
vidual plants were topped above the highest leaf that 
exceeded ~ 10  cm. Suckers were removed from leaf 
axils by hand approximately every other day until 
leaf collection (22  days for the K326 × TI 313  F2 
population; 27 days for the K326 × TI 508 and K326 
× TI 1211  F2 populations). After this period of time, 
the top two leaves from every plant were harvested, 
treated with ethephon according to manufacturer’s 
recommendations, and air cured for approximately 
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Table 1  Genotypes for markers previously described as being associated with Nic1 and Nic2 loci, and the 5 bp MYC2a deletion. 
Tobacco introductions (TIs) are ranked in ascending order of nicotine accumulation

MYC2a Nic1-associated  sequences2 Nic2-associated  sequences2

Genotype Genotype1 ERF199 93 13 17 21 24 25 28 ERF189 ERF115 ERF179

K326 WT 1 1 1 1 1 1 1 1 1 1 1
NC95 WT 1 1 1 1 1 1 1 1 1 1 1
LAFC53 WT 1 0 0 0 0 0 0 0 0 0 0
LA Burley 21 WT 1 0 0 0 0 0 0 0 0 0 0
LI Burley 21 WT 1 0 0 0 0 0 0 0 1 1 1
HI Burley21 WT 1 1 1 1 1 1 1 1 0 0 0
Burley21 WT 1 1 1 1 1 1 1 1 1 1 1
TI 785 WT 0 1 1 1 1 1 1 1 1 1 1
TI 1573 WT 1 0 0 0 0 0 0 0 0 0 0
TI 313 5 bp 0 1 1 1 1 1 1 1 1 1 1
TI 1562 WT 0 1 1 1 1 1 1 1 1 1 1
TI 554 WT 0 0 0 0 0 0 0 0 1 1 1
TI 1246 WT 1 0 0 0 0 0 0 0 0 0 0
TI 508 WT 0 1 1 1 1 1 1 1 1 1 1
TI 1085 WT 1 1 1 1 1 1 1 1 0 1 0
TI 516 WT 0 1 1 1 1 1 1 1 1 1 1
TI 1211 WT 0 1 1 1 1 1 1 1 1 1 1
TI 1620 WT 1 1 1 1 1 1 1 1 1 1 1
TI 1598 WT 1 1 1 1 1 1 1 1 1 1 1
TI 1312 WT 1 1 1 1 1 1 1 1 1 1 1
TI 1014 WT 0 1 1 1 1 1 1 1 1 1 1
TI 1412 WT 1 1 1 1 1 1 1 1 1 1 1
TI 1219 WT 1 1 1 1 1 1 1 1 1 1 1
TI 888 WT 1 1 1 1 1 1 1 1 1 1 1
TI 411 WT 1 1 1 1 1 1 1 1 1 1 1
TI 448 WT 1 1 1 1 1 1 1 1 1 1 1
TI 1232 WT 1 1 1 1 1 1 1 1 1 1 1
TI 527 WT 0 1 1 1 1 1 1 1 1 1 1
TI 1409 WT 1 1 1 1 1 1 1 1 1 1 1
TI 311 5 bp 1 1 1 1 1 1 1 1 1 1 1
TI 407 5 bp 1 1 1 1 1 1 1 1 1 1 1
TI 191 WT 1 1 1 1 1 1 1 1 1 1 1
TI 384 5 bp 1 1 1 1 1 1 1 1 1 1 1
TI 1386 WT 1 1 1 1 1 1 1 1 1 1 1
TI 1354 WT 1 1 1 1 1 1 1 1 1 1 1
TI 881 WT 1 1 1 1 1 1 1 1 1 1 1
TI 526 WT 1 1 1 1 1 1 1 1 1 1 1
TI 1032 WT 1 1 1 1 1 1 1 1 1 1 1
TI 95 WT 0 1 1 1 1 1 1 1 1 1 1
TI 606 WT 1 1 1 1 1 1 1 1 1 1 1
TI 877 WT 1 1 1 1 1 1 1 1 1 1 1
TI 797 WT 1 1 1 1 1 1 1 1 1 1 1
TI 1613 WT 1 1 1 1 1 1 1 1 1 1 1
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Table 1  (continued)

MYC2a Nic1-associated  sequences2 Nic2-associated  sequences2

Genotype Genotype1 ERF199 93 13 17 21 24 25 28 ERF189 ERF115 ERF179

TI 52 WT 1 1 1 1 1 1 1 1 1 1 1

TI 1600 WT 1 1 1 1 1 1 1 1 1 1 1
TI 385 WT 1 1 1 1 1 1 1 1 1 1 1
TI 1075 WT 1 1 1 1 1 1 1 1 1 1 1
TI 515 WT 1 1 1 1 1 1 1 1 1 1 1
TI 437 WT 1 1 1 1 1 1 1 1 1 1 1
TI 857 WT 1 1 1 1 1 1 1 1 1 1 1
TI 964 WT 1 1 1 1 1 1 1 1 1 1 1
TI 151 WT 1 1 1 1 1 1 1 1 0 0 0
TI 1602 WT 1 1 1 1 1 1 1 1 1 1 1
TI 449 WT 1 1 1 1 1 1 1 1 1 1 1
TI 1599 WT 1 1 1 1 1 1 1 1 1 1 1
TI 1389 WT 1 1 1 1 1 1 1 1 1 1 1
TI 330 WT 1 1 1 1 1 1 1 1 1 1 1
TI 1459 WT 1 1 1 1 1 1 1 1 1 1 1
TI 195 WT 1 1 1 1 1 1 1 1 1 1 1
TI 456 WT 1 1 1 1 1 1 1 1 1 1 1
TI 438 WT 1 1 1 1 1 1 1 1 1 1 1
TI 822 WT 1 1 1 1 1 1 1 1 1 1 1
TI 1118 WT 1 1 1 1 1 1 1 1 1 1 1
TI 1601 WT 1 1 1 1 1 1 1 1 1 1 1
TI 255 WT 1 1 1 1 1 1 1 1 1 1 1
TI 179 WT 1 1 1 1 1 1 1 1 1 1 1
TI 1132 WT 1 1 1 1 1 1 1 1 1 1 1
TI 1145 WT 1 1 1 1 1 1 1 1 1 1 1
TI 1606 WT 1 1 1 1 1 1 1 1 1 1 1
TI 412 WT 1 1 1 1 1 1 1 1 1 1 1
TI 1120 WT 1 1 1 1 1 1 1 1 1 1 1
TI 1297 WT 1 1 1 1 1 1 1 1 1 1 1
TI 1126 WT 1 1 1 1 1 1 1 1 1 1 1
TI 1385 WT 1 1 1 1 1 1 1 1 1 1 1
TI 1279 WT 1 1 1 1 1 1 1 1 1 1 1
TI 592 WT 1 1 1 1 1 1 1 1 1 1 1
TI 1130 WT 1 1 1 1 1 1 1 1 1 1 1
TI 1440 WT 1 1 1 1 1 1 1 1 1 1 1
TI 86 WT 1 1 1 1 1 1 1 1 1 1 1
TI 1383 WT 1 1 1 1 1 1 1 1 1 1 1
TI 1395 WT 1 1 1 1 1 1 1 1 1 1 1
TI 1473 WT 1 1 1 1 1 1 1 1 1 1 1
TI 1228 WT 1 1 1 1 1 1 1 1 0 1 0
TI 447 WT 1 1 1 1 1 1 1 1 1 1 1
TI 734 WT 1 1 1 1 1 1 1 1 1 1 1

TI 1230 WT 1 1 1 1 1 1 1 1 1 1 1
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12  days. Cured leaves were stripped of their mid-
veins, oven-dried, ground, and analyzed for alkaloid 
profiles using previously described methodology 
(Lewis et al. 2015).

DNA was isolated from individuals of each of 
the  F2 populations and parental lines using a cus-
tomized kit designed for LGC oKtopure automated 
DNA extraction instrumentation (LGC Genomics, 
Middlesex, UK). Individuals were genotyped using 
an Affymetrix Axiom custom tobacco array contain-
ing 178,000 SNPs by Eurofins BioDiagnostics (River 
Falls, WI). Raw data sets were processed to remove 
duplicate loci, monomorphic loci, loci with large 
fractions of missing data, or that exhibited significant 
segregation distortion using a Bonferroni correction 
(P = 0.05 significance threshold). Remaining markers, 
approximately 6,000 per population, were used for 
subsequent linkage mapping and QTL analyses.

The R package ‘ASMap’ (Taylor & Butler 2017) 
with a threshold P value of 1 ×  10−9 was used to 
generate linkage groups corresponding to each of 
the 24 chromosomes of N. tabacum. The few mark-
ers that did not cluster with any of the 24 major 
linkage groups were removed from the data set. 
Linkage groups were numbered to reflect their asso-
ciation with the reference genome pseudomolecules 
of Edwards et al. (2017).

QTL analyses were performed via interval map-
ping and composite interval mapping for nicotine 
and total alkaloid accumulation (mg/g) for each of 
the three populations using the R package R/QTL 
(Broman and Sen 2009). Both ‘suggestive’ and ‘sig-
nificant’ logarithm of the odds (LOD) threshold 
levels (P = 0.05 chromosome-wide and genome-
wide significance levels, respectively) were used for 
QTL identification (Lander and Kruglyak 1995; van 
Ooijen 1999) and were determined using the 1000 

permutation method (Broman et  al. 2003). Ninety-
five percent Bayesian confidence intervals (CIs) for 
approximate genomic location of genes underlying 
major QTLs were also determined.

Identified QTLs were fit to defined QTL models 
for nicotine and total alkaloid accumulation using the 
‘fitqtl’ function in R/QTL, specifying the use of the 
multiple imputation approach. QTLs were fit to two 
different models: an additive only model and a model 
including interactions between QTLs. Model selec-
tion was determined by calculating and comparing 
Akaike information criterion (AIC) scores (Akaike 
1974) for the full models. Best fitting models were 
those with lower AIC scores. Estimated QTL effects 
were derived for selected models.

Validation of association between newly identified 
gene-specific nucleotide variation and nicotine 
accumulation

During the progression of this research, genomic 
regions of interest were identified that exhibited 
significant associations with nicotine accumula-
tion. Based upon existing publicly available genome 
sequence information (Edwards et  al. 2017), genes 
within confidence intervals for discovered QTL were 
identified. Gene lists were screened for candidate 
genes of interest (known alkaloid biosynthetic genes; 
or those encoding for ERF or MYC transcription fac-
tors, or defense related proteins). Existing genomic 
databases and sequencing were used to assess the 
presence of nucleotide variation in parental materials 
that could cause altered function of candidate genes.

The association between one gene variant of par-
ticular interest (a 5  bp deletion in MYC2a in TI 
313) and alkaloid accumulation was studied. First, a 
Cleaved Amplified Polymorphic Sequence (CAPS) 

MYC2a Nic1-associated  sequences2 Nic2-associated  sequences2

Genotype Genotype1 ERF199 93 13 17 21 24 25 28 ERF189 ERF115 ERF179

TI 1623 WT 1 1 1 1 1 1 1 1 1 1 1
TI 1342 WT 1 1 1 1 1 1 1 1 1 1 1

1 WT, wild type; 5 bp, 5 bp deletion causing frameshift
2 1, PCR product present; 0, PCR product absent
3 Sequence numbers correspond to Nic1-associated sequences deleted in LA Burley 21 (Adams et al. 2016)

Table 1  (continued)
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marker was generated to permit identification of all 
three genotypic classes for this polymorphism. This 
marker was genotyped using PCR to screen for the 
presence/absence of the 5 bp deletion (5′-TTCTG-3′) 
in the MYC2a gene. PCR reactions were carried out 
in a total reaction volume of 20 μl containing 150 ng 
DNA, 1× Thermopol buffer, 2 mM  MgSO4, 0.4 mM 
each dNTP, 4 μM each primer (Forward 5′-GTT TTG 
GCC CGG AAC AAC TA-3′ and Reverse 5′-CTG AAT 
AGC ACA TGA GCC CGA-3′), and 1 unit Taq poly-
merase (New England Biolabs, Beverly, MA). Ampli-
fication conditions consisted of an initial denatura-
tion step at 94°C for 2:30 min, followed by 30 cycles 
of 94°C for 30 s, 63°C for 30 s, and 72°C for 1 min, 
with a final extension at 72°C for 5 min. Restriction 
enzyme digests were performed in the same tube as 
the PCR reaction. The digestion contained the 20 μl 
amplified product, 1X Cutsmart buffer and 5 units 
Hpy188i (New England Biolabs) in a total volume 
of 30  μl. The reaction was incubated at 37°C for 
3  h. Products were separated on an ethidium bro-
mide–stained 2% agarose gel.

Association between CAPS marker genotypes 
and the low nicotine trait was verified using a sepa-
rate  F2 population of 173 individuals derived from 
the K326 × TI313 cross. This population was evalu-
ated during the 2020 growing season using previ-
ously described plant and row spacing. Plants were 
topped when ~ 80% of plants were in flower, and 
suckers were controlled via downstalk applications 
of Prime + . The top leaf of each plant was collected 
21 days after topping and analyzed for alkaloid con-
tent as previously described. DNA was also collected 
from each plant, and plants were genotyped using 
the MYC2a CAPS marker. The association between 
genotype and nicotine/total alkaloid content was ana-
lyzed using PROC TTEST in SAS 9.4. The presence/
absence of this newly discovered variation was also 
assessed in the aforementioned set of 81 TIs.

Results

Preliminary phenotypic and genotypic evaluations

We evaluated 81 selected diverse TIs for alkaloid 
accumulation after topping for the purpose of poten-
tially identifying those that accumulated lower levels 
of nicotine relative to the established low alkaloid 

standard genotype LAFC 53. First, a large number of 
the selected TIs exhibited nicotine levels that were in 
the vicinity of that produced by standard flue-cured 
cultivar ‘K326,’ suggesting that these materials are 
not authentic low alkaloid genotypes. Several acces-
sions (TI 785, TI 1573, and TI 313) exhibited nico-
tine levels that were lower than that for LAFC53, 
and several others were similar in alkaloid phenotype 
(TI 1562, TI 554, TI 1246, and TI 508, for example) 
(Fig. 1). These low nicotine phenotypes were not the 
result of high nicotine conversion, as only a single 
accession (TI 888) exhibited a high rate of nicotine 
conversion (Fig. 1).

The 81 selected diverse TIs were also geno-
typed for the presence/absence or three ERF genes 
(ERF115, ERF179, and ERF189) previously found 
to be deleted at the tobacco Nic2 locus in LA Burley 
21 (Shoji et al. 2010). The majority of the genotypes 
did not possess obvious deletions of all three of these 
genes at the Nic2 locus (Table 1). In fact, only three 
TIs (TI 1573, TI 554, and TI 1246) were found to 
possess apparent deletions of all three of these genes. 
Two TIs (TI 1085 and TI 1228) were found to possess 
deletions of ERF179 and ERF189, but not ERF115. 
Based upon the phenotypic and genotypic results, 
three low-nicotine accessions (TI 313, TI 508, and TI 
1211) were selected as not possessing obvious dele-
tions of the ERF genes at the Nic2 locus for the pur-
pose of creating mapping populations.

After the choice of parental materials for map-
ping populations was made, information became 
available regarding potential genetic variability at 
the Nic1 locus that may influence alkaloid accumu-
lation. While LA Burley 21 and LI Burley 21 were 
found to carry a deletion reported to be associated or 
linked with the Nic1 locus in LA Burley 21 (Adams 
et al. 2016), only three low alkaloid TIs (TI 554, TI 
1246, and TI 1573) also apparently possessed this 
deletion (Table  1). Both LA Burley 21 and LI Bur-
ley 21 possessed the ERF199 gene recently reported 
to be responsible for the effect at the Nic1 locus, but 
ten TIs did not (TI 95, TI 313, TI 508, TI 527, TI 
516, TI 554, TI 785, TI 1014, TI 1211, and TI 1562) 
(Table 1).

QTL mapping

Average nicotine accumulations for the K326 × 
TI 313, K326 × TI 508, and K326 × TI 1211  F2 
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Fig. 1  Alkaloid composition for 81 tobacco introductions (TIs) and control genotypes ‘K326’ and ‘LAFC53’ (shaded in black). 
Entries are presented in descending order of nicotine concentration. Standard error bars are presented
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populations were 15.8, 27.6, and 23.3  mg/g, 
respectively (Table  2). Average total alkaloid con-
tent for the three populations was 16.3, 29.1, and 
24.2  mg/g, respectively. Lastly, average percent 
nicotine conversion was very low, averaging 1.73, 
1.79, and 1.45 for the three populations, respec-
tively (Table 2).

Linkage maps were established for the K326 × TI 
313, K326 × TI 508, and K326 × TI 1211  F2 popu-
lations, whereby 128, 146, and 107 individuals were 
genotyped using 5,816, 6,103, and 5,781 polymor-
phic markers, respectively. Composite interval map-
ping analysis using a suggestive chromosome-wide 
significance threshold identified two genomic regions 
for each  F2 population that were strongly associated 
with nicotine accumulation (Fig. 2; Table 3). Highly 
significant peaks were identified on linkage group 7 
for all three populations. Additionally, significant 
peaks associated with nicotine accumulation were 
identified on linkage group 5 in the K326 × TI 313 
and K326 × TI 508 populations. Lastly, a significant 
peak for nicotine content on linkage group 11 was 
unique to the K326 × TI 1211  F2 population (Fig. 2). 
In general, LOD score plots for nicotine accumulation 
roughly overlapped plots for total alkaloid accumula-
tion. Interestingly, a peak exceeding the chromosome-
wide threshold level of significance was identified on 
chromosome 19 for the K326 × TI 313 population 
for total alkaloid accumulation, whereas a significant 
peak was not observed in this region for nicotine con-
tent. Additionally, a peak significantly associated with 
nicotine content on linkage group 5 was not identi-
fied for total alkaloid accumulation for the K326 × TI 
508 population. For all three populations, models 
considering only additive marker effects for nicotine 
and total alkaloid accumulation generated lower AIC 
scores as compared to models in which QTL interac-
tions were included.

The identified QTL on linkage group 7 exhibited 
the largest effect in each of the three populations and 
explained 35.3%, 19.7%, and 36.7% of the phenotypic 
variance for nicotine accumulation in the K326 × TI 
313, K326 × TI 508, and K326 × TI 1211  F2 popu-
lations, respectively (Table  3). The QTL identified 
on linkage group 5 explained 15.9% and 5.9% of the 
phenotypic for nicotine content in the K326 × TI 313 
and K326 × TI 508 populations, respectively. Lastly, 
the identified QTL on linkage group 11 explained 
8.1% of the variation for nicotine accumulation for 
the TI 1211 × K326 population. R2 values for these 
QTLs for nicotine concentration were similar to those 
total alkaloid accumulation (Table 3). For the major-
ity of identified QTLs, the allele contributed by the 
TI contributed to lower nicotine and/or total alkaloid 
accumulation.

Ninety-five percent Bayesian confidence intervals 
were determined for identified QTLs. Using markers 
spanning these intervals, scaffold sequences (Edwards 
et  al. 2017) contained within the intervals were iden-
tified and scanned for genes that might reasonably be 
assumed to be involved in alkaloid biosynthesis or the 
control thereof. The QTL with the largest effect in each 
of the three studied populations was that on linkage 
group 7, previously documented to contain the Nic1 
locus (Adams et al. 2016, 2019; Humphry et al. 2018; 
Pramod et  al. 2019a, b; Sui et  al. 2020b). Scaffolds 
within the Edwards et  al. (2017) assembly that corre-
sponded to this QTL’s confidence interval contained 
between 3 and 9 of the ERF genes reported to be associ-
ated with the Nic1 locus (Humphry et al. 2018; Pramod 
et al. 2019a, b; Sui et al. 2020b; Qin et al. 2021).

The Nic2 locus was previously described as being 
located on linkage group 19 (Shoji et  al. 2010; Adams 
et  al. 2016). A significant QTL peak for total alkaloid 
accumulation was found to be associated with this linkage 
group only for the K326 × TI 313 population. Sequence 

Table 2  Means and 
standard deviations (SD) for 
alkaloid determinations for 
three  F2 populations

Population

K326 × TI 313 K326 × TI 508 K326 × TI 1211

Total alkaloids (mg/g) Mean 16.35 29.15 24.14
SD 9.49 11.5 13.53

Nicotine (mg/g) Mean 15.83 27.59 23.34
SD 9.20 10.91 13.023

Nicotine conversion (%) Mean 1.73 1.79 1.45
SD 5.11 1.69 1.33
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Fig. 2  LOD score peaks generated from composite inter-
val mapping (CIM) for nicotine (Nic) and total alkaloid (TA) 
accumulation in A K326 × TI 313, B K326 × TI 508, and C 

K326 ×  TI 1211  F2 populations. Horizontal dashed lines are 
the permutation-derived P = 0.05 chromosome-wide (CW) and 
genome-wide (GW) threshold levels of significance
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data available for markers within this QTL’s confidence 
interval mapped to a region near the end of linkage 
group 19 approximately 1  Mb downstream of a cluster 
of six ERF genes (ERF17L1, ERF179, ERF17, ERF115, 
ERF104, and ERF221) previously found to be deleted at 
the Nic2 locus in LA Burley 21 (Shoji et al. 2010; Kaji-
kawa et  al. 2017). However, we did not find evidence 
of the large deletion present in LA Burley 21 in TI 313 
(Table 1).

A QTL associated with lower nicotine and total alka-
loid accumulation was identified on linkage group 5 
in the K326 × TI 313 population. Three sequences 
(Nitab4.5_0000876g0060, Nitab4.5_0000876g0070, and 
Nitab4.5_0000876g0080) with a high degree of similarity 
to JRE6, encoding a jasmonate responsive element present 
from tomato (Kajikawa et al. 2017), were identified within 
QTL confidence intervals for this linkage group. Fragments 
from these regions were PCR amplified and sequenced from 
K326, TI 313, TI 508, and TI 1211. No sequence variation 
was identified among these genotypes, however. Addition-
ally, two ERF-like genes (Nitab4.5_0002180g0010.1 and 
Nitab4.5_0002683g0020.1) were identified within the QTL 
confidence interval for linkage group 5. A missense muta-
tion was detected within the Nitab4.5_0002180g0010.1 
fragment for TI 313, but the corresponding amino acid sub-
stitution was assumed to be inconsequential.

Only 64% of the sequence information of Edwards 
et  al. (2017) is assigned to linkage groups. To increase 

the possibility of identifying causal DNA variation under-
lying discovered QTLs, proprietary genome sequences 
of TI 313 and K326 were compared for genes of interest 
within the linkage group 5 QTL confidence interval. Of 
particular interest was a 5  bp deletion identified within 
MYC2a (GenBank entry GQ859160.1 and gene model 
Nitab4.5_0002539g0040.1 of Edwards et al. 2017) for TI 
313, a gene previously described as a main coordinator 
of jasmonate-mediated defense response in Arabidopsis 
(Kazan and Manners 2013) and activator of the expression 
of tobacco genes involved with alkaloid biosynthesis (Shoji 
and Hashimoto 2011; Sui et al. 2020a). The 5 bp deletion 
of this gene in TI 313 causes a frameshift mutation leading 
to premature termination of the gene product (Fig. 3).

Verification of association between MYC2a 
polymorphism and alkaloid accumulation

Sequencing was used to verify the authenticity of the 
5 bp deletion in MYC2a in TI 313, and its absence in 
K326, TI 508, TI 1211, LAFC53, and LA Burley 21. 
The relationship between the deleterious mutation and 
alkaloid accumulation was verified in a separate K326 
× TI 313  F2 population grown during the 2020 field 
season. Genotyping of 173 individuals with a derived 
CAPS marker indicated significant (P < 0.05) differ-
ences between the genotypic classes, and an additive 

Table 3  Summary of quantitative trait locus mapping results for alkaloid accumulation for three different tobacco  F2 populations. 
QTL exceeding the P < 0.05 chromosome-level threshold of significance are listed

a CI, 95% Bayesian confidence interval
b a, additive effect. Scores with positive values indicate allele with positive effect (greater alkaloid level) derived from K326
c d, dominance effect

Trait Pedigree Linkage group Closest marker Position (cM) LOD R2 CIa ab dc

Nicotine K326 × TI 313 5 AX-159752956 36.3 11.1 15.9 2.9–76.1 4.71 1.41
7 AX-117591753 146.5 12.1 35.3 145.7–171.3 7.48 1.09

K326 × TI 508 5 AX-117549034 8 6.2 5.9 0.0–62.3  − 3.49 2.67
7 AX-118874996 145 8.8 19.7 143.7–149.5 7.2 3.79

K326 × TI 1211 7 AX-117604844 149.5 13.7 36.7 129.6–155.3 10.27 1.3
11 AX-118697894 52.8 5.4 8.1 12.6–211.2 –4.1 –4.69

Total K326 × TI 313 5 AX-118730530 20.9 9.6 12.8 2.9–76.4 4.18 2.18
Alklaoids 7 AX-159774673 160 18.7 29.5 145.7–170.6 7.37 1.39

19 AX-106690419 195.5 5.3 6.4 189.6–203.4 2.52 –3.52
K326 × TI 508 7 AX-118874996 145 10.5 26.8 143.4–146.9 8.62 4.8
K326 × TI 1211 7 AX-117604844 149.5 13.7 36.7 129.6–155.3 10.66 1.31

11 AX-118697894 52.8 5.4 8.2 14.8–211.2 –4.26 –4.98

Mol Breeding (2022) 42: 4 15 4Page 11 of  
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effect on both nicotine and total alkaloid accumulation 
(Fig.  4). The presence/absence of the 5  bp deletion 
was also assessed in the remaining selected 78 TIs ini-
tially tested in 2017. The deletion was only found to 

be present in TI 311, TI 313, TI 384, and TI 407. All 
of these accessions were initially collected in Colum-
bia in the 1930s (Chaplin et al. 1982).

Fig. 3  MYC2a sequence 
alignments for K326 and TI 
313. Start and stop codons 
are highlighted in green and 
red, respectively

TI313 1     ATGACGGATTATAGAATACCAACGATGACTAATATATGGAGCAATACTACATCCGATGAT  60
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

K326 1     ATGACGGATTATAGAATACCAACGATGACTAATATATGGAGCAATACTACATCCGATGAT  60

TI313 61 AATATGATGGAAGCTTTTTTATCTTCTGATCCGTCGTCGTTTTGGCCCGGAACAACTACT  120
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

K326 61    AATATGATGGAAGCTTTTTTATCTTCTGATCCGTCGTCGTTTTGGCCCGGAACAACTACT  120

TI313 121   ACACCAACTCCCCGGAGTTCAGTTTCTCCAGCGCCGGCGCCGGTGACGGGGATTGCCGGA  180
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

K326 121   ACACCAACTCCCCGGAGTTCAGTTTCTCCAGCGCCGGCGCCGGTGACGGGGATTGCCGGA  180

TI313 181   GACCCATTAAAGTCTATGCCATATTTCAACCAAGAGTCACTGCAACAGCGACTCCAGACT  240
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

K326 181   GACCCATTAAAGTCTATGCCATATTTCAACCAAGAGTCACTGCAACAGCGACTCCAGACT  240

TI313 241   TTAATCGATGGGGCTCGCAAAGGGTGGACGTATGCCATATTTTGGCAATCGTCTGTTGTG  300
|||||||||||||||||| |||||||||||||||||||||||||||||||||||||||||

K326 241   TTAATCGATGGGGCTCGCGAAGGGTGGACGTATGCCATATTTTGGCAATCGTCTGTTGTG  300

TI313 301   GATTTCGCGAGCCCCTCGGTTTTGGGGTGGGGAGATGGGTATTATAAAGGTGAAGAAGAT  360
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

K326 301   GATTTCGCGAGCCCCTCGGTTTTGGGGTGGGGAGATGGGTATTATAAAGGTGAAGAAGAT  360

TI313 361   AAAAATAAGCGTAAAACGGCGTCGTTTTCGCCTGACTTTATCACGGAACAAGCACACCGG  420
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

K326 361   AAAAATAAGCGTAAAACGGCGTCGTTTTCGCCTGACTTTATCACGGAACAAGCACACCGG  420

TI313 421   AAAAAGGTTCTCCGGGAGCTGAATTCTTTAATTTCCGGCACACAAACCGGTGGTGAAAAT  480
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

K326 421   AAAAAGGTTCTCCGGGAGCTGAATTCTTTAATTTCCGGCACACAAACCGGTGGTGAAAAT  480

TI313 481   GATGCTGTAGATGAAGAAGTAACTGATACTGAATGGTTTT-----ATTTCCATGACACAA  535
||||||||||||||||||||||||||||||||||||||||     |||||||||||||||

K326 481   GATGCTGTAGATGAAGAAGTAACTGATACTGAATGGTTTTTTCTGATTTCCATGACACAA  540

TI313 536   TCGTTTGTTAA 546
|||||||||||                                             

K326 541   TCGTTTGTTAACGGAAGCGGGCTTCCGGGCCTGGCGATGTATAGTTCAAGCCCGATTTGG  600

K326 601   GTTACTGGAACAGAGAGATTAGCTGTTTCTCACTGTGAACGGGCCCGACAGGCCCAAGGT  660

K326 661   TTCGGGCTTCAGACTATTGTTTGTATTCCTTCAGCTAATGGTGTTGTTGAGCTCGGGTCA  720

K326 721 ACTGAGTTGATATTCCAGACTGCTGATTTAATGAACAAGGTTAAAGTTTTGTTTAATTTT  780

K326 781   AATATTGATATGGGTGCGACTACGGGCTCAGGATCGGGCTCATGTGCTATTCAGGCCGAG  840

K326 841   CCCGATCCTTCAGCCCTTTGGCTGACTGATCCGGCTTCTTCAGTTGTGGAAGTCAAGGAT  900

K326 901   TCGTCGAATACAGTTCCTTCAAGGAATACCAGTAAGCAACTTGTGTTTGGAAATGAGAAT  960

K326 961   TCTGAAAATGGTAATCAAAATTCTCAGCAAACACAAGGATTTTTCACTAGGGAGTTGAAT  1020

K326 1021  TTTTCCGAATATGGATTTGATGGAAGTAATACTCGGTATGGAAATGGGAATGCGAATTCT  1080

K326 1081  TCGCGTTCTTGCAAGCCTGAGTCTGGTGAAATCTTGAATTTTGGTGATAGTACTAAGAGG  1140

K326 1141  AGTGCTTGCAGTGCAAATGGGAGCTTGTTTTCGGGCCAATCACAGTTCGGGCCCGGGCCT  1200

K326 1201  GCGGAGGAGAACAAGAACAAGAACAAGAAAAGGTCACCTGCATCAAGAGGAAGCAACGAT  1260

K326 1261  GAAGGAATCCTTTCATTTGTTTCGGGTGTGATTTTGCCAAGTTCAAACACGGGGAAGTCC  1320

K326 1321  GGTGGAGGTGGCGATTCGGATCAATCAGATCTCGAGGCTTCGGTGGTGAAGGAGGCGGAT  1380

K326 1381  AGTAGTAGAGTTGTAGACCCCGAGAAGAAGCCGAGGAAACGAGGGAGGAAACCGGCTAAC  1440
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Discussion

In the event of a mandated lowering of acceptable 
levels of nicotine content for cigarette tobacco filler to 
0.4 mg/g, or below, generation of new cultivars with 
novel allelic combinations will be required to rou-
tinely produce such cured leaf. Due to regulatory and 
intellectual property issues associated with varietal 
outcomes of genetic engineering and gene editing, 
naturally occurring genetic variability is preferred 
by most breeding programs. To date, three types of 
large-effect, naturally occurring genetic variability 
affecting lower nicotine accumulation have been doc-
umented: (1) genetics-based demethylation of nico-
tine to form nornicotine, (2) that conferred by reces-
sive genotypes at the Nic1 locus (Legg and Collins 
1971), and (3) that conferred by recessive genotypes 
at the Nic2 locus (Shoji et al. 2010). Recessive alleles 
at the Nic1 and Nic2 alleles have already been com-
bined into single breeding lines such as LA Burley 21 
(Legg et al. 1970) and LAFC53 (Chaplin 1975), but 
such materials do not routinely exhibit nicotine levels 
below the 0.4 mg/g level, when averaged over all stalk 
positions (Lewis et al. 2020). Conversion of nicotine 
to nornicotine is not an overly attractive method to 
reduce nicotine levels in the tobacco plant because of 
a corresponding increased tendency for accumulation 
of the carcinogenic TSNA, NNN (Lewis et al. 2008).

In the research described here, we investigated alka-
loid accumulation in 81 TIs previously reported to 
accumulate nicotine at relatively low levels. Many of 
these TIs were not found to be authentic low alkaloid 

K326 1441  GGGAGAGAGGAGCCATTGAATCATGTGGAGGCAGAGAGACAAAGGAGGGAGAAATTGAAT  1500

K326 1501  CAAAGATTCTATGCACTTAGAGCTGTTGTACCAAATGTGTCAAAAATGGATAAAGCATCA  1560

K326 1561  CTTCTTGGTGATGCAATTGCATTTATCAATGAGTTGAAATCAAAGGTTCAGAATTCTGAC  1620

K326 1621  TCAGATAAAGAGGACTTGAGGAACCAAATCGAATCTTTAAGGAATGAATTAGCCAACAAG  1680

K326 1681  GGATCAAACTATACCGGTCCTCCCCCGTCAAATCAAGAACTCAAGATTGTAGATATGGAC  1740

K326 1741  ATCGACGTTAAGGTGATCGGATGGGATGCTATGATTCGTATACAATCTAATAAAAAGAAC  1800

K326 1801  CATCCAGCCGCGAGGTTAATGACCGCTCTCATGGAATTGGACTTAGATGTGCACCATGCT  1860

K326 1861  AGTGTTTCAGTTGTCAACGAGTTGATGATCCAACAAGCGACTGTGAAAATGGGAAGCCGG  1920

K326 1921  CTTTACACGCAAGAACAACTTCGGATATCATTGACATCCAGAATTGCTGAATCGCGATGA 1980

Fig. 3  (continued)

Fig. 4  Genotypic class means for K326 × TI 313  F2 individu-
als segregating for wild-type (MYC2a) and mutant (myc2a) 
alleles at the MYC2a locus. Standard error bars and P-values 
for t-tests comparing genotypic group means are also shown
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accumulators. We studied the genetic control of the 
low-nicotine trait in three selected TIs (TI 313, TI 508, 
and TI 1211) via QTL mapping. Genetic variation 
within the vicinity of the Nic1 locus on linkage group 
7 was found to have the largest effect on nicotine accu-
mulation in all three of these accessions. None of these 
materials possessed obvious deletions of genes previ-
ously reported to be associated with the Nic1 locus 
in LA Burley 21 (Adams et al. 2016, 2019; Humphry 
et al. 2018; Pramod et al. 2019a, b; Sui et al. 2020b). 
Indeed, only three of the 81 evaluated TIs (TI 554, TI 
1246, and TI 1573) apparently possessed this deletion. 
However, all three of the parental TIs did apparently 
possess deletions of ERF199 suggested by Qin et  al. 
(2021) to be responsible for the genetic effect on alka-
loid accumulation at the Nic1 locus and to be epige-
netically silenced in LA Burley 21.

A second major QTL located on linkage group 5 
was identified as being associated with the low-nic-
otine phenotype in accession TI 313. After examina-
tion of candidate gene sequences within the confi-
dence interval for this QTL, a 5 bp deletion leading 
to a truncated gene product was discovered within a 
gene designated as MYC2a. This deletion was veri-
fied to be associated with the low-nicotine trait in a 
K326 × TI 313  F2 population and was also found to 
be present in three additional low-nicotine accessions. 
MYC2a belongs to the four-member MYC2 gene fam-
ily that also includes MYC1a, MYC1b, and MYC2b. 
These genes have been shown to be involved in the 
regulation of jasmonate-inducible nicotine biosynthe-
sis in tobacco and Myc2 transcription factors recog-
nize G-box sequences found in the promoter regions 
of major nicotine biosynthetic genes (Shoji and 
Hashimoto 2011). Silencing of MYC2 genes via RNA 
interference in tobacco leads to a decrease in tran-
scription of jasmonate-responsive structural genes 
(including alkaloid biosynthesis genes) in tobacco 
roots, as well as ERF genes associated with the Nic1 
and Nic2 locus (Shoji and Hashimoto 2011; Sui et al. 
2020a). Mutations introduced into MYC2a in tobacco 
via gene editing were also previously reported to lead 
to dramatic reductions (80%) in nicotine in tobacco 
leaves (Sui et al. 2020a).

The identification of new naturally occurring vari-
ability affecting the potential for lower levels of nico-
tine accumulation should allow for the generation of 
new allelic combinations with the potential to confer 
nicotine phenotypes lower than those that are currently 

observed for breeding lines such as LA Burley 21 and 
LAFC 53. The overall effect of combining the 5  bp 
MYC2a deletion identified in TI 313 with recessive 
alleles at the Nic1 and Nic2 loci is unknown at the cur-
rent time, but it seems reasonable to predict that further 
reductions could be achieved over that exhibited by 
nic1/nic1 nic2/nic2 genotypes by themselves.
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