Theor Appl Genet (2008) 118:29-41
DOI 10.1007/s00122-008-0874-4

ORIGINAL PAPER

Diverse origins of aluminum-resistance sources in wheat

Sheng-Wu Hu * Gui-Hua Bai * Brett F. Carver -
Da-dong Zhang

Received: 19 March 2008/ Accepted: 15 August 2008 / Published online: 12 September 2008

© Springer-Verlag 2008

Abstract Aluminum (Al) toxicity is a major constraint
for wheat production in acidic soils. Wheat producers now
routinely use Al-resistant cultivars as one cost-effective
means to reduce risks associated with acidic soils. To date,
diverse Al-resistant materials have been identified, but their
genetic relationship has not been well characterized. A
total of 57 wheat accessions, including the majority of the
parents of Al-resistant accessions we identified in a pre-
vious study, were evaluated for Al resistance and analyzed
with 49 simple sequence repeat (SSR) markers and 4
markers for Al-activated malate transporter (ALMTI).
Pedigree and principle coordinate analysis (PCA) both
separated Al-resistant accessions into four groups labeled
according to common ancestry or geographical origin: US-
Fultz, Polyssu, Mexican and Chinese. Al resistance in the
four groups may have three independent origins given their
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distinct geographic origins and gene pools. Fultz originated
in the USA as a major ancestor to soft red winter wheat,
Polyssu originated in Brazil as a major source of Al
resistance used in most genetic studies worldwide, and the
Chinese group originated in China. Based on ALMTI
marker haplotypes, the Al resistance in the Polyssu and
Mexico groups was likely derived from Polyssu, while
most Al-resistant cultivars developed in the USA most
likely inherited most of Al resistance from Fultz. Fultz was
released about 50 years earlier than Polyssu. Norin 10
likely played a pivotal role in passing Al-resistant gene(s)
from Fultz to better adapted, semi-dwarf wheat cultivars
developed in the USA. Further characterization of Al
resistance in the three different sources could reveal mul-
tiple Al-resistant mechanisms in wheat.

Introduction

Aluminum (Al) toxicity is a major constraint for crop
production in the acidic soils, which occupy about 30—40%
of world arable lands (von Uexkiill and Mutert 1995).
When soil pH is lower than 5, AI** is the dominant form of
Al in soil solution. It affects plant growth by inhibiting root
cell division and elongation of plant root tips, subsequently
reducing nutrient and water uptake essential for plant
growth (Samac and Tesfaye 2003). Direct application of
lime to acidic soils may increase soil pH to reduce Al
toxicity, but the cost of material and transportation has
prompted producers to consider alternative solutions. For-
tunately, significant genetic variation in Al resistance has
been found among wheat cultivars and landraces (Aniol
and Gustafson 1984; Stodart et al. 2007; Zhou et al. 2007a).
Growing Al-resistant cultivars has been considered as a

@ Springer


http://dx.doi.org/10.1007/s00122-008-0874-4

30

Theor Appl Genet (2008) 118:29-41

cost-effective means to improve wheat production in acid
soils.

To date, several sources of Al resistance have been
identified in wheat. Most well known is the Al-resistant
germplasm from Brazil, where acid soils are the predom-
inant soil environment for wheat production. The spring
wheat line, BH 1146 (Ponta Grossa 1//Fronteira/Mentana)
from Brazil, and the winter wheat cultivar Atlas 66
(Frondoso//Redhart 3/Noll 28) from the USA, have been
extensively used to study the genetic mechanisms of Al
resistance (Riede and Anderson 1996; Tang et al. 2002; Ma
et al. 2005). Atlas 66 and BH 1146 share a common pro-
genitor, Polyssu, in their pedigrees, as Frondoso was a
progeny of Polyssu and Ponta Grossa 1 was a selection
from Polyssu. Near-isogenic lines were developed from
Polyssu’s derivatives and have been used for cloning the
Al-activated malate transporter gene (ALMTI, Sasaki et al.
2004) and for gene expression profiling (Guo et al. 2006).

Both monogenic and multigenic inheritance of Al
resistance have been reported in wheat (Basu et al. 1997;
Somers et al. 1996; Ma et al. 2005; Raman et al. 2005;
Zhou et al. 2007b; Cai et al. 2008). A major locus for Al
resistance has been located on the long arm of chromosome
4D (4DL) in several wheat populations (Luo and Dvorak
1996; Riede and Anderson 1996; Rodriguez-Milla and
Gustafson 2001; Raman et al. 2005; 2006; Zhou et al.
2007a; Cai et al. 2008). Markers linked to the major QTL
on 4DL have been identified (Ma et al. 2005; Raman et al.
2005). Malate release has been considered as a major
mechanism of Al resistance in wheat (Sasaki et al. 2004,
Snowden and Gardner 1993). ALMT1 has been isolated and
associated with Al resistance in several species (Hoekenga
et al. 2006; Magalhaes 2006; Sasaki et al. 2006; Fontecha
et al. 2007). The gene markers for exon four (Sasaki et al.
2004), intron three (Raman et al. 2006) and the promoter
region (Sasaki et al. 2006) of ALMTI have been developed
and mapped in the 4DL QTL region (Ma et al. 2005;
Raman et al. 2005). Therefore, ALMT1 is likely the crucial
contributor to the QTL for Al resistance on chromosome
4DL of wheat. By comparing allele diversity of the gene
markers of ALMTI among 179 common wheat cultivars,
Raman et al. (2008) concluded that no single marker was
able to differentiate all Al-resistant cultivars from sensitive
ones. Of the four markers tested, the promoter marker gave
the best prediction of the Al resistance QTL among the 179
cultivars studied.

Based on co-linearity among the genomes of rice, wheat,
barley, rye, and sorghum, Al resistance loci corresponding
to Al resistance QTL on wheat 4DL. were mapped in
chromosome 3 in rice and 7RS in rye (Luo and Dvorak
1996; Riede and Anderson 1996; Devos and Gale 2000;
Nguyen et al. 2002; 2003; Miftahudin et al. 2004; Matos
et al. 2005; Raman et al. 2005). ALMTI or ALMTI-like
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genes have also been isolated from several other species
(Hoekenga et al. 2006; Magalhaes 2006; Fontecha et al.
2007). More recently, a gene for Al-activated citrate
secretion has been isolated and associated with Al resis-
tance in barley and sorghum (Furukawa et al. 2007,
Magalhaes et al. 2007; Wang et al. 2007). In addition,
cysteine synthase was reported to play a key role in Al
response in rice (Yang et al. 2007). Therefore, malate
release is a major mechanism for Al resistance, but other
mechanisms such as citrate release also play an important
role in Al resistance in those crops (Kochian et al. 2005,
Magalhaes et al. 2007).

Besides the QTL on 4DL of wheat, several additional
QTLs were discovered from different germplasm. Ber-
zonsky (1992) reported that the Al resistance in Atlas 66
was controlled by several genes on the D and other gen-
omes. Ma et al. (2006) identified two additional minor
QTLs for Al resistance on chromosome 5AS and 2DL of
Chinese Spring. Zhou et al. (2007a, b) reported an addi-
tional QTL with a minor effect on Al resistance on
chromosome 3BL of Atlas 66. More recently, Cai et al.
(2008) discovered that the 3BL. QTL in FSW also showed a
major effect on Al resistance.

Utilizing new sources of Al resistance can improve
wheat resistance to Al stress and, consequently, increase
wheat yields in acidic soils without additional inputs.
Based on the diversity of ALMTI gene markers in a world
collection of wheat cultivars, Raman et al. (2008) sug-
gested that Al resistance in modern wheat germplasm was
derived from several independent sources. After screening
590 wheat accessions from the USA and several other
countries, we found 88 wheat accessions with at least
moderate resistance to Al toxicity (Zhou et al. 2007a).
Many selected accessions with similar Al resistance to
Atlas 66 were derivatives of Jagger (Sears et al. 1997).
However, Jagger does not have any discernible connection
with Brazilian germplasm in its pedigree. Further investi-
gation of the origin of Al resistance in Jagger and other
cultivars may provide useful information for understanding
the evolution of Al-resistance genes and for identifying
new sources of resistance for breeding applications. The
objective of this study was to identify the genetic rela-
tionships among Al resistant sources used in the US wheat
breeding programs and those with Brazilian and Chinese
origins.

Materials and methods

Plant materials

A total of 55 wheat accessions (Table 1) were obtained
from the USDA National Small Grains Collection at
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Aberdeen, Idaho, USA, and two Chinese landraces, FSW
and Chinese Spring, were obtained from Jiangsu Academy
of Agricultural Sciences, Nanjing, China. Accessions rep-
resented major sources of Al resistance from 11 countries
identified in wheat to date (Table 1). All accessions were
parents or ancestors of Al-resistant germplasm lines iden-
tified in a previous study, except for the two Chinese Al-
resistant landraces. Atlas 66 was used as a resistant control,
and Century and Danby were used as susceptible controls
(Zhou et al. 2007a).

Evaluation of Al resistance

Aluminum resistance was evaluated by measuring rela-
tive root elongation and hematoxylin staining of root tips
after 2 days of Al stress in a nutrient solution culture
(Polle et al. 1978). Wheat seeds were placed on moist
paper in a Petri dish at room temperature (22-25°C)
overnight and transferred to a refrigerator (4°C) for an
additional 2 days. Three germinated seeds per accessions
with similar viability were transplanted onto a piece of
nylon net at the bottom of a plastic cup with an open
bottom. The cups with germinated seeds were supported
by a plastic cup holder floated on deionized water at
22°C with 16 h of fluorescent light daily. For aeration,
two bubble rods in the water were connected to an air
pump. After 48 h, the deionized water was replaced with
a nutrient solution (pH 4.0) containing 4 mM CaCl,,
6.5 mM KNOsj, 2.5 mM MgCl,-6H,0, 0.4 mM NH4NOs;,
0.1 mM (NH4),SO4, and 0.36 mM AIK(SOy),-12H,0.
For the control treatment, de-ionized water was replaced
with the same nutrient solution without AIK(SOy,),-
12H,0.

The length of the principal root of each seedling was
measured both before and after seedlings were placed in
the Al-containing nutrient solution for 48 h. Root elon-
gation during this period was called net root growth
(NRG). Root elongation in the control treatment [0 mM
AIK(S04),-12H,0, 48 h] was called control root growth
(CRG). Root-resistance index (RRI) for each line was
calculated as NRG/CRG. After root length was measured,
the roots were rinsed to remove excess AI’T using
deionized water for 1 h with two to three water replace-
ments. Rinsed roots were submerged in a hematoxylin
solution containing 0.2% hematoxylin (w/v) and 0.02%
(w/v) KIO5 for 15 min and rinsed three to four times with
de-ionized water. Hematoxylin staining score (HSS) for
each line was visually scored as three grades, with 1 = no
stain on root tips, 2 = light stain, and 3 = heavy stain.
The experiment was repeated once with three replicates
(cups) of each accession per experiment using a ran-
domized complete-block design.

Marker and data analysis

After hematoxylin staining, leaf tissue from the first
experiment was harvested in a 1.5-mL tube and dried for
2 days in a freeze drier for DNA isolation (Ma et al. 2005).
The tubes with dried tissue were shaken for 3 min at 30
times per sec using a Mixer Mill (Retsch GmbH, Haan,
Germany) with a 3.2 mm stainless bead in each tube. SSR
PCR amplification and PCR fragment analysis were con-
ducted in a Li-Cor 4300 DNA analyzer (Ma et al. 2005).
CAP, SSRs and up-stream promoter markers of the ALMT]
gene were analyzed as described by Raman et al. (2006,
2008) and Sasaki et al. (2006).

A total of 49 pairs of SSR primers were selected to
analyze 57 accessions. Primers included 17 WMC primers
(Somers et al. 2004), 14 GMW primers (Roder et al. 1998),
11 BARC primers (Song et al. 2005), 5 CFD primers and
one CFA primer (Guyomarc’h et al. 2002; Sourdille et al.
2003), and one GDM primer (Pestsova et al. 2000). This set
of primers accounted for all 21 chromosomes, including 13
primers from genome A, 18 from genome B and 18 from
genome D (Supplemental Table 1).

Individual marker alleles were scored as present (1) or
absent (0) using SagaTM Software (Version 3.3, Li-Cor
Inc., Lincoln, NE, USA). All data were re-checked visu-
ally, and ambiguous data were eliminated. Similarities for
paired accessions were calculated using the SIMQUAL
module of NTSYSpc software (version 2.0, Rohlf 1998). A
principal coordinate analysis (PCA) was performed using
the DCENTER module of the NTSYSpc program. Poly-
morphic information content (PIC) was calculated
according to Anderson et al. (1993), assuming homozy-
gosity for all wheat accessions.

Results
Sensitivity of wheat accessions to Al stress

Absolute sensitivity of wheat roots to Al stress was mea-
sured by NRG, or the amount of root growth during the Al
stress treatment. Mean NRG was 1.31 cm for all accessions
and varied widely from 0.36 to 3.33 cm (Table 1). The
duration (48 h) and intensity (0.36 mM AI’") of the Al
treatment impeded root growth in some accessions but did
not substantially affect root growth in others. The relative
resistance index (RRI) averaged 33.4% and varied from
8 £ 6 to 90 &= 2% (Table 1). Variance analysis indicated
that NRG, RRI and HSS differed significantly (P < 0.01)
among accessions. HSS showed significant negative cor-
relations with both NRG (r = —0.89, P < 0.01) and RRI
(r=-0.57, P < 0.01).
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Genetic relationship among Al-resistant accessions

The majority of tested materials were parents of Al-resis-
tant lines selected in a previous study (Zhou et al. 2007a),
including both Al-resistant and susceptible accessions.
Among the 57 accessions evaluated, 24 were considered Al
resistant based on NRG (>1.5cm) and HSS (<2).
According to their pedigrees (Table 1; Fig 1), resistant
accessions originated mainly from three sources: Fultz
from the USA, Polyssu from Brazil, and an unknown
source from China. Most of the resistant accessions,
including Fulcaster, Fulhio, Thorne, Seneca, Norin 10,
Norin 10/Brevor 14, Pictic 62, Sonora 64, and Jagger can
be traced to Fultz, a selection from the US landrace, Lan-
caster (Fig. 1). Five Al-resistant accessions, including
Atlas 66, P.G.1, Fronteira, Frontana and Carazino, inher-
ited Al resistance from Polyssu (Fig. 1). Three accessions,
FSW, Transfer, and Chinese Spring, carried resistance
gene(s) from Chinese sources. Transfer was derived from
the cross of Chinese/Aegilops umbellulata (Table 1). The
pedigrees of Al-resistant cultivars Bluebird, Yecoro Rojo,
Pavon F76, Sonalika, and Ciano F67 from Mexico can be
traced back to both Fultz and Polyssu.

The 57 accessions also were analyzed with 49 selected
SSR primers covering 21 wheat chromosomes (Supple-
mental Table 1). A total of 441 SSR alleles were scored,
and an average of 8.8 alleles per marker was detected,
ranging from 1 to 19 per SSR primer pair. Polymorphism

Fig. 1 Pedigrees of the Al-
resistant wheat accessions used
in this study. Solid arrow
indicates the accession was
derived directly from the cross
or directly from the cultivar by
pure-line selection; “X”
indicates crossing between two
parents; dashed arrow indicates
the accession was made after
several rounds of crosses

involving several different Portage X Euleaster
parents. Al-resistant accessions Thome Seneca
with Fultz pedigree are Turkey Red

X

Redhart 3 X Noll 28

Daruma X Fultz—p Fulhio

information content (PIC) was high for the selected set of
primers, and had an average of 0.72.

Principle coordinate analysis (PCA) classified the 57
accessions into four major groups (Fig. 2). Resistant
accessions were distributed in all groups. The first principle
coordinate (PC1) separated the Polyssu group from the
Chinese group and US-Fultz group from the Mexican
group. The second principle coordinate (PC2) separated the
Mexican group from the Polyssu and the US-Fultz group
from the Chinese group (Fig. 2). Most Mexican accessions
have a pedigree of both Polyssu and Fultz. Fultz-related Al-
resistant accessions were widely scattered on the PC1 axis,
reflecting that Al-resistant Fultz and its derivatives pervade
numerous US and CIMMYT wheat breeding programs.

Variation in ALMT1 and markers associated with Al
resistance

The 57 accessions also were analyzed with four markers
developed from the ALMT! gene (Table 1) and compared
with the marker pattern of Polyssu. Among 24 resistant or
moderately resistant accessions, 9 accessions showed the
same haplotype as Polyssu for the 4 ALMTI markers; 2
accessions each showed 3, 2 and 1 markers as Polyssu,
respectively; and 3 Chinese resistant accessions, Norin 10
and Stephens showed completely different haplotype from
Polyssu for the 4 ALMTI markers. Ten susceptible acces-
sions showed 2 markers and 2 susceptible accessions showed

Akagomughi Rieti X Wilhelmina
PG.T -
Polyssu X Alfredo Chaves 6-21
*XM Fronteira X Mentana 4—]
Atls 66 ColonistaX Frontana X Kentana 48

I—X Mayo 48

I

Carazinho

Lancaster

I_

-

indicated by underlined bold
characters; Accessions with Al

. Brevo X Norin 10 X Brevo 26-1¢c
resistance from Polyssu are — L
indicated by underlined italic CI12697 X C113253 X Yakata 54 X -I
characters; Al-resistant v v
accessions with Fultz and Nord Desprez X Cl 13438 Yaqui Ef./)( Pictic 62 i( Lerma Rojo 64 153-388 X |Andes
) . . |
Polyssu pedigree are indicated KSB2W418 X Stephens  Sonoraéd X Klein Rendidor
by bold characters Kenya 58 X Nevthach  Thatcher X
Siete Cemas 66 X _Ciano Sib X
| Sonalika
v
Kalyansona X Bluehird's’ Yecord Rojo X Chris
X Vicam
Jagger
Pavon F76 Ciano F67
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Fig. 2 Principal coordinate map for the first and second coordinates
(PCA1, PCA?2) estimated from 441 SSR markers alleles and ALMTI
marker alleles by means of the genetic similarity matrix for 57

1 marker as seen in Polyssu. For the ALTMI-CAP, 26
accessions showed the ALMT1-1 marker as seen in Polyssu.
Although a significant correlation between the CAP marker
and RRG was observed (Table 2), some highly resistant
accessions such as FSW, Fultz and Fulhio showed ALMTI-2
sequence that associated with Al susceptibility while some
highly susceptible accessions such as Danby, Rieti and Tri-
umph showed ALMTI-1 as seen in Polyssu. Xssr3a and
Xssr3b were from intron 3 region of ALMT1. SSR3a ampli-
fied 11 fragments from 221 bp (Chinese Spring) to 238 bp
(Seneca), but only the 233-bp fragment showed significant
association with Al resistance (Tables 1, 2). The fragments
of 224 and 225 bp appeared to be associated with Al sus-
ceptibility. SSR3b is a dominant marker. The 171-bp
fragment was in 28 accessions and significantly correlated
with Al resistance. Primer set 4 upstream of the ALMT]I
coding region (Ups4) amplified 5 fragments (439, 440, 471,
849 and 1,014 bp). Among them, 849 and 1,014 bp frag-
ments correlated with Al resistance while the 440 and 471 bp
fragments were correlated with Al susceptibility (Table 1).
Correlation coefficients between the 4 ALMT1 markers and 3
Al tolerance scores were all significant across all accessions,
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accessions. A = Mexican group, B = US-Fultz group, C = Polyssu
group, D = Chinese group

however, highly significant correlations were only observed
among accessions from both the Polyssu and Mexico-Fultz
subgroup, except that between HSS and Xups4 for US-Fultz
group (Table 2).

Correlation analysis was also conducted between Al
phenotypic data and the other SSRs. The results revealed
three additional markers that showed significant associa-
tions with Al resistance (Table 2). Marker Xwmc331 from
chromosome 4DL showed 6 fragments in 57 accessions and
the 151-bp fragment was significantly associated with Al
resistance. In addition, Xbarc96 and Xbacl59 also corre-
lated with Al resistance in the 57 accessions, but Xbarc96
appeared to correlate with Al resistance in the Chinese and
US-Fultz groups while Xbacl59 appeared to correlate with
Al resistance in Polyssu and Mexico-Fultz group (Table 2).

Discussion
Aluminum toxicity is a major constraint to wheat production

in acidic soils across the world. Identification of potentially
novel sources of Al resistance will provide genetically
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Table 2 Correlation coefficients between markers and Al resistance

Traits Xups4“ Xssr3a” Xssr3b° ALMTI-CAP? Xwmc331° Xbarc 96° Xbarc 159°
US-Fultz group

HSS —0.52%:* 0.00 —-0.28 —0.16 —0.28 —0.33* 0.20
NRG 0.44%* 0.00 0.36* 0.30 0.26 0.26 —-0.20

RRI 0.12 0.00 0.41* 0.44%3 —0.03 0.27 —0.15
Polyssu and Mexico-Fultz groups

HSS —0.86%* —0.64%* —0.50%* —0.50%* —0.78%* 0.00 —0.68%*
NRG 0.82%* 0.69%* 0.58* 0.58* 0.83%%* —0.04 0.60%*
RRI 0.66%* 0.53* 0.42 0.42 0.58* 0.13 0.46

All accessions

HSS —0.69%:* —0.50%:* —0.40%* —(0.35%:* —0.55%* —0.37%* —0.40%*
NRG 0.71%* 0.63%* 0.48%* 0.48% 0.63** 0.34%3 0.49%:*
RRI 0.43%* 0.40%* 0.45%* 0.47%%* 0.32% 0.33* 0.29%*

* ** Significant at 0.05 and 0.01 levels, respectively

* Correlation coefficients between 849 bp and 1014 bp fragments of Xups4 (a upstream promoter marker) of ALMT I (Sasaki et al. 2006) on

chromosome 4DL and Al tolerance scores

® Correlation coefficients between the 233 bp fragment of Xssr3a of ALMT I on chromosome 4DL (Raman et al. 2006) and Al resistance scores

¢ Correlation coefficients between 171 bp fragment of Xssr3b of ALMT 1 on chromosome 4DL (Raman et al. 2006) and Al resistance scores

4 CAP marker of ALMTI on chromosome 4DL (Sasaki et al. 2004)

¢ Xwmc 331, Xbarc96 and Xbarc159 are SSR markers from chromosome 4DL, 2D and 6D, respectively

diverse germplasm for further improving Al resistance in
wheat. Significant genetic variation in Al resistance has been
found among wheat cultivars and landraces (Aniol and
Gustafson 1984; Zhou et al. 2007a; Stodart et al. 2007).
However, to date, Al resistance has been extensively inves-
tigated in a limited gene pool, usually from the Brazilian
source, such as ET8 and Atlas 66 (Kochian et al. 2005; Samac
and Tesfaye 2003; Tang et al. 2002). However, Atlas 66 and
other Al-resistant lines with Brazilian origin have many
undesired agronomic traits and are difficult to use in con-
temporary breeding programs in the USA. To identify new
sources of Al resistance, we have screened 590 wheat
accessions for Al resistance, including elite wheat breeding
lines from the USA and other American countries, landraces
and some commercial cultivars from East Asia, and synthetic
wheat lines from CIMMYT (Zhou et al. 2007a). From those,
88 wheat accessions were identified with a high or moderate
level of Al resistance. These accessions included some pop-
ular wheat cultivars currently grown in the southern Great
Plains of the USA, such as Jagger and Endurance, which both
have good Al resistance and adaptation to US wheat pro-
duction. Pedigree analysis could not identify any lineage of
Brazilian origin in these cultivars. Therefore, parental lines
for most of these Al-resistant accessions were collected for
the current study to determine possible sources of Al resis-
tance in the newly identified Al-resistant accessions.
Pedigrees of the collected parental materials separated
the Al-resistant accessions into four groups according to

principal ancestor or geographical origin (Table 1; Fig. 1):
US-Fultz group, Polyssu group, Mexican group, and Chi-
nese group. Genetic relatedness could not be established
between the groups on the basis of pedigree information
except for Mexican group that can be linked to both US-
Fultz and Polyssu groups. Furthermore, Al-resistance genes
in these wheat accessions might have originated indepen-
dently from three different geographic areas: Fultz from the
USA, Polyssu from Brazil, and FSW from China.

To investigate the genetic relationships among acces-
sions, genotypes of the 57 accessions were determined
using 49 SSR primers from 21 wheat chromosomes. On the
basis of 441 scored SSR alleles and 4 ALMT1 markers,
PCA divided the wheat accessions into 4 major groups that
corresponded to the groups indicated by pedigree analysis
(Fig. 2). The Polyssu group consisted of nine accessions
with five Al-resistant accessions, Frontana, Carazinho,
P.G.1, Fronteira, and Atlas 66. These accessions were
derived from Polyssu by either direct selection or from
cross with Polyssu’s derivatives. An Al-resistance gene
from Polyssu has been well studied. ALMTI was cloned
(Sasaki et al. 2004) and mapped on the long arm of
chromosome 4D (Ma et al. 2005). This QTL on 4DL
contributes a high level of Al resistance in Brazilian Al-
resistant germplasm (Ma et al. 2005; Zhou et al. 2007b).
Several gene markers were developed for the gene (Sasaki
et al. 2004, 2006; Raman et al. 2005, 2006). In this study,
all the Al-resistant accessions from this group have the
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same haplotype of ALMTI markers as in Polyssu, except
P.G.1 that has only one common marker (Xups4) with
Polyssu. Therefore, the Al resistance in these accessions
was most likely inherited from Polyssu.

In the Chinese group, FSW and Chinese Spring are
Chinese landraces, and Transfer was derived from a wide
cross between a wheat accession called Chinese and Ae-
gilops umbellulata. Therefore, they were grouped together.
Chinese (PI 46797) was collected from England, but it is
most likely the same accession as Chinese Spring currently
used in the USA (Sears and Miller 1985). Genotyping data
confirmed that Chinese and Chinese Spring were the same.
In this study, all Chinese accessions showed completely
different haplotype of four ALMTI markers from that of
Atlas 66. Sasaki et al. (2006) also demonstrated that the
promoter sequence of the ALMTI gene in Japanese wheat
was different from those in cultivars with Brazilian origin.
Al-resistance genes in Chinese and Japanese accessions
may have originated independently from those of Brazilian
accessions, which is consistent with a more recent report
that Al resistance in modern wheat germplasm is derived
from several independent sources (Raman et al. 2008).
Further investigation of Al resistance in Asian germplasm
may identify new genes for Al resistance.

The pedigrees of Al-resistant wheat accessions in US-
Fultz groups can be traced back to Fultz (Fig. 1), which can
be divided into two groups: Mexican and USA (Fig. 2).
The US-Fultz group contained 35 accessions that are
mainly US cultivars, with 7 exceptions, Norin 10 from
Japan, 2 accessions from the Netherlands, and 1 each from
Mexico, Italy, Canada, and India. Eight accessions showed
Al resistance and were developed in the USA, except Norin
10. These Al-resistant cultivars were either derived by
selection from Fultz (Fulhio) or from crosses with Fultz or
its derivatives as a parent.

It was a general belief that Al-resistance genes in cul-
tivars from the USA were mainly derived from Brazilian
sources such as Polyssu (Garvin and Carver 2003). This
study provided contradictory evidence that Fultz was the
possible source of Al resistance for most Al-resistant cul-
tivars developed in the USA. Fultz was selected by an
American farmer-breeder, Abraham Fultz, in 1862 from
the cultivar, Lancaster, in Pennsylvania, USA, whereas
Polyssu was identified by the Brazilian breeder Polyssu in
1914 from a wheat field in southern Brazil. Fultz was
released about 50 years earlier than Polyssu. Al resistance
in some early US cultivars, such as Thorne and Fulcaster,
was derived mainly from crosses with Fultz. Some con-
temporary Al-resistant cultivars, such as Jagger and
Endurance from the USA inherited Al resistance from
Fultz through Norin 10. Norin 10 was a Japanese cultivar
that was reported to be Al resistant and had a high level of
ALMT] expression (Sasaki et al. 2006). It was derived from
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a cross among American cultivars, Turkey Red and Fultz,
and the Japanese landrace, Daruma. In our study, we
observed that Norin 10 from the USDA Small Grains
Collection was heterogeneous for Al resistance. Though its
reputation as a donor of Rhtl is undisputed, Norin 10
appears to have played another major role as a conduit for
the serendipitous transfer of Al resistance from Fultz to
modern semi-dwarf wheat cultivars in many US and
Mexican breeding programs (Fig. 1). Because Norin 10
contains a Japanese landrace in its pedigree, and Japanese
and Chinese landraces are closely related (Yu et al. 2006),
it is not surprising that Norin 10 was located between the
Chinese and US-Fultz groups in the PCA map. The
appearance of Siete Ceros 66, a Mexican cultivar, in the
US-Fultz subgroup may be due to the major contribution
from one of its parents, Norin 10/Brevor. Several entries
from the Netherlands, India, Canada and Italy were
grouped in the USA subgroups perhaps because only a few
entries were from these countries and they had genetic
compositions similar to these entries from the USA.

The haplotypes for Al-resistance markers on 4DL showed
different patterns between US-Fultz and Polyssu derived
cultivars. For these Fultz derived Al-resistant accessions
from the USA, no accessions had the same haplotype of the
four ALMTI markers as that in Polyssu, and most accessions
had only one or two markers that were the same as Polyssu in
comparison with all four markers in most Polyssu derived
cultivars. Gene expression experiment indicated that the US
cultivars Jagger and Endurance had a high level of expres-
sion of ALMTI as that in Atlas 66, a Polyssu’s derivative
(data not shown). A high correlation was observed between
Al resistance and Xups4 and SSRb markers of ALMT1I in two
breeding populations with Endurance as the source of Al
resistance. Therefore, the ALMTI on 4DL is also responsible
for Al resistance in the Fultz group but with different
sequence from that of Polyssu.

The Mexican group consisted of ten cultivars from
Mexico. Seven of them were Al resistant. Although these
resistant cultivars can all be traced back to Norin 10
(Figs. 1, 2), most of them also have a pedigree of Polyssu.
ALMTI] marker data indicated that most of resistant
accessions shared the same haplotype as Polyssu. There-
fore, the Al resistance in these Mexican accessions was
mainly inherited from Polyssu, but we cannot rule out the
possibility that Fultz was the possible source of Al resis-
tance for some of the Mexican Al-resistant cultivars.

Jagger, in the Fultz group, demonstrated a high level
of Al resistance and has been used as a parent in many
hard winter wheat cultivars in the southern Great Plains
of the USA. The Al resistance in Jagger is highly heri-
table and most likely inherited from Fultz, not Polyssu,
based on pedigree information. However, we found that
only one of its parents (Stephens) showed moderate
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resistance to moderate susceptibility. This could be due
to modifying gene(s) that increase susceptibility of the
4DL resistance gene in Stephens while different modifier
gene(s) may enhance the resistance of 4DL gene of
Jagger. Another possible explanation is parental hetero-
geneity at the Al-resistant locus. An Al-resistant parent
could have been selected in the cross to develop Jagger.
Heterogeneity for Al resistance is very common for
many wheat cultivars or landraces because they were not
originally selected for Al resistance during -cultivar
development. Therefore, when selecting a resistant cul-
tivar for crossing, the resistance should be validated for
individual plants.

Among nine accessions that have the same haplotype of
the four ALMTI markers as in Polyssu, eight can be traced
to Polyssu except Sonora 64. Bluebird’s, Yecora Rojo and
Pavon F76 have Ciano Sib in their pedigree, while Ciano
Sib was derived from cross between Pictic 62 and Chris
that has Frontana in its pedigree (Fig. 1). Most US-Fultz-
related resistant accessions have two ALMTI markers of
Polyssu with one accession each having one and three
ALMTI markers of Polyssu. The four ALMTI markers in
three Chinese accessions are all different from those in
Polyssu. These results also provide evidence to support that
these sources of resistance have different origins, and dif-
ferent sequences of the ALMTI gene. Therefore, none of
the four ALMTI markers are perfect markers for Al resis-
tance across all sources of germplasm. However, all the
four markers showed a high association with Al resistance,
thus different markers can be used for marker-assisted
selection when different sources of resistance are used. In
general, Xups4 appears to be the best marker for 4DL Al
resistance because 849 and 1,014 bp fragments showed the
highest frequency in the population and SSR3a is the
second.

In addition to 4 ALMTI markers, three additional SSR
markers from the D genome were identified to be associ-
ated with Al resistance, including Xwmc331 from 4DL (Ma
et al. 2005, 2006), two SSR markers on chromosomes 2D
(Xbarc159) and 6D (Xbarc96). Xwmc331 marker appears
to have very high frequency in the Polyssu and Mexican
groups and is a good marker for marker-assisted selection
Polyssu-derived Al resistance (Ma et al. 2005). The two
other SSR markers on 2D and 6D have not been previously
reported to be associated with Al tolerance in wheat.
Xbarc96 significantly correlated with Al resistance in the
Chinese and US-Fultz groups and Xbac159 correlated with
Al resistance in Polyssu and Mexico-Fultz group (Table 2).
The association between the markers and Al resistance may
be due to differences in either structure of the population
studied or sources of Al resistance. Thus, the two markers
need to be validated before they can be used in marker-
assisted selection.

This study demonstrated that Al-resistance genes in
wheat might originate independently from three countries:
USA, Brazil, and China. Al resistance in most US com-
mercial hard winter cultivars was likely derived from Fultz,
mainly through Norin 10, not from the Brazilian landrace
Polyssu. Fultz and Polyssu likely originated independently
although the ALMT1] is more likely the critical gene for Al
resistance in all three sources. The sequences of ALMT] are
different among different sources of germplasm. Genetics
of Al resistance in Fultz or its derivatives is still unknown
and needs further investigation. Al resistance in some
Chinese accessions has been reported, but further investi-
gation of those sources may reveal additional multiple Al-
resistant mechanisms in wheat.

Acknowledgments The authors gratefully acknowledge Dr. J. Yu,
Dr. P. St. Amand and Dr. L. Zhou from the USDA Small Grain
Genotyping Center at Kansas State University for their technical
assistance in marker data analysis. This project is partly funded by the
National Research Initiative of the USDA Cooperative State
Research, Education and Extension Service, Coordinated Agricultural
Project grant number 2006-55606-16629. This paper reports the
results of research only. Mention of trade names or commercial
products in this article is solely for the purpose of providing specific
information and does not imply recommendation or endorsement by
the US Department of Agriculture. This is contribution No. 08-171-J
of the Kansas Agricultural Experiment Station, Manhattan, KS, USA.

References

Anderson JA, Churchill GA, Autrique JE, Sorrells ME, Tanksley SD
(1993) Optimizing parental selection for genetic linkage maps.
Genome 36:181-186

Aniol A, Gustafson JP (1984) Chromosome location of genes
controlling aluminum tolerance in wheat, rye, and triticale.
Can J Genet Cytol 26:701-705

Basu U, McDonald JL, Archamhault DJ, Good AG, Briggs KG, Aung
T, Taylor GJ (1997) Genetic and physiological analysis of
doubled-haploid, aluminum-resistant lines of wheat provide
evidence for the involvement of a 23KD, root exudated
polypeptide in mediating resistance. Plant Soil 196:283-288

Berzonsky WA (1992) The genomic inheritance of aluminum
tolerance in ‘Atlas 66’ wheat. Genome 35:689-693

Cai SB, Bai GH, Zhang DD (2008) Quantitive trait loci for aluminum
resistance in Chinese wheat landrace FSW. Theor Appl Genet
117:49-56

Devos KM, Gale MD (2000) Genome relationships: the grass model
in current research. Plant Cell 12:637-646

Fontecha G, Silva-Navas J, Benito C, Mestres MA, Espino FJ,
Hernandez-Riquer MV, Gallego FJ (2007) Candidate gene
identification of an aluminum-activated organic acid transporter
gene at the Alt4 locus for aluminum tolerance in rye (Secale
cereale L.). Theor Appl Genet 114:249-260

Furukawa J, Yamaji N, Wang H, Mitani N, Murata Y, Sato K,
Katsuhara M, Takeda K, Ma JF (2007) An aluminum-activated
citrate transporter in barley. Plant Cell Physiol 48(8):1081-1091

Garvin DF, Carver BF (2003) Role of genotypes tolerant of acidity
and aluminum toxicity. In: Rengel Z (ed) Handbook of soil
acidity. Marcel Dekker, Inc, New York, pp 387406

@ Springer



40

Theor Appl Genet (2008) 118:29-41

Guo PG, Bai GH, Carver B, Li RH, Bernardo A, Baum M (2006)
Transcriptional analysis between two wheat near-isogenic lines
contrasting in aluminum tolerance under aluminum stress. Mol
Genet and Gen 277:1617-4615

Guyomarc’h H, Sourdille P, Edwards KJ, Bernard M (2002) Studies
of the transferability of microsatellite derived from Triticum
taushchii to hexaploid wheat and to diploid related species using
amplification, hybridization and sequence comparisons. Theor
Appl Genet 105:736-744

Hoekenga OA, Maron LG, Pifieros MA, Cancado GMA, ShaV J,
Kobayashi Y, Ryan PR, Dong B, Delhaize E, Sasaki T,
Matsumoto H, Yamamoto Y, Koyama H, Kochian LV (2006)
AtALMT1, which encodes a malate transporter, is identified as
one of several genes critical for aluminum tolerance in
Arabidopsis. Proc Natl Acad Sci USA 103:9738-9743

Kochian LV, Pifieros MA, Hoekenga AO (2005) The physiology,
genetics and molecular biology of plant aluminum resistance and
toxicity. Plant Soil 274:175-195

Luo MC, Dvorak J (1996) Molecular mapping of an aluminum
tolerance locus on chromosome 4D of Chinese Spring wheat.
Euphytica 91:31-35

Ma HX, Bai GH, Carver BF, Zhou LL (2005) Molecular mapping of a
quantitative trait locus for aluminum tolerance in wheat cultivar
Atlas 66. Theor Appl Genet 112:51-57

Ma HX, Bai GH, Lu WZ (2006) Quantitative trait loci for Aluminum
resistance in wheat cultivar Chinese Spring. Plant and Soil
283:239-249

Magalhaes JV (2006) Aluminum tolerance genes are conserved
between monocots and dicots. Proc Natl Acad Sci USA
27:9749-9750

Magalhaes JV, Liu J, Guimaraes CT, Lana UGP, Alves VMC, Wang
Y-H, SchaVert RE, Hoekenga OA, ShaV JE, Pifieros MA, Klein
PE, Coelho CM, Kochian LV (2007) A gene in the multidrug
and toxic compound extrusion ‘MATE’ family confers alumi-
num tolerance in sorghum. Nat Gen 39:1156-1161

Matos M, Camacho MV, Pérez-Flores V, Pernaute B, Pinto-Carnide
O (2005) A new aluminum tolerance gene located on rye
chromosome arm 7RS. Theor Appl Genet 111:360-369

Miftahudin, Scoles GJ, Gustafson JP (2004) Development of PCR
based codominant markers flanking the Alf3 gene in rye.
Genome 47:231-238

Nguyen BD, Brar DS, Bui BC, Nguyen TV, Pham LN, Nguyen HT
(2003) Identification and mapping of the QTL for aluminum
tolerance introgressed from the new source, Oryza ruphipogon
Griff., into indica rice (Oryza sativa L.). Theor Appl Genet
106:583-593

Nguyen VT, Nguyen BD, Sarkarung S, Martinez C, Paterson AH
(2002) Mapping of genes controlling aluminum tolerance in rice:
comparison of different genetic backgrounds. Mol Genet
Genomics 267:772-780

Pestsova E, Ganal MW, Roder MS (2000) Isolation and mapping of
microsatellite markers specific for the D genome of breed wheat.
Genome 43:689-697

Polle E, Konzak CF, Kittrick JA (1978) Visual detection of aluminum
tolerance levels in wheat by hematoxylin staining of seedling
roots. Crop Sci 18:823-827

Raman H, Raman R, Wood R, Martin P (2006) Repetitive indel
markers within the ALMT1 gene conditioning aluminum
tolerance in wheat (Triticum aestivum L.). Mol Breed 18:171—
183

Raman H, Zhang KR, Cakir M, Appels R, Garvin DF, Maron LG,
Kochian LV, Moroni JS, Raman R, Imtiaz M, Drake-
Brockman F, Waters I, Martin P, Sasaki T, Yamamoto Y,
Matsumoto H, Hebb DM, Delhaize E, Ryan PR (2005)
Molecular characterization and mapping of ALMTI, the

@ Springer

aluminum-tolerance gene of bread wheat (Triticum aestivum
L.). Genome 48:781-791

Raman H, Ryan PR, Raman R, Stodart BJ, Zhang KR, Martin P,
Wood R, Sasaki T, Yamamoto Y, Mackay M, Hebb DM,
Delhaize E (2008) Analysis of TaALMT]1 traces the transmission
of aluminum resistance in cultivated common wheat (Triticum
aestivum L.). Theor Appl Genet 116:343-354

Riede CR, Anderson JA (1996) Linkage of RFLP markers to an
aluminum tolerance gene in wheat. Crop Sci 36:905-909

Roder MS, Korzum V, Wendehake K, Plaschke J, Tixier MH, Leroy
P, Ganal MW (1998) A microsatellite map of wheat. Genetics
149:2007-2023

Rodriguez-Milla MA, Gustafson JP (2001) Genetic and physical
characterization of chromosome 4DL in wheat. Genome 44:883—
892

Rohlf FJ (1998) Numerical taxonomy and multivariate analysis
system. Version 2.0. Exeter Software, NY

Samac DA, Tesfaye M (2003) Plant improvement for tolerance to
aluminum in acid soil—a review. Plant Cell Tissue Organ Cult
75:189-207

Sasaki T, Yamamoto Y, Ezaki B, Katsuhara M, Ahn SJ, Ryan PR,
Delhaize E, Matsumoto H (2004) A wheat gene encoding an
aluminum-activated malate transporter. Plant J 37:645-653

Sasaki T, Ryan PR, Delhaize E, Hebb DM, Ogihara Y, Kawaura K,
Noda K, Kojima T, Toyoda A, Matsumoto H, Yamamoto Y
(2006) Sequence upstream of the wheat (Triticum aestivum L.)
ALMTI gene and its relationship to aluminum resistance. Plant
Cell Physiol 47:1343-1354

Sears RG, Miller TE (1985) The history of Chinese Spring Wheat.
Cereal Res Comm 13:261-263

Sears RG, Moffatt JM, Martin TJ, Cox TS, Bequette RK, Curran SP,
Chung OK, Heer WF, Long JH, Witt MD (1997) Registration of
Jagger wheat. Crop Sci 37:1010

Snowden KC, Gardner RC (1993) Genes induced by aluminum
in wheat (Triticum aestivum L) roots. Plant Physiol 103:
855-861

Somers DJ, Briggs KG, Gustafson JP (1996) Aluminum stress and
protein synthesis in near isogenic lines of Triticum aestivum
differing in aluminum tolerance. Physiol Plant 97:694-700

Somers DJ, Isaac P, Edwards K (2004) A high-density microsatellite
consensus map for bread wheat (Triticum aestivium L.). Theor
Appl Genet 109(6):1105-1114

Song QJ, Shi JR, Singh SE, Fickus WJ, Costa M, Lewis J, Gill BS,
Ward R, Cregan PB (2005) Development and mapping of
microsatellite (SSR) markers in wheat. Theor Appl Genet
110:550-560

Sourdille P, Cadalen T, Guyomarc’h H, Snape JW, Perretant MR,
Charmet G, Boeuf C, Bernard S, Bernard M (2003) An update of
the Courtot Chinese Spring intervarietal molecular marker
linkage map for the QTL detection of agronomic traits in wheat.
Theor Appl Genet 106:530-538

Stodart BJ, Raman H, Coombes N, Mackay M (2007) Evaluting
landraces of bread wheat Triticum acestivum L. for tolerance to
aluminum under low pH conditions. Genet Resour Crop Evol
54:759-766

Tang Y, Garvin DF, Kochian LV, Sorrells ME, Carver BF (2002)
Physiology genetics of aluminum tolerance in the wheat cultivar
Atlas 66. Crop Sci 42(5):1541-1546

Von Uexkiill HR, Mutert E (1995) Global extent, development and
economic impact of acid soils. Plant Soil 171:1-15

Wang JP, Raman H, Zhou MX, Ryan PR, Delhaize E, Hebb DH,
Coombes N, Mendham N (2007) High-resolution mapping of the
Alp locus and identification of a candidate gene HvMATE
controlling aluminum tolerance in barley (Hordeum vulgare L.).
Theor Appl Genet 115:265-276



Theor Appl Genet (2008) 118:29-41

41

Yang QS, Wang YQ, Zhang JJ, Shi WP, Cm Qian, Peng XX (2007)
Identification of aluminum-responsive proteins in rice roots by a
protein approach: cysteine synthase as a key player in Al
response. Proteomics 7:737-749

Yu JB, Bai GH, Cai SB, Ban T (2006) Marker-assisted chareacter-
ization of Asian wheat lines for resistance to Fusarium head
blight. Theor Appl Genet 113:308-320

Zhou LL, Bai GH, Carver BF (2007a) Identification of new sources of
aluminum resistance in wheat. Plant Soil 297:105-118

Zhou LL, Bai GH, Ma HX, Carver BF (2007b) Quantitative trait loci
for aluminum resistance in wheat. Mol Breed 19:153-156

@ Springer



	Diverse origins of aluminum-resistance sources in wheat
	Abstract
	Introduction
	Materials and methods
	Plant materials
	Evaluation of Al resistance
	Marker and data analysis

	Results
	Sensitivity of wheat accessions to Al stress
	Genetic relationship among Al-resistant accessions
	Variation in ALMT1 and markers associated with Al resistance

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


