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Abstract
Key message Soybean quantitative trait loci for ozone
response.
Abstract Ground-level ozone reduces yield in crops

such as soybean (Glycine max (L.) Merr.). Phenotypic
variation has been observed for this trait in multiple spe-
cies; however, breeding for ozone tolerance has been
limited. A recombinant inbred population was developed
from soybean genotypes differing in tolerance to ozone:
tolerant Fiskeby III and sensitive Mandarin (Ottawa).
Plants were exposed to ozone treatment for 5 days in
greenhouse chambers followed by visual scoring for
foliar injury. Mean injury score in the mid-canopy was
16 % for Fiskeby III, and 81 % for Mandarin (Ottawa).
Injury scores were lower in younger leaves for both
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parents and progeny, compared to scores in the older
leaves. Segregation was consistent with multigenic inher-
itance. Correlation coefficients for injury between leaf
positions ranged from 0.34 to 0.81, with the closer leaf
positions showing the greater correlation. Narrow sense
heritability within an ozone treatment chamber was 0.59,
0.40, 0.29, 0.30, 0.19, and 0.35 for the 2nd, 3rd, 4th,
5th, 6th, and combined 3rd—5th main stem leaf positions
(numbered acropetally), respectively, based on genotypic
means over three independent replications. Quantitative
trait loci (QTL) analysis showed that loci were associ-
ated with distinct leaf developmental stages. QTL were
identified on Chromosome 17 for the 2nd and 3rd leaf
positions, and on Chromosome 4 for the 5th and 6th leaf
positions. Additional loci were identified on Chromo-
somes 6, 18, 19, and 20. Interacting loci were identified
on Chromosomes 5 and 15 for injury on trifoliate 4. The
ozone sensitive parent contributed one favorable allele
for ozone response.

Abbreviations

CF Charcoal filtered

Cp Coefficient of parentage

CSTR Continuously stirred tank reactors

LOD Logarithm of odds

0O, Ozone

PPFD Photosynthetic photon flux density

RIL Recombinant inbred line

SNP Single nucleotide polymorphism

TriMid Mid-canopy trifoliate leaves, trifoliates 3, 4
and 5

T1, T2, etc. First trifoliate leaf to expand, second trifoli-
ate leaf to expand, etc.

QTL Quantitative trait loci
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Introduction

Tropospheric ozone (O;) concentration has nearly doubled
since the Industrial Revolution, and is predicted to continue
to increase in the twenty first century (Ainsworth et al.
2012; Fowler 2008). Ozone is an air pollutant and a green-
house gas, thereby having both direct and indirect effects
on plants, animals and the environment (Ainsworth et al.
2012). It forms in the troposphere from reactions between
oxygen and primary air pollutants such as carbon mon-
oxide, nitrogen oxide, and various volatile organic com-
pounds (Prather et al. 2001).

Ozone-mediated cell damage affects processes that
directly support yield in crop plants (Ainsworth et al. 2012;
Salvatori et al. 2013). Ozone negatively affects both wild
and cultivated plants by interfering with important physi-
ological processes, such as photosynthesis and carbon
assimilation (Lobell and Gourdji 2012; Reich 1987). Ozone
exposure causes an oxidative stress response in which reac-
tive oxygen species form in the leaf mesophyll (Lange-
bartels et al. 2002). Reactive oxygen species may damage
cellular constituents, reduce the concentrations of primary
metabolites, or they may cause cell death. Ozone exposure
leads to physical damage of Photosystem II and reductions
in RuBisCO concentration (Ainsworth et al. 2012; Fiscus
et al. 2005). Ozone-mediated cell death appears as bronze
stippling on the adaxial leaf surface, but damage may also
manifest as chlorosis, necrosis, senescence, and decreased
leaf area and biomass (Ainsworth et al. 2012; Frei et al.
2008, 2010). Ozone-exposed plants have reduced photo-
synthetic surface area due to such damage, with concomi-
tant reductions in photosynthetic efficiency and carbon
assimilation (Fiscus et al. 2005; Fuhrer 2003).

Among abiotic stress factors, O; has received inade-
quate attention in spite of its ability to reduce yields in a
wide variety of crop species. Major row crops including
soybean are especially sensitive to ozone exposure (Ains-
worth et al. 2012). Seasonal average ozone concentrations
of 40-50 nmol mol~! are sufficient to cause phytotoxic
symptoms and yield losses of 10-20 % in soybean (Fowler
2008; Heagle et al. 1998). Though it has a reputation as an
urban problem, ground-level O; regularly exceeds phyto-
toxic thresholds in rural agricultural areas (Ainsworth et al.
2012). Episodic O; spikes in excess of 100 nmol mol !
are routinely observed in rural regions of the Northern
Hemisphere (Fowler 2008). Furthermore, concentrations
of ground-level O; typically peak during warmer weather,
coinciding with yield-determining periods of crop develop-
ment. Both chronic and acute O5 exposures are phytotoxic,
though the degree and type of damage are influenced by
numerous factors such as ontogeny, leaf age, genetic-based
tolerance, and taxa (Fiscus et al. 2005; Salvatori et al.
2013). Leaf age appears to be particularly influential in
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the degree of foliar O injury observed in multiple species,
with older leaves in the lower canopy being more suscepti-
ble than younger leaves in the upper canopy (Cheng et al.
2007; Ciompi et al. 1997; Karlsson et al. 1995; Lee et al.
1984; Leitao et al. 2007; Saitanis et al. 2001). However, the
effect of leaf age on genetic comparisons or QTL analysis
is largely unknown, because related work has focused on
small physiological studies rather than large-scale pheno-
typic screening.

In spite of its general sensitivity to O, phenotypic vari-
ation has been observed among genotypes for this trait in
soybean (Burkey and Carter 2009; Damicone et al. 1987;
Heagle and Letchworth 1982; Mulchi et al. 1988; Taylor
et al. 1982). Understanding the range of genetic variation
and identification of associated loci are critical steps in
incorporating O; tolerance into modern soybean cultivars.
Quantitative trait loci associated with ozone response have
been identified in arabidopsis (Arabidopsis thaliana), rice
(Ozyra sativa), and poplar (Populus trichocarpa, Populus
deltoides) (Brosche et al. 2010; Frei et al. 2008; Street et al.
2011). Prior to the present study, there have been no pub-
lished reports for QTL related to O; response in soybean.

Here we present QTL and phenotypic variation of gen-
otypic means for foliar O; response in a RIL population
of soybean. This population was developed from a cross
between the ozone-tolerant Fiskeby III and the ozone-sen-
sitive Mandarin (Ottawa). Fiskeby III is an extremely early
maturing cultivar from Sweden that has demonstrated toler-
ance to multiple abiotic stresses including: ozone (Burkey
and Carter 2009), drought, iron deficiency, salinity, and alu-
minum (Carter, Orf 2013, personal comm.). Closely related
Fiskeby materials (Fiskeby V, 870-7-3) have demonstrated
tolerance to cold (Holmberg 1973; Hume and Jackson
1981). The Fiskeby materials have been used as a source of
cold tolerance in Canadian breeding programs, but other-
wise have not been utilized extensively by plant breeders in
other regions (Gizlice et al. 1994). The occurrence of mul-
tiple abiotic stress resistances in a single cultivar is rare in
soybean and suggests that genetic control may be, in part,
pleiotropic. This present study examining O; tolerance is a
first step in the genetic elucidation of the stress tolerance
complex in Fiskeby III soybean.

Materials and methods
Population development

An Fs.¢ population of 240 RILs of soybean was developed
from a cross between the ozone-tolerant Fiskeby III (PI
438471, maturity group 00) and the ozone-sensitive Man-
darin (Ottawa) (PI 548379 maturity group 0). Fiskeby III
was released in 1949 by Sven Holmberg as a determinate
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edamame cultivar (Holmberg 1968, 1973). It is derived
from the hybridization of ‘Typ xx stam 9’ x ‘Namikawa
(Sachalin)’. Typ xx stam 9 is a European variety or breed-
ing line of unknown origin. Namikawa (Sachalin) is a
Japanese landrace from Hokkaido or adjacent islands.
Fiskeby III has a coefficient of parentage (CP) or pedigree
relationship with the other materials developed by Holm-
berg that ranges from the equivalent of half sib to full sib
(a CP of 0.25-0.50): Fiskeby V (PI 360955A, 0.52), Traff
(PI 470930, 0.44), and Fiskeby 840-7-3 (PI 438476, 0.39).
Mandarin (Ottawa) is a maturity group O selection from a
Chinese landrace known simply as Mandarin. Mandarin
(Ottawa) was selected in Ottawa, Ontario in 1934. Manda-
rin (Ottawa) contributes approximtely 17 % of the genetic
base to Midwestern and Candian cultivars, based on pedi-
gree analysis (Gizlice et al. 1994) and is the immediate
parent of 12 U.S. cultivars. Fiskeby III contributes approxi-
mately 1 % of the genetic base of Midwestern and Cana-
dian cultivars and appears as an antecedent in the pedigree
of at least 13 early maturing cultivars. Fiskeby III also con-
tributes 50 % of the pedigree in the Swiss cultivar Alvia.

Fiskeby III was hybridized with Mandarin (Ottawa) in
the greenhouse in Raleigh, NC in the summer of 2006.
The F, plants were grown in the winter nursery in Chile
in 2006-2007. Seed of the resulting population were
advanced and subjected to inbreeding by the single seed
descent breeding method (Brim 1966). Plants were grown
in the summers in Minnesota and in the winters in Chile
during 2007-2009. In the winter of 2010, Fs plants were
grown and harvested individually in USDA-ARS green-
houses at Raleigh, NC. Plants were grown under a 20 h
photoperiod for 2 weeks after emergence, and then under
natural daylength thereafter. We recorded pubescence and
pod-wall color, and growth habit (determinancy vs. inde-
terminancy) on an individual plant basis and verified that
segregation patterns were consistent with random segre-
gation associated with the single seed descent breeding
method (Brim 1966). In the summer of 2010, Fs-derived
progeny rows from 278 RILs were grown at St. Paul, MN.
Plants were harvested by hand and threshed with a station-
ary thresher as bulks, with all plants in a progeny row har-
vested together. These rows became the seed source for the
240 RILs employed in the present study.

Greenhouse experimental protocol

Plants were grown in a greenhouse supplied with charcoal
filtered (CF) air located on the campus of North Carolina
State University in Raleigh, NC, USA (35°78'N, 78°41'W).
Three seed per line were direct-sown in 6 L pots contain-
ing Fafard #2 Pro Mix (Fafard, Anderson, SC, USA), sup-
plemented with 15 g slow release fertilizer (Osmocote
Plus, Scotts-Sierra Horticultural Products, Marysville, OH,

USA). Plants were maintained in a vegetative state through-
out the experiment using supplemental lighting to produce
a 20-h photoperiod. At 14 days after planting, seedlings
were thinned to one plant per pot, and treated with Mara-
thon systemic insecticide according to the product label
(OHP, Inc., Mainland, PA, USA).

At 21 days after planting, one pot of each line was
randomly selected for treatment with ozone (68—
72 nmol mol™' O; chamber mean, across reps) while
another pot containing the same line remained in the CF
greenhouse. Ozone-treated plants were exposed for 5 days
from 0900 to 1600 h in continuous stirred tank reactors
(CSTRs) located in the greenhouse. A CSTR is a cylindri-
cal exposure chamber covered with Teflon film, designed
for rapid mixing of gases (Heck et al. 1978; Rogers et al.
1977). Supplementary O; was generated by electrostatic
discharge in dry O, (O5 generator model GTC-1A, Ozonia
North America, Elmwood Park, NJ, USA). The O; concen-
tration was independently controlled in each CSTR. Rela-
tive humidity in the CSTRs was maintained above 50 %
using humidity sensors to control solenoid valves that
injected moisture into the airstream just prior to the inlet
of each chamber. Moisture was provided during the 2011
studies by an electric steam boiler and during the 2012
study with nozzles that used pressurized air and water to
create an atomized mist. Chamber temperature, photosyn-
thetic photon flux density (PPFD) and relative humidity
averaged 29.7 °C, 339 umol m2 s, and 62 %, respec-
tively, during the 7-h period O; exposure period. After the
5-day exposure, plants were then returned to the CF green-
house for 2 days to allow complete development of foliar
injury symptoms.

Data collection

Foliar injury was assessed on the seven oldest main stem
trifoliate leaves of ozone-treated plants (T1, T2, T3, T4,
TS, T6, and T7, where T1 represents the most basal trifo-
liate leaf in the canopy and T7 identifies the most apical
trifoliate leaf). Ratings were defined as estimates of the
percentage of adaxial leaf area that exhibited any type of
foliar symptom including chlorosis, necrosis, and/or stip-
ple following the approach established by Heagle (1979,
1982). Three independent raters scored the injury for each
leaf over a 3-day period following exposure and symptom
development.

Genotyping
For each RIL, DNA was isolated from bulked primary root
tips of 15-20 Fs.¢ plants using Qiagen DNeasy Plant Mini

Kits in a QiaCube workstation (Qiagen, Hilden, Germany).
Genotyping was performed using the Illumina GoldenGate
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assay on 1536 SNP markers (Hyten et al. 2010), followed
by analysis on the Illumina BeadStation 500G (Illumina,
Inc, San Diego, CA, USA) using the protocol described by
Fan et al. (2006). The resulting allele calls were checked
manually in Illumina’s GenomeStudio software, version
2011.1. During the development of the genetic map, mark-
ers were excluded if the associated calls satisfied any of the
following criteria: call frequency (<95 %), GenTrain score
(<0.25), cluster separation (<0.20) with AB_T Mean (<0.20
or 0.80-1.00), or monomorphism (100 % AA or BB). One
genotype was removed due to a poor GenCall score (<0.4).
The quality of the map was evaluated in R/gtl (R Develop-
ment Core Team 2012) for duplicate and missing markers,
marker order, similar individuals, segregation distortion,
and agreement with the USDA consensus map (Hyten et al.
2010). Following checking of allele calls and quality evalu-
ation, 366 polymorphic markers were retained for QTL
analysis.

Experimental design and analysis

The experimental design was an augmented incomplete
block (Federer 1956). All genotypes were evaluated in three
greenhouse replications: May-July 2011, September—Octo-
ber 2011, and May-July 2012. Due to space constraints in
the CSTRs, each replication consisted of 3 runs, planted
7 days apart. Runs were treated as incomplete blocks, and
chambers were treated as sub-blocks. Each of the 20 CSTRs
contained a total of seven plants: five randomly selected
RILs and one individual of each of the two parents. Five
extra individuals of each of the two parents were randomly
assigned within each statistical replication to act as internal
checks. Control plants of each genotype were grown in the
charcoal-filtered greenhouse to provide visual comparison
during scoring, but were not themselves scored.

Statistical analyses were performed using R Studio,
version 0.98.1091 (R Development Core Team 2012) in
the Stats, Graphics, Hmisc, and LME4 packages. For O;
treated plants, the mean score across raters was treated as
the score for a particular leaf. Data from the 1st and 7th
trifoliates were discarded due to confounding factors such
as shade-induced senescence and differences in leaf devel-
opment, respectively. A combined score for the mid-canopy
was calculated as the mean across trifoliates T3, T4 and T5
(TriMid), where the greatest degree of injury was observed.
Data were checked for homogeneity of variance using Lev-
ene’s test, and for normality using Q-Q plots and tests of
kurtosis and skewness. Levene’s test showed that data for
each variable were homoscedastic. The Q-Q plots indi-
cated normality of the injury data, with some skew. Data
transformations were not necessary.

Data for the entire population (RILs plus parents) were
fitted to a linear mixed effects model using restricted
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maximum likelihood estimation in the LME4 package of
R. Raw data (i.e. across biological replicates) was used
in this analysis. Trifoliate leaf node was treated as a fixed
effect, and genotype, chamber, run, rater, and replication
were treated as random factors. Best linear unbiased pre-
dictions (BLUPs) were calculated for the random effect of
Genotype (Piepho et al. 2003), and included with mid-can-
opy phenotypic means for each line as supplemental mate-
rial (Supplemental Table 1). Narrow sense heritability was
calculated after Nyquist (1991), pooling over 50 cohorts
of five RILs each, which were maintained throughout the
study. Pearson correlation coefficients and associated p val-
ues were calculated among leaf positions using the Hmisc
package in R.

QTL analysis was performed on the phenotypic means
using composite interval mapping in the R/qtl package,
with a window size of 10 and 3 marker covariates (Bro-
man et al. 2003). Prior to QTL analysis, mean values were
calculated for each genotype for trifoliates T2 through T6
across raters and biological replications. The Scantwo func-
tion was used to detect interacting loci. LOD thresholds
were determined for each trait from 1000 permutation tests
using significance thresholds of 0.05 and 0.10. Haley-Knott
regression was used to further resolve the position and
effect on variability of significant QTL. The parental ori-
gin of favorable alleles was identified by calculating mean
values for the marker classes (A or B) at each significant
marker. The marker class with the lower injury score was
considered to be the favorable allele, and therefore, the par-
ent with the same genotype was considered to be the origin
of a more favorable ozone response. The estimated effect of
each QTL was calculated as the difference in mean percent
injury between the two allele classes (A and B), divided by
two.

Results

Phenotypic variation among RILs and parents for foliar
leaf injury

Mandarin (Ottawa), the previously identified susceptible
parent, showed greater injury than did Fiskeby III at each
leaf node in this study (Table 1). Mean injury scores in
Fiskeby III did not exceed 26 % at any leaf node, whereas
mean injury in Mandarin (Ottawa) was greater than 70 %
in all but one leaf node. Mean mid-canopy (TriMid) injury
scores were 16 and 81 % for Fiskeby III and Mandarin
(Ottawa), respectively. The magnitude of the difference
between the parents was sufficiently great that maximum
scores observed for trifoliates 2 and 3 in Fiskeby III were
similar to mean scores for Mandarin (Ottawa) at the same
leaf nodes. Similarly, in trifoliates 2 through 4, minimum



Theor Appl Genet (2016) 129:1113-1125 1117
Table 1 Descriptive statistics Descriptive statistic T T3 T4 TS T6 TriMid
for foliar O injury scores
in the soybean recombinant Mean
}’I‘Ibr:‘;}[’;’rfg‘;f;"(“oft‘i‘g)’y RILs only 62 63 61 48 25 57
Mandarin (Ottawa) 86 88 85 71 40 81
Fiskeby 111 26 19 16 12 7 16
Range
RILs only (Min) 0 0 0 0 0 0
RILs only (Max) 100 100 100 98 97 97
Mandarin (Min) 37 52 37 0 0 35
Mandarin (Max) 100 100 100 97 98 99
Fiskeby (Min) 0 0 0 0 0 0
Fiskeby (Max) 88 83 70 65 65 66
Standard deviation
RILs only 254 24.5 27.0 29.8 26.1 24.6
Mandarin 12.8 9.9 13.0 24.6 30.1 139
Fiskeby 20.3 16.9 16.3 14.7 11.6 14.1
Coefficient of variation
RILs only 40.9 389 44.6 62.0 104.7 43.0
Mandarin 14.8 11.2 15.3 34.8 74.5 17.0
Fiskeby 79.5 91.2 102.1 119.6 175.5 90.7

Data are shown for the progeny lines as a group and for each parent line at five trifoliate leaf nodes (T2,
T3, T4, T5, T6) and for a combined score of the mid-canopy nodes of trifoliates 3-5 (TriMid). Mean values
reflect averages across three replications, each consisting of three sub-replications (i.e. data from individual
raters). Standard deviation, coefficient of variation, and range values were determined from raw data of the

three replications after sub-replications were averaged

Fig. 1 Histogram panel show- Trifoliate 2 Trifoliate 3
ing phenotypic distribution of 100 o 100 o
percent foliar O; damage for 50 Fil \L © 50 Fi \L ©
five trifoliate leaf nodes (Trifoli-
ates 2, 3,4, 5, 6) and for the 0 0
. . . | T T T T — 1 | T T T 1
mid-canopy (mean of trifoli- 0 20 40 80 80 100 0 20 40 80 80 100
ates 3, 4 and 5) in the soybean
recombinant inbred popula- Trifoliate 4 Trifoliate 5
tion Fiskeby III x Mandarin Z 100 o 100 o
(Ottawa). Phenotypic values for S - F J/ © 5 F \L ©)
the parent lines are identified > L_‘_‘—I—l—'_\— m_}_\_
by arrows (“FIII” and “M(0O)”). E 0 0
Injury scores reflect mean val- 0 20 40 60 80 100 0 20 40 60 8 100
ues by recombinant inbred line,
across biological replications Trifoliate 6 Mid-Canopy (Tri 3-5)
i i : 100 100
and ratings assigned by multiple . o) "o
raters Flll
N NI iad
0 !_]—[T!_i—r—]—!’_-[j—,_;_ T 1 0 T T T T T 1
0 20 40 60 80 100 0 20 40 60 80 100

Percent Foliar Damage

scores for Mandarin (Ottawa) were greater than mean
injury scores for Fiskeby III. Injury expression differed for
the two parental types in that mean injury scores declined
for Fiskeby III acropetally within the canopy, whereas this
trend was not observed for Mandarin (Ottawa) (Table 1).

For the RILs, the mean injury score in the mid-canopy
(TriMid) was 57 %, which was intermediate to the two par-
ents. Phenotypic variation among the RILs was observed at
each leaf node (Fig. 1). Correlation coefficients for injury
between individual leaf positions ranged from 0.34 to 0.81
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Table 2 Pearson correlation coefficients between trifoliate leaf nodes
for foliar O; injury in the soybean recombinant inbred population
Fiskeby x Mandarin (Ottawa)

T3 0.82
(0.74)

T4 0.71 0.87
(0.59) (0.81)

T5 0.58 0.69 0.82
(0.47) (0.62) (0.79)

T6 0.40 0.53 0.60 0.76
(0.34) 0.41) (0.50) (0.74)

TriMid  0.76 0.92 0.97 0.90 0.68
(0.65) (0.88) (0.95) 0.89)  (0.62)

T2 T3 T4 T5 T6

Correlations were calculated between trifoliate leaf nodes 2-6 (T2,
T3, T4, TS5, T6) and the mid-canopy average score (TriMid), with
T2 being the most basipetal node and T6 being the most apical node.
Values outside of parentheses were calculated from RIL means
(n = 207) while values inside parentheses were calculated from raw
data across all biological replications (n =~ 1050). All correlation
coefficients were significant

and for RIL means was 0.40-0.87, with the closer leaf posi-
tions showing the greater correlation (Table 2). Segregation
in the population appeared to be continuous, mound shaped,
and consistent with the concept of multigenic inheritance
(Fig. 1). Approximately 13, 5, 4, 12, 35, and 4 members of
240 RILs were numerically equivalent to- or better than- the
resistant Fiskeby III parent at the second, third, fourth, fifth,
sixth trifoliates, and mid-canopy TriMid trait, respectively.
The mean frequency of RILs numerically equivalent to- or
better than—Fiskeby III was 0.058 over all leaf positions,
which is consistent with a four gene model of inheritance
(frequency = ~0.5%) if one assumes that all resistance alleles
are derived from Fiskeby III. If one assumes that one posi-
tive allele is from the sensitive Mandarin (Ottawa) parent
and that this positive allele is an effective or an equivalent
substitute for any positive allele derived from the resist-
ant parent, then binomial analysis suggests inheritance
could be controlled by as many as seven loci. For this lat-
ter model, it is assumed that any combination of 6 positive
alleles, regardless of origin, would be sufficient to recover
the resistant phenotype of Fiskeby III. Mean injury scores
for the RILs ranged from 0 to 100, or close to 100, for each
trifoliate leaf node (a wider range than the parents), suggest-
ing the possibility of transgressive segregation, supporting
the notion that at least one resistance allele could be derived
from the sensitive Mandarin (Ottawa). Three RILs showed
mean injury scores that were lower than those of Fiskeby
IIT at every trifoliate leaf node examined (Supplemental
Table 2). Three additional lines had lower mean values than
Fiskeby III at 3 of the 5 leaf nodes.

Standard deviations based on plant-to-plant (i.e. rep-
lication to replication) variation within RILs did not
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change drastically from the lower to upper canopy, but
increased for Mandarin and decreased for Fiskeby III
(Table 1). Although the standard deviation for Fiskeby
declined acropetally, coefficients of variation were greater
in Fiskeby III at every leaf node, compared to Mandarin
(Ottawa) or the RILs. Coefficients of variation increased
acropetally in the canopy for both parents and for the
RILs, with the steepest increases observed between trifo-
liates 4 and 5 (Table 1).

Genotype accounted for 22 % of the total variance
among random effects, with replications over time (11 %
of the variation) and random plant-to-plant variation
(59 %) accounting for most of the rest (Table 3). Cham-
ber, run, and rater effects did not strongly influence injury
scores. Genotypes with strongly negative BLUP val-
ues corresponded to more favorable phenotypic values,
while positive BLUPs corresponded to unfavorable injury
responses (Supplemental Table 1). Heritability within a
chamber based on the mean of three replicates was 0.59,
0.40, 0.29, 0.30, 0.19, and 0.35 for the T2, T3, T4, TS,
T6, and combined T3-T5 main stem leaf positions (num-
bered acropetally). The heritability observed over three
runs (seasons) is on a par with seed yield of soybean
in field studies (Brim 1973). The heritability calculations
based on this dataset of O; response predict that experi-
mental designs with five replications would be required to
increase heritability to a point that half of the phenotypic
variation among RILs could be attributed to genotype
effects (Table 4).

QTL analysis

The QTL analysis of each leaf position showed that QTL
were associated with distinct developmental zones within
the canopy. QTL were identified on Chromosome 17 for
the 2nd and 3rd leaf positions (lower in canopy), and on
Chromosome 4 for the 5th and 6th leaf positions (higher in
canopy). A total of nine QTL were identified for foliar O,
response, including 2 interacting loci (Fig. 2; Table 5). Four
significant loci were identified at p < 0.05 (Chromosomes
1, 4, 17, 18), and three additional loci were identified at
p < 0.10 (Chromosomes 6, 19, 20). Loci were identified
for each of the trifoliate leaf nodes studied, with some loci
associated with multiple leaf nodes (e.g. Chromosome 17
Pos 56 for T2 and T3; Chromosome 4 Pos 45 for T5 and
T6) (Fig. 2). Two of the QTL detected for individual leaf
nodes in the mid-canopy were also detected for the com-
bined score across trifoliates 3-5 (TriMid). The QTL of
greatest effect was associated with a marker on Chromo-
some 18. This locus accounted for 9.5 % of the observed
variation in injury on the 4th trifoliate. The QTL of least
effect was associated with the 5th trifoliate leaf, and was
identified on Chromosome 19. This locus accounted for
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Tz}ble 3 Summary (?f linear Parameter Estimate Standard error t value
mixed model analysis of
foliar O; injury in the soybean Fixed effects
gzl‘zg)t;‘;ff‘;"ﬁ;ﬁapgﬁulauon (Intercept) 65.2017 6.5537 9.95%
(Ottawa) Trifoliate T3 —0.0444 0.6197 —0.07NS
TrifoliateT4 —2.5176 0.6184 —4.07%*
TrifoliateT5 —13.8885 0.6208 —22 .37k
TrifoliateT6 —36.2126 0.64 —56.58%##%*
Parameter Variance Standard deviation Proportion of total variance
Random effects
Genotype 212.816 14.588 22.71
Chamber 9.347 3.057 1.00
Run 55.171 7.428 5.89
Rater 2.007 1.417 0.20
Replication 105.634 10.278 11.27
Residual 554.303 23.544 59.14

Upper portion shows estimate, standard error and ¢ value for the fixed effect of trifoliate leaf position.
Lower portion shows partial variance, standard deviation, and proportion of total variance for each of the
random effects. Significance indicated by ***p < 0.001, **p < 0.01, *p < 0.05, NS not significant

Table 4 Narrow sense

e ; Seasons or
heritability estimates for percent

Soybean leaf position

replications in time

O; damage, pooled over 50 sets T2 T3 T4 TS T6 T3-T5

of RILs (5 per set), calculated

for means based on 1-15 1 0.33 0.18 0.12 0.13 0.07 0.15

growing seasons or replications 2 0.49 0.31 0.21 0.22 0.14 0.26

in time 3 0.59 0.40 0.29 0.30 0.19 0.35
4 0.66 0.47 0.35 0.37 0.24 0.42
5 0.71 0.52 0.40 0.42 0.29 0.47
6 0.75 0.57 0.45 0.46 0.32 0.52
7 0.77 0.61 0.49 0.50 0.36 0.55
8 0.80 0.64 0.52 0.54 0.39 0.59
9 0.81 0.66 0.55 0.57 0.42 0.62
10 0.83 0.69 0.57 0.59 0.44 0.64
11 0.84 0.71 0.60 0.61 0.47 0.66
12 0.85 0.72 0.62 0.63 0.49 0.68
13 0.86 0.74 0.64 0.65 0.51 0.70
14 0.87 0.75 0.65 0.67 0.53 0.71
15 0.88 0.77 0.67 0.68 0.54 0.73

Heritability for O; response over three independent runs is highlighted

3 % of the variation observed for injury at that leaf node.
A pair of interacting loci was identified on Chromosomes 5
and 15 at p < 0.05 for trifoliate 4. LOD values for this pair
of loci indicated the possibility of an epistatic interaction
(Table 5). Both parents contributed favorable alleles for O,
response (Table 5). Of the seven non-interacting loci identi-
fied in this study, one originated from Mandarin (Ottawa)
and six originated from Fiskeby III.

Discussion

Abiotic stresses are increasingly important in agriculture,
due to the unpredictable and varied effects of climate
change. Ozone is among the most insidious of abiotic
stresses, because it cannot be anticipated on a seasonal
basis, and its phytotoxic effects cannot be remediated.
Ozone inhibits plant growth in both wild and cultivated
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Fig. 2 Chromosome map show-

Genetic map

ing marker locations (dashes)

- o e e S i T — =
-+ T = A __TS. —
T o -+ + | T5
T A = T T 7T "i
1 ohe T | FT2T3 M::
T = e e 1 1 T

T T T | ELT % TriMidL. =

TS5 T 1 = +

and significant quantitative trait 9T T T
loci (non-interacting loci: black
circles; interacting loci: grey 2041 L =
triangles) for O response in T T
the soybean recombinant inbred wdXI £ |T5
population Fiskeby III x Man- —_ 1L 5 &
darin (Ottawa). Associated % T
trifoliate leaf nodes associated S 60 4+ F
with each locus are indicated = T 4
S ., |®
o = =
S 80716 F + T4
100 —
120 —
T T 1
1 2 3 4

species by reducing rates of photosynthesis and carbon
assimilation (Fiscus et al. 2005). Ozone exposure has been
shown to reduce yields in several crop species, including
soybean (McGrath et al. 2015; Heagle et al. 1998), snap
bean (Phaseolus vulgaris L.) (Burkey et al. 2005), wheat
(Triticum aestivum L.) (Mishra et al. 2013), and rice (Reid
and Fiscus 2008).

Understanding phenotypic variation and identification of
relevant genetic loci are critical first steps in breeding for
O; tolerance. Genomic analysis has identified QTL for O;
response in several crop species including rice, Arabidop-
sis, and poplar (Brosche et al. 2010; Frei et al. 2010; Street
et al. 2011). However, no previous reports have been pub-
lished identifying QTL for O, response in soybean. Fiskeby
IIT soybean is especially tolerant to O; and, thus, offers a
unique opportunity to employ QTL analysis to identify
novel genes and alleles for this trait. In this study, we devel-
oped and evaluated a RIL population from the hybridiza-
tion of ozone-tolerant Fiskeby III x ozone-susceptible
Mandarin (Ottawa). The parental lines differed greatly from
one another, with Fiskeby III’s injury being well below that
of Mandarin (Ottawa). These findings support our previous
work characterizing ozone response of these cultivars (Bur-
key and Carter 2009).

The RILs in the population exhibited a wide range of
response to O, from 0 to 100 %, or close to 100 % injury,
for each trifoliate leaf node examined (Table 1). Inspec-
tion of the broad phenotypic variation among the RILs
and recovery of parental phenotypes in the population sug-
gested that 4-7 genes could be involved in genetic control
of O, response, depending on the genetic model employed.
Apparent transgressive segregation was observed in which
six of 240 RILs showed less injury at all or most leaf
nodes, compared to Fiskeby III (Fig. 1; Supplemental
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Table 2). Although the parents displayed drastic phenotypic
differences responses to Os, our results show that the sensi-
tive Mandarin (Ottawa) contributed a favorable allele to the
progeny population.

Marker analysis revealed that seven QTL loci were asso-
ciated with an individual trifoliate leaf position leaf node,
while two loci were associated with injury on multiple
leaves. For loci associated with multiple leaves, the QTL
identified were for distinct developmental zones within the
canopy. A locus on Chromosome 4 was associated with
response in the middle to upper canopy (trifoliates TS and
T6), while a locus on Chromosome 17 was associated with
ozone response in the lower canopy (trifoliates T2 and T3).
With the exception of the locus on Chromosome 17, associ-
ated with the lower canopy, most QTL detected were for
injury in the middle to upper canopy (trifoliates T4-T6).

Effects of leaf age, position, and variability on screening
methodology and QTL analysis

Leaf maturity affects the severity of O; injury in various
crops, with younger leaves sustaining less damage than
mature leaves. The influence of leaf age on O; injury has
been well established in physiological studies employing
a small number of genotypes in several species including
soybean (Cheng et al. 2007; Lee et al. 1984), pumpkin
(Cucurbita maxima) (Ciompi et al. 1997), common bean
(Phaseolus vulgaris) (Leitao et al. 2003), maize (Zea mays)
(Ahmad et al. 2012; Leitao et al. 2007; Pino et al. 1995),
and clover (Trifolium spp.) (Karlsson et al. 1995). These
studies support our results in which injury scores decreased
acropetally within the canopy. We observed this phenom-
enon consistently across the entire Fiskeby III x Manda-
rin (Ottawa) RIL population and in the parents, except in
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those rare instances in which injury scores were either O or
100 % throughout the canopy. Our QTL results (Table 5)
and the genotypic and biological correlations of injury at
various leaf positions (Table 2) indicate that leaf age may
also influence genotypic ranking of O; tolerance within a
given population. This leaf age effect can also be seen in
the higher heritability of O; response in the lower canopy
leaves (Table 4).

The variation in QTL location with canopy position
provides insight into the long-standing observation that
O; injury is more severe for older leaves than for younger
leaves. The QTL analysis suggests a complicated mecha-
nism for O; response where the genes associated with O;
effects are different depending upon leaf developmental
stage. The mechanisms underlying this phenomenon have
not been studied directly, but there are potential linkages
to redox metabolism. Upon movement from air spaces into
the liquid phase inside the leaf, O; initially interacts with
the cell wall components and thus the leaf apoplast repre-
sents a critical early site in regulating O; responses (Fiscus
et al. 2005). Apoplast ascorbic acid redox status changes
significantly throughout leaf development becoming more
oxidized with leaf age (Takahama 1998). In soybean plants
of similar age as this study, leaf apoplast ascorbic acid was
primarily oxidized in trifoliates T2, T4, and T6, but other
unknown compounds with redox properties were found to
be differentially distributed throughout the canopy (Cheng
et al. 2007). This change in leaf apoplast chemistry across
leaves of different ages reflects a shift in metabolism. As
leaves transition from expanding (trifoliates T5 and T6
in this study) to mature (trifoliates T2 and T3) tissue, the
accompanying shift in metabolism could involve different
QTLs for controlling ozone response. Given that leaf devel-
opment occurs quickly (days) relative to the active period
of a mature leaf within the canopy (weeks), the QTLs iden-
tified for trifoliates T2, T3, and perhaps T4 in this study
are more likely to be associated with genes that contrib-
ute significantly to the differential O5 sensitivity reflected
in sensitive and tolerant germplasm because mature leaves
represent a majority of the total leaf area for plants sub-
jected to O; episodes that occur randomly throughout the
growing season. This may explain why the response to
O; is more active in recently matured leaves, compared to
the oldest leaves in the canopy (trifoliate T1 in this study)
where senescence becomes a factor. In other plant species,
leaf age has been shown to play an important role in how
individual leaves respond to O; injury (Bagard et al. 2008;
Karlsson et al. 1995; Zhang et al. 2010).

Patterns of data variability differed for each of the par-
ents and for the progeny lines, as observed with the coef-
ficient of variation (CV) for each of the parents and for
the RILs as an isolated set (Table 1). The CV is useful in
comparing dispersion in data by adjusting for differences in
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mean values between groups. Overall, higher CVs showed
that data dispersion was greater in Fiskeby at all leaf
nodes, compared to Mandarin or the RILs as an isolated
set. Although Fiskeby’s mean injury scores were among
the lowest observed in this study at each leaf node, injury
scores exceeding 50 % were observed in some individuals
at each leaf node. An increase in variability of injury scores
in the upper canopy was observed for the RILs and both
parents (Table 1). Coefficients of variation did not substan-
tially change in trifoliates T2-T4 for Mandarin (Ottawa)
and for the RILs, with an increase in variability in trifoli-
ates TS and T6. Fiskeby plants (12 out of 168 individuals
tested in this study) with injury scores exceeding 50 %
strongly influenced the standard deviation and coefficient
of variation in that parent. Variability in Fiskeby’s injury
score increased moderately in the lower canopy, and more
steeply from trifoliate TS to trifoliate T6. The observed
increase in variability in the upper canopy is likely linked
to variation in leaf age above the Sth main stem node across
the population.

Multiple stress tolerance

Fiskeby III, developed through classical hybridization and
selection breeding efforts in Sweden (Holmberg 1973), is
unique in that it has tolerance to multiple abiotic stresses
in addition to Oj; that include cold (Holmberg 1973; Hume
and Jackson 1981), salinity (Lenis et al. 2011) and sul-
phentrazone herbicide (Hulting et al. 2001). This discovery
offers a rare opportunity for dissecting and understanding
the underlying physiological and genetic basis for this phe-
nomenon and evaluating the benefit of tolerance mecha-
nisms acting in concert, when challenged with co-occur-
ring stresses. We have taken the first step in this process
through dissection of O; tolerance derived from Fiskeby
II. Since elevated O; is episodic, its effects often com-
bine in commercial settings with those of chronic stresses,
such as drought, extreme temperature, nutrient deficiencies
or toxicities, and biotic stresses. Understanding combined
stresses is challenging because plant response to multiple
stresses is thought to be interactive and not well predicted
by responses to the individual stresses (Mittler 2006).
Although crop plants are routinely exposed to combined
stress in field situations, research in this area has been
limited.

Implications to plant breeding

As a factor that significantly reduces crop yields (McGrath
et al. 2015), O; stress is an issue in agriculture that mer-
its additional attention by plant breeders. Although short
term exposures to evaluate foliar injury do not assess O;
impacts on seed yield, there are studies showing yield loss
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in soybean is associated with foliar symptoms. Greater
foliar injury reported for cultivar Forrest relative to culti-
var Essex (Cheng et al. 2007) was associated with a reduc-
tion in seed yield when these cultivars were exposed to
elevated O; throughout the growing season (Robinson and
Britz 2000). In an earlier study, yield loss was associated
with foliar injury in three of four soybean cultivars tested
by Heagle and Letchworth (1982). This study upholds pre-
vious results of genetic resistance to O; injury for Fiskeby
IIT (Burkey and Carter 2009). The QTL analysis showed
that resistance is controlled by multiple loci and suggests
that soybean breeders should consider using relatively
large RIL populations (more than 200 members) to recover
progeny as resistant as the resistant parent. The multiple
QTL loci identified in this study require validation and
refinement to ensure their best use in marker assisted
selection programs. However, they offer the clear promise
of aiding breeders in manipulating the O; resistance trait,
which is currently difficult and expensive to measure. Phe-
notyping is widely recognized as a critical bottleneck in
the discovery of gene function, and its subsequent appli-
cation to plant breeding efforts. Development of pheno-
typing rubrics that are accurate, rapid, and inexpensive is
an ongoing challenge in crop science. However, results
of the present study provide some insight into the refine-
ment of screening approaches for detecting O; resistance.
For example, independent observers assigned scores that
were highly correlated and, thus, we did not gain much
precision from using multiple scorers. Good assessment
of foliar injury was obtained using trifoliate leaves in the
mid-canopy of soybean, where accumulated injury was
great and genotypic differences were easily distinguished.
Young leaves were less useful for rating. Injury was
assessed separately for each trifoliate leaf in the current
study. However, plant breeders actively involved in plant
selection can likely evaluate O; foliar injury accurately by
assigning a single overall visual score to the leaves in the
middle canopy of a plant. The optimum time to phenotype
for O; response in our chambers occurred when plants had
3-8 fully expanded trifoliate leaves. Prior to this, plants
did not have sufficient mature leaf area to evaluate injury.
Heritability estimates suggest that five replications over
time are sufficient to raise precision of ratings to the point
that half the variability among RILs can be attributed to
genetics rather than genotype x environment and/or exper-
imental error. Our study did not permit an examination of
the efficiency of dropping replications over time in favor
of growing additional replications of plants and chambers
simultaneously. However, it is likely that more simultane-
ous replications will have some utility in screening efforts.
These observations may help those interested in breeding
or studying Oj resistance to avoid factors that may com-
plicate scoring of foliar injury, such as shade-induced

senescence in older plants, immature leaves, and nutrient
issues in the upper and lower canopy.
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