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Abstract Nitrogen absorption and assimilation is vari-
able among plants as a result of two factors. the source
of nitrogen available and the genetic variation among
species within the resulting nitrogen pathways. Several
genes involved in nitrogen cycling have been identified,
yet little is known about the genes that control quantita-
tive responses to different nitrogen sources. With quanti-
tative trait loci (QTL) mapping in Arabidopsis thaliana
recombinant inbred lines (Columbia x Landsberg erecta)
we have identified chromosomal regions controlling
aerial mass, root mass, and root length when plants are
grown in nitrate, ammonium, ammonium nitrate, or low
nitrogen treatments. A total of 16 QTL (P < 0.01) were
identified among the nitrogen treatments. Most of the
QTL were specific to a single treatment. The percentage
additive genetic effects of significant QTL were as high
as 17%. Five significant QTL corresponded to the loca-
tions of candidate genes associated with nitrogen assimi-
lation, while a few QTL corresponded with candidate
genes in the developmental pathways. Most QTL were
not shared across treatments, suggesting that there is no
optimal genotype for al nitrogen sources.
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Introduction

Nitrogen is the most limiting nutrient required for plant
growth due to high demand by plants (Mattson et al.
1991) and often needs to be supplemented for proper
plant growth and development. Overall, an estimated
sixty-five billion kilograms of nitrogen are applied annu-
aly to the world’s crops, which provides large agricul-
tural benefits (Peoples and Crasswell 1992); however, up
to two-thirds of applied nitrogen accumulates as runoff,
resulting in detrimental consequences to the environment
(Frink et al. 1999). Nitrogen supplementation has led to
the development of several types of inorganic nitrogen
fertilizers. The first fertilizer to be put into widespread
production was ammonium sulfate ((NH,), SO,; Russel
1984). Ammonium nitrate (NH, NO3) and other more
complex nitrogen mixes are the most common fertilizers
used today. Despite its importance, the molecular quanti-
tative genetic response to these basic sources of nitrogen
remains largely unknown.

The research reported herein examined the quantita-
tive genetics of nitrogen use and plant growth. Critical
towards this goa is establishing how genetic back-
grounds interact with nitrogen sources (genotype by en-
vironment interaction, GXE) and determining which in-
dividual genes interact with various nitrogen sources.
The determination of individual genes will permit results
to be applied to a wide range of taxa. Arabidopsis pro-
vides a model system, where the prevalence of genotype
and nitrogen source interactions and the underlying ge-
netic loci can be rapidly identified.

Quantitative trait loci (QTL) mapping is an efficient
method to determine the genomic regions that contribute
to growth in different nitrogen environments. Composite
interval mapping (CIM; Zeng 1993) has become the
most powerful QTL mapping approach in widespread
use, as it controls for the genetic effects of multiple ge-
nomic regions simultaneously, resulting in a higher reso-
lution of QTL mapping. QTL effects across environ-
ments can also be compared to evaluate the effects of
loci in different treatments (Jiang and Zeng 1995; Zeng
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1994). A general problem with QTL studies across mul-
tiple treatments is determining whether the absence of a
QTL in atreatment is the result of low statistical power
or biological reality. In this research, we explicitly tested
the hypothesis that quantitative effects are different be-
tween treatments (QTL by environment interaction,
QxE) through a new implementation of composite inter-
val mapping (Basten et al. 1998; Jiang and Zeng 1995).
Mapping in four treatments may enable determination of
whether QTL were more likely to be involved in devel-
opmental versus nitrogen use. For example, QTL that
show up consistently across nitrogen treatments are most
likely to be genes responsible for the development of the
plant, while QTL with large environmental interactions
are most likely to be conferred by genes in the nitrogen
use pathways.

In this research, we establish the heritability of aerial
and root growth for multiple nitrogen sources in both
Arabidopsis recombinant inbred lines and ecotypes. The
prevalence of genotype by nitrogen treatment interac-
tions was aso established for a large group of lines. By
QTL mapping, we identified genomic regions that con-
tribute to aerial and root growth, but most were specific
to single treatments. These QTL suggested a group of
positional candidate genes that may alow the future
identification of the genes controlling the observed inter-
actions with nitrogen source.

Experimental procedures
Plant material and growth conditions

Seeds of 56 ecotypes collected from Europe and 99 re-
combinant inbred lines (RIL) of the cross Columbia
(Cal) x Landsberg erecta (Ler) (Lister and Dean 1993)
were obtained from the Arabidopsis Biological Resource
Center. Plants were grown in Metromix 200 soil-less
planting media containing a starter fertilizer (approxi-
mately 0.32, 3.61, 3.83 kg/m3, respectively, for nitrogen,
phosphorus, and potassium, as determined by the North
Carolina Department of Agriculture) in Rootrainer
(Spencer-Lemaire Industries, Edmonton, Alta, Canada)
pots (3.8x5.1x20.3 cm). The greenhouse was maintained
at 23°+3 °C and was supplemented with fluorescent light
24 h per day. Seeds were cold-treated at 4 °C for 48 h
before planting. One plant of each of the 99 RI lines and
their two parents were arranged in a completely random-
ized block design across each of four treatments and rep-
licated five times. Pots were initially misted daily with
tap water containing an average of 0.35 mg/l nitrate and
no readable nitrites to maintain moisture. Most seeds
germinated between days 5 and 7. Any plants that had
not germinated by day 7 were excluded from the analy-
sis. Fertilization treatments were initiated 10 days after
planting, and 25-ml aliquots of solutions of either 8 mM
(NH,), SO,4, 16 mM KNO,, or 8 mM NH, NO,, or of the
control solution — tap water as used in misting — were ap-
plied on alternating days for a total of nine applications.

The concentration of fertilizer applied was determined
by the amount necessary to supply equal molar amounts
of N. Twenty-eight days after planting, each replication
was collected by washing soil from the roots and record-
ing the root length to the nearest millimeter. The plant
was then divided into aerial and root portions, and the
roots were rinsed of any remaining soil and blotted dry.
The fresh weights of the aerial and root portions were
then measured to the nearest milligram.

Some of the plants flowered within 23 days; however,
a regression analysis indicated that flowering time was
not correlated with the main traits of interest and, there-
fore, was not included in further analysis. It was also ob-
served that the length measurements might have been
dlightly compromised, as some control plants and some
plants grown in KNO; were reaching the bottom of the
pots.

Statistical analyses

Type-l1l sum of squares was used to partition out repli-
cation and treatment effect with GLM analysis using
SAS/STAT software, version 7 of the SAS System for
Windows (SAS Institute, Raleigh, N.C.). Correlation
coefficients were calculated using data averaged across
replications with the correlation procedure of the SAS
system. Broad-sense heritabilities were calculated using
one-way ANOVA as outlined by Lynch and Walsh
(1998) on the same data. Molecular mapping data
used in this study were obtained from the Arabidopsis
thaliana database at http://genome-www.stanford.edu/
Arabidopsis/. A subset of 189 total markers for the five
chromosomes was used, with a maximum intermarker
distance of 10.5 cM and an average distance of 3.01 cM.
The list of markers used in this study can be accessed at
http://statgen.ncsu.edu/buckler/. Molecular markers were
analyzed for skewness to either parent by conducting a
Chi-square test on the marker data, assuming a 50% con-
tribution by each parent.

QTL mapping was used to identify the genomic re-
gions controlling growth characteristics. Composite in-
terval mapping was chosen to identify the responsible
QTL because it is statistically powerful, has better reso-
[ution of the QTL peaks, and is able to control for a
number of background markers (Zeng 1993; Zeng and
Weir 1996). QTL analyses were calculated with the soft-
ware package QTL CARTOGRAPHER V1.13a (Basten et al.
1998) using forward-backward regression, a maximum
of five background parameters, and the default window
size of 10 ctM. The experiment-wise LOD (log of the odd
ratio) threshold significance level was determined by
computing 1,000 permutations of each morphological
character (Churchill and Doerge 1994), as implemented
by QTL CARTOGRAPHER. These permutations can account
for non-normality in marker distribution and trait values.
The levels of significance for QTL in this study were de-
termined to be P<0.05: LOD 2.79, P<0.01: LOD 3.56,
and P<0.001: LOD 4.53.



QTL by environment interactions were estimated us-
ing the multitrait mapping method of Jiang and Zeng
(1995) that is implemented in the QTL CARTOGRAPHER
module JZmapqtl. When identical genotypes are grown
in different treatments, it is equivalent to what Jiang and
Zeng refer to as design |. For each trait in turn, pheno-
types from four treatments were analyzed simultaneous-
ly. Experiment-wise significance levels were determined
by the permutation test (Churchill and Doerge 1994)
with 1,000 permutations.

Results

To examine Arabidopsis aerial and root growth response
to different fertilizers, we applied four treatments of
(NH,), SO, KNOg3;, NH, NOg, or a control (low nitro-
gen) to 99 RIL and 56 ecotypes. The aerial and root por-
tions of plants grown in (NH,), SO, were smaller in ap-
pearance when compared to other treatments for most all
traits; the only exception occurred with the ecotypes in
the control treatment (Table 1). The plants grown in
KNO; were vigorous, with long, thick, fibrous roots, as
exhibited by these plants ranking highest in root length.

Table 1 Means for three morphological traits measured across four
nitrogen treatments in two studies using either recombinant inbred
lines of the cross Columbia x Landsberg erecta or 56 diverse eco-

types

Trait Treatment?

(NH,), SO, KNO; NH,NO; Control

(low N)

Recombinant inbred lines
Root length (mm) 124.6¢ 189.52  175.5b 176.2°
Aerial mass (mg) 109 225b 2582 137¢
Root mass (mg) 93d 1932 166P 136¢
Ecotypes
Root length (mm) 173.1¢ 213.32  209.42 202.3°
Aeria mass (mg) 370¢ 695P 881a 213d
Root mass (mg) 197d 308 353 247c

aVaues in horizontal rows followed by different letters are signifi-
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In comparison, plants treated with NH, NO; had shorter
root lengths than plants from the KNO; treatment, al-
though, aerial mass in the former was highest of all treat-
ments. Control plants treated with low nitrogen tap water
grew roots of a length similar to those treated with NH,
NOg, yet the root mass and aerial mass were lower than
plants fertilized with either NH, NO5 or KNO;. In gener-
al, the growth response of the RIL and ecotypes were
similar for each of the fertilizers; however, the ecotypes
were substantially larger on average. Root length, aerial
mass, and root mass were all positively correlated to one
another among the RIL in all of these treatments; for the
various comparisons Pearson correlations (r) ranged
from 0.45 to 0.85.

To evaluate the contribution of genetic background on
each of these traits, broad-sense heritability was estimat-
ed. Heritabilities were moderate for most traits in all
treatments and ranged from 0.18 to 0.58. Root mass was
generally the least heritable, which may reflect measure-
ment error. The highest levels of heritability were gener-
ally found in the two treatments with nitrate. Overall, the
ecotypes exhibited substantially higher heritabilities rela-
tiveto the RIL.

The relative importance of genetic background, fertil-
izer treatments, and experimental replication was exam-
ined by an analysis of variance (Table 2). As expected,
treatment effects were extremely important in both the
RIL and ecotype experiments, with the largest effect on
aerial mass. Replication was also an important factor
contributing to the observed phenotypic variation, sug-
gesting a significant variation in the greenhouse environ-
ment. Genetic background (RIL or ecotype) was also
very important in explaining the overal variation and
sometimes had a larger effect than did treatment. The
relative importance of genetic background, replication,
and treatment was similar for both the RIL and ecotypes,
except for the root mass trait. This analysis aso indicat-
ed that for most traits there was significant genotype by
treatment effect (Table 2). This GxE effect was less sig-
nificant in the ecotypes.

To evaluate how prevalent the genotype by treatment
effect was among the lines, the contribution of each line
to the overall genotype by treatment effect was estimat-

cantly different from each other at P<0.05 as determined by thet-test  ed. A general linear model was used to remove the main

Table 2 Type-111 sum of squar-

for three growth traits mea- .
sured in two studies using (Line) RIL 98-100 3.81x10° 2.793 1.526
ather 99 recombl nant |nbred Rep“C&Itlon 4 1_47)(105*** 1.526*** 4.571***
|ines (R| L) of the Cross Treatment 3 9.78)(105*** 5313*** 1.946***
Columbia x Landsberg erecta RIL x replication 389-391 9.17x105*" 3.246"" 2.860"
or 56 diverse ecotypes RIL x treatment 300 6_51)(105* 2.224-“Jt 2.439“*
Replication x treatment 12 9.17x105** 0.904"** 0.402°**
(Line) Ecotype 55 3.95x105"" 20.44 6.761""
Replication 4 0.43x105"** 5.59"* 1272
Treatment 3 2.51x10 5" 80.08"" 4.080""
 x wnn A Ecotype x replication 165 2.14x105™ 15.81"*" 5.084"*
7 Valuesaresignificant at - Ecotype x treatment 220 2.07x105 12.74° 4,093
the 0.05, 0.01, and 0.001 levels  Repjication x treatment 12 1.50x105"** 6.98"* 3.051°*

of probability, respectively
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Fig. 1 Genotype x treatment effect estimated using analysis of
variance on the residuals of the three phenotypes among 99 RIL
(black) and 56 diverse ecotypes (gray): a root length, b aeria
mass, ¢ root mass Note: plot b (aeria mass) is not on the same
scaleasplotsaand c

treatment and replication factors, and then the residuals
of this analysis were used to evaluate significant GXE
interactions for each genotype by a second series of
ANOVAs. Only afew ecotypes contribute to the GXE ef-
fect seen in the root traits (Fig. 1). However, the GXE ef-
fect was extremely prevalent among genotypes for aerial
mass, where 66% of al the lines had a significant GXE
effect (P<0.05). The same basic GxXE pattern was seen
for both the RIL and ecotypes.

QTL mapping

To identify some of the genomic regions that control aerial
and root growth and the interaction of growth traits with
nitrogen treatment, we mapped the QTL in the recombi-
nant inbred lines. Segregation of the framework markers
was not the expected 1:1 ratio across much of the genome
(data not presented). Many of the molecular markers cho-
sen for the QTL analysis of chromosome 1 were skewed
toward Columbia, from 50 cM to the end. All markers
chosen on chromosome 2 were skewed toward Landsberg
erecta, as well as those from 0 to 71 cM on chromosome
5. The marker bias may decrease the power of QTL analy-
siswithin these chromosomal regions.

A total of 19 QTL were identified for various traitsin
the four treatments (P<0.05; Table 3), of these there
were seven that were significant at the P<0.01 level. In
all, there were 15 loci with more than a 10% additive ef-
fect on phenotype. There were four QTL for root length,
ten for aerial mass, and five for root mass. Five of the
QTL were present in the (NH,), SO, treatment, eight
were present in the NH, NO; treatment, and three |oci
were present in both the KNO; treatment and the control.
It is important to note that the QTL were quite different
treatment to treatment (Fig. 2).

There were three regions of strong effect in the
(NH,), SO, treatment among its five significant QTL.
On chromosome 2, approximately 77 cM from the proxi-
mal end of the chromosome (IIcM77-79), the Columbia
allele reduced root length, aerial mass, and root mass,
while the Columbia alleles on the upper arm of chromo-
some 3 (I11cM0-17) and on the upper arm of chromo-
some 5 (VcMO-6 and VcM9-12) had a 16% increase in
aerial mass and positive effects on root length and root
mass. There were only two significant QTL detected un-
der KNO; treatment. The first QTL was located at
[1cM18-28 where the Columbia aleles increased aerial
mass with little effect on root traits. The Columbia al-
leles were also responsible for the last QTL, which was
also located on chromosome 2 (I1cM62-66). This QTL
was responsible for a 10% decrease in root length with
little effect on the mass traits.

Eight significant QTL were identified in the NH, NO;
treatment. Alleles from the Columbia parent were respon-
sible for an increase in mass traits with little effect on
root length in regions 1cM80-86, 11cM18-28, 11cM31-35,
and 11cM37-39. The remaining locus was located at 111-
cM23-36, with the alele coming from the Landsberg
parent; it substantially decreased aerial mass (12%) and
also had a deleterious effect on root length (5%) and root
mass (7%).

The control contained just three QTL, one of which
was highly significant. One of the QTL that increased
root mass was located at 11cM31-35 and was also re-
sponsible for a dlight increase in aerial mass. The last
two QTL were located at VcM26-29 and were responsi-
ble for significant increases in aerial mass and root mass,
with no effect on root length.

Composite interval mapping is sensitive to the number
of background markersincluded in the analysis. The rela-
tively low number of five background markers was used
in the analysis described above, as heritability for these
traits was moderate and the inclusion of too many back-
ground markers can over parameterize the model. How-
ever, for comparison, QTL identified using ten back-
ground markers were also examined. All but one of the
QTL identified using five background markers were also
significant when ten background markers were used,
however, an additional 15 QTL were identified. It is like-
ly that some of these QTL are real. These results can be
accessed at www.statgen.ncsu.edu/buckler. The number
of background markers may also have an effect on QTL
position. For example, using ten background markers, we
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Fig. 2 QTL likelihood plots (LOD) of three traits in four different
nitrogen treatments where chromosomal position is measured in
centiMorgans.

identified three QTL in the middle of chromosome 2.
However, using five background markers, we identified
only two QTL. One of the shifted/fused QTL is probably
the erecta locus. This effect of background marker choice
was probably strongest in regions with many QTL and
large-scale marker bias (e.g., middlie of chromosome 2).

To examine QTL by environment interactions (QxE),
we analysed the phenotypes from pairs of treatments
(Table 3). Three QTL shared QxE interactions for root
mass (1cM98-106, 11cM31-35, IIcM51), four for aerial
mass (11cM31-35, 11cM37-39, lIcM51, 111cM38), and
one QTL for root length (111cM33). Most QTL appear to
indicate that the relative performance of Columbia or
Landsberg alleles was unique in most of the nitrogen
treatments. For example, the pairwise comparisons
for QTL at positions 11cM31-35, 11cM39, 1IcM51, and
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I11cM 38 were significant (P<0.05) between treatments of
(NH,), SO, and NH, NO; (treatments 1 and 3, respec-
tively), KNO; and NH, NO; (treatments 2 and 3, respec-
tively), and the low N control and NH, NO; (treatments
4 and 3, respectively). This indicated that the Columbia
and Landsberg aleles in this region responded different-
ly to the NH, NO; treatment relative to al other treat-
ments. Another QTL (1cM98-106) showed specific QxE
interactions involving effects between the (NH,), SO,
and KNO; treatments in root mass. Additional QTL may
exhibit GxE, but statistical power was limited to find
significant GxE.

Discussion

The overall growth of these plants for various nitrogen
sources was similar to what has been observed in other
studies (Marschner 1995) and, as often happen, plants
grown with NH, * as the only source of nitrogen may
have been pH stressed (Schubert and Yan 1997). Beyond
these basic growth patterns with various nitrogen sourc-
es, this study clearly established the strength and preva-
lence of genotype by nitrogen regime interactions.

Genetic variation played an important role in how
these lines responded to the nitrogen fertilizers tested,
but the genetic interactions with nitrogen treatments of -
ten appeared to explain even more variation (Table 2).
This indicated that many of the genotypes interacted dif-
ferently with the nitrogen treatments. The ubiquity of
these interactions was demonstrated by examining inter-
actions line by line (Fig. 1). This was especially true for
aerial mass, which exhibited major GxE interactions in
amost al lines. The reason that only aerial mass com-
monly exhibits GXE interactions is unclear, but it has im-
portant implications. It suggests that few genotypes grow
well across all nitrogen sources.

Positional candidate gene identity

Half of the QTL for the phenotypes measured in the
Columbia x Landsberg erecta population were specific
to individual nitrogen treatment. The lack of consistent
QTL across treatments could have been the product of
little statistical power (Lynch and Walsh 1998), athough
the five significant QTL by environment interactions
suggested that there are some aleles that perform well in
specific nitrogen treatments and that these interactions
may be ubiquitous. These QTL by environment interac-
tions suggest that the metabolic rate-limiting step for ni-
trogen utilization varies tremendously with the nitrogen
source. In contrast, genes involved in basic development
would be expected to show up in multiple treatments.
The positions of the significant QTL regions were com-
pared to the positions of mutants in Arabidopsis and ge-
nomic sequence data. This comparison identified many
possible candidates genes for these QTL (Table 3), in-
cluding many nitrogen-related genes.
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The positional candidate genes fell into two classes —
genes involved with growth, and genesinvolved in nitro-
gen pathways: First, nitrogen utilization is dependent up-
on the development of the plant relative to soil nutrients.
In order to take full advantage of inorganic nitrogen
present, plants employ two physical features of root ar-
chitecture, root length and number of lateral roots. Some
QTL were positioned close to root mutants that appear to
modify root length such as superroot (Boerjan et al.
1995) and spindly (SPY; Jacobsen and Olszewski 1993).
Longer roots may better position the plant for nitrogen
uptake. Lateral roots are responsible for the “foraging”
ability of the plant; consequently, an increased number
of lateral roots per plant may be beneficial. Nitrate has
also been shown to be an essential signal for initiation of
lateral roots (Zhang et al. 1999), although one of the
most interesting candidate genes, ANR1 (Zhang and
Forde 1998), had no nearby QTL.

Second, nitrogen utilization in crop plants depends
upon the efficient utilization of inorganic nitrogen avail-
able, in particular NO; ~ and NH, *. The plasticity of
genes within these two pathways is likely to be responsi-
ble for the genetic basis of many QXxE interactions. One
QTL fell near the Arabidopsis GmSAT 1-like transporter
(Kaiser et al. 1998), which could be involved in initial
ammonia uptake. Nitrate is broken down via nitrate re-
ductase in the presence of the molybdenum-pterin cofac-
tor (MoCo) encoded by the CHL2 locus, which is near
one of the QTL (LaBrie et al. 1992). Ammonium is as-
similated into amino acids through a cyclic pathway in-
volving three enzymes. QTL have been identified near
representative genes of each of these three enzymes: glu-
tamine synthetase (GS-kb6; Peterman and Goodman
1991), glutamate synthase (GLU1; Lam et a. 1995), and
glutamate dehydrogenase (GDH1; Lam et al. 1995).

It is unfortunate that the regulatory genes that control
these enzymes are not well understood as these genes
would be likely candidates for these QTL. A more re-
fined list of positional candidates will be produced
by comparative sequencing between Columbia and
Landsberg and through expression profiling. Combining
Arabidopsis genomic sequencing with QTL mapping and
candidate gene association approaches will allow these
guantitative traits to be dissected at the single nucleotide
level.

Conclusions

We found significant differences in QTL depending on
the nitrogen treatment used. If these patterns observed in
Arabidopsis are similar to those in crops, it suggests that
breeding crops for increased nitrogen efficiency will in-
volve adapting each variety to the nitrogen source that
will be used in production, rather than to a range of ni-
trogen sources. Evaluating the QxE effects presents a
promising method of distinguishing developmental
genes from those involved in a specific nitrogen path-
way. The combining of this QTL mapping with Arab-
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idopsis genomics made it possible to rapidly suggest a
list of positional candidate genes.
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