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Abstract: Post-flowering drought tolerance (stay-green) in grain sorghum (Sorghum bicolor (L.)
Moench) is an important agronomic trait in many arid and semiarid environments throughout
the world. Stay-green has been associated with increased grain yields, as well as resistance to
lodging and charcoal rot disease. Nonetheless, the relative effects of genotype, environment, and
genotype × environment interactions are not well understood for this trait; similarly, the relationship
between various leaf sugars and stay-green has not been sufficiently evaluated in diverse germplasm.
Thus, the goals of this study were to determine the genotype, environment, and genotype by environ-
ment (GxE) effects for leaf dhurrin, sugars, and stay-green in ten diverse grain sorghum breeding
lines, to evaluate the Pearson’s correlation coefficients (r) between these traits, and to determine
entry-mean repeatability (R) for each of these traits. Of the compositional traits studied, we de-
termined that leaf dhurrin had the highest correlation with the stay-green phenotypes (r = −0.62).
We found that stay-green sorghum lines contained approximately 2–3 times as much dhurrin as
non-stay-green lines, with B1778 containing the highest concentration of dhurrin (84.8 µg/cm2) and
Tx7000 containing the least (20.9 µg/cm2). The differences between the environments for several of
the traits were high, and all the traits examined had high repeatability (R = 0.89–0.92). These data
demonstrate a relationship between leaf dhurrin and the stay-green phenotypes in sorghum, and
further study will allow researchers to determine the causal effect that dhurrin has on post-flowering
drought tolerance in sorghum.
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1. Introduction

A drought is defined as a prolonged or chronic shortage of rainfall, and droughts
can occur in areas with high and low average levels of precipitation. Drought conditions
are relative to long-term average rainfall patterns and evapotranspiration demands [1].
Drought stress is the limitation of water that is available for plant growth, and it is the
primary constraint to productivity in cereal crops globally. Drought stress can negatively
impact crop growth, but its magnitude and effect can differ depending on the plant species
and development stage. As the world population continues to increase, it is important to
identify crop species with multiple end uses that possess an ability to produce sufficient
yields under variable climatic conditions. One example of a plant species that has been
proven as a multi-use crop with inherent drought tolerance is sorghum (Sorghum bicolor (L.)
Moench) [2].

Sorghum is a C4 cereal grass species that has many uses, including food, feed, forage,
and feedstock [3]. It ranks fifth in importance for cereal crop species in the world after rice,
wheat, maize, and barley [4]. Sorghum is traditionally cultivated on marginally arable lands
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and is routinely affected by drought stress. Fortunately, sorghum is commonly known to
be drought-tolerant, especially compared to other cereal grains, like rice and maize [5,6].

The ability of a plant to maintain green leaf area at maturity, also known colloquially
as “stay-green”, has been used in sorghum breeding programs for many years as a field-
based indicator for post-flowering drought tolerance [7]. Stay-green in sorghum is an
economically important drought tolerance trait in production regions where post-anthesis
drought events are common [8]. Stay-green sorghum lines maintain green leaves longer
under post-anthesis drought, remain photosynthetically active longer, and produce a
higher grain yield under drought conditions when compared with sorghum lines that
are not stay-green [7,8]. Multiple physiological differences between stay-green and non-
stay-green genotypes have been postulated as the causal mechanisms for the stay-green
trait. Examples of potential stay-green mechanisms include increased leaf nitrogen at
anthesis, higher chlorophyll content in leaf tissue, increased photosynthetic activity and
leaf greenness, and a reduction in total leaf area [6,7,9].

Stay-green is considered an important trait, as the ability to maintain green leaf area
during periods of post-flowering drought stress is associated with increased grain yields
at harvest [8]. It has been hypothesized by some plant breeders that while stay-green
hybrids yield more under post-flowering drought conditions, they are less responsive to
fully irrigated and optimal conditions. If this is correct, one explanation for lower yields
in stay-green hybrids under optimum conditions could be that the sources of stay-green
used in breeding programs are relatively few. Since the genetic sources of stay-green are
limited, fewer elite combinations of seed parents and pollinators can ultimately be used.
The inclusion of new stay-green breeding lines with variable genetic backgrounds would
increase genetic variance and potentially lead to more favorable hybrid combinations and
a higher yield potential.

The current methodology for identifying and selecting stay-green lines in this field
is with visual stay-green ratings [10]. These ratings are assigned after a period of post-
flowering drought stress. However, field-based stay-green screening nurseries are often
difficult to manage and require multiple test environments, often spanning multiple years,
to encounter conditions that can accurately assess the stay-green phenotype. This difficulty
is caused by variations in the environment; for example, rainfall after anthesis and natural
field variation can eliminate the stress and drastically influence the stay-green ratings. There
remains a need for a simple, quantitative assay that accurately identifies these stay-green
lines without the need to grow them under post-flowering drought conditions. In order to
be considered useful, this assay needs to be reproducible, less expensive than conventional
field screening, and provide the ability to screen at early developmental stages.

Dhurrin is a cyanogenic glucoside produced by Sorghum bicolor and other sorghum
species [11]. Dhurrin is a non-volatile compound in isolation, but physical disruption of
plant tissue by animal herbivory or drought stress allows production hydrogen cyanide
(HCN), which is produced by the interaction between dhurrin and catabolic dhurrinase
enzymes [12,13]. Dhurrin has also been proposed to be an available source of N with
osmoprotective properties [14]. Burke et al. [15] identified multiple stay-green breeding
lines that contained elevated leaf dhurrin levels. Stay-green ratings from previous studies
and environments were used to associate these elevated leaf dhurrin levels with the visual
stay-green ratings. Commonly used stay-green germplasm, such as BTx642, B4R, and
SC1154-14E, contained 3–4× higher dhurrin levels compared to known senescent sorghum
varieties [15]. Recent research has also identified a major stay-green QTL (Stg5) on SBI01
that co-localizes with known dhurrin biosynthetic genes [16].

Although an association between stay-green and leaf dhurrin was observed by
Burke et al. [14] and Hayes et al. [17], additional research is needed to evaluate a diverse
set of breeding lines for leaf dhurrin content and stay-green within the same growing
environments. Therefore, the objectives of this study were as follows: (i) to analyze the
genotype, environment, and GxE effects for leaf dhurrin, leaf sugars, and stay-green for ten
diverse grain sorghum breeding lines, and (ii) to evaluate correlations between these traits.
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2. Materials and Methods
2.1. Plant Material and Experimental Design

A set of ten diverse breeding lines that varied for the described stay-green phenotypes
were used in this study (Table 1). These breeding lines varied in terms of their adaptation,
maturity, and stay-green. These stay-green lines also varied for their genetic source of
stay-green based on their known pedigree history.

Table 1. List of ten diverse breeding lines evaluated for dhurrin, leaf sugars, and stay-green in 2014.

Line Pedigree Class Reference

BTx642 BTx406/IS12555 Stay-green Xu et al., 2000 [10,18]
R9188 SC599-6sel Stay-green Rosenow et al., 1983 [6]
1790E SC56/SC33 Stay-green Rosenow et al., 1983 [6]
B4R BTx406/Rio Stay-green Burke et al., 2013 [15]

B1778 SC56/SC33 Stay-green Rosenow et al., 1983 [6]
Tx7000 Caprock, Kafir-Milo Senescent Xu et al., 2000 [10,18]
RTx437 SC120sel/RTx430 Senescent Burke et al., 2013 [15]
BTx623 BTx3197/SC170-6-4 Senescent Rosenow et al., 1983 [6]
BTx3042 Redbine, Kafir-Milo Senescent Burke et al., 2013 [15]
BTx378 Redlan, Kafir Senescent Tenkouano et al., 1993 [19]

The lines were grown in replicated field trials in four locations in 2014 (Figure 1).
These environments were designated as 14WE, 14CA, 14CW, and 14LB. Weslaco (WE) is
in the Rio Grande Valley in the southern tip of Texas and is a humid, arid sub-tropical
environment. Corpus Christi Annex and Corpus Christi West (CA and CW, respectively) are
also known as humid, semi-arid environments located along the Texas gulf coast. Lubbock
(LB) is situated in the Texas High Plains region and has a dry and temperate climate. All
locations are established sorghum production regions of Texas and commonly experience
post-flowering drought stress. All locations had weather conditions during the period of
the experiments that was expected for their region. In all locations, a randomized complete
block design (RCBD) with three replications was used. Sorghum seeds were planted at a
rate of 70 seeds per plot at a depth of 4 cm. A plot in each environment was defined as a
single row that was 5.2 m long. The row spacing in each environment was 1.0 m wide. The
Weslaco and Lubbock environments were furrow irrigated as needed to minimize visual
drought stress until flowering. The two Corpus Christi environments were only rain fed
and did not receive supplemental irrigation. All seeds were treated with a seed treatment
mixture of Captan®, Concept®, and Gaucho® to allow for the application of dual herbicides
for pre-germination weed control. Standard agricultural practices for sorghum were used
in this study.
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four trials in Texas that were conducted in 2014. The four trials were in Lubbock (A), Corpus Christi
(B), and Weslaco (C). Two of the four trials were located near Corpus Christi, TX.
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2.2. Stay-Green Phenotyping

Stay-green estimates in the form of visual observation ratings were scored in each
environment on a plot basis at a scale from 1 to 5. These ratings were based on the degree of
visual plant greenness or senescence at physiological maturity, as per Xu et al. [18]. A rating
of 1 indicated a completely green plant with green leaves and no senescence (Figure 2). A
rating of 5 corresponded to no visual greenness in the leaves, accompanied with complete
plant death (Figure 2).
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Figure 2. Visual comparison of stay-green and non-stay-green material. A visual comparison of
stay-green (left) and non-stay-green (right) genotypes.

2.3. Leaf Dhurrin and Sugar Analysis

Leaf dhurrin, glucose, sucrose, and fructose were extracted from the lines approxi-
mately at mid-anthesis in each location. Five leaf punches that measured 1.0 cm in diameter
were collected from five random, representative plants within each plot. Leaf punches were
collected on the youngest, fully exposed leaf (excluding the flag leaf). The leaf punches were
taken at the midpoint between the blade tip and the base of the leaf and did not include
the midrib. The leaf punches were immediately placed on ice in the field and promptly
returned to the laboratory. All HPLC analyses were performed at the Cropping Systems
Research Laboratory in Lubbock, TX. Dhurrin and leaf sugars from the five leaf punches
was extracted in 1 mL of 80% ethanol at 60 ◦C for one hour followed by five minutes at
room temperature. The extract was centrifuged for 10 min at 10,000 RPM and the resulting
supernatant was transferred to an Eppendorf tube and dried with a vacuum centrifugation
system (Savant Instruments Inc., Hyderabad, India) set on the “low” setting. The extract
was suspended in 200 µL of deionized water and separated on a YMC polyamine II column
with a mobile phase of 75% acetonitrile (C2H3N) at a flow rate of 1.5 mL/min. A standard
curve was used to quantify the concentration of dhurrin, and leaf sugars were expressed as
µg/cm2.
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2.4. Statistical Analysis

Individual data from each location were analyzed to determine whether the variances
were homogeneous. Since heterogeneity of error variances was not detected using a
Bartlett’s test for equal variances, a combined analysis was performed. The statistical
model used for the combined analysis was:

Dependent Variable = µ + Genotype + Environment +
Genotype × Environment + Rep[Env] + Error.

(1)

JMP® Version 10.0.0 was used for all statistical analyses. Genotype was considered a
fixed effect and all other sources of variation were considered as random effects. Raw HPLC
data was log Box–Cox transformed to ensure that the ANOVA normality assumption was
satisfied. Multivariate analysis was performed using the Pearson’s correlation coefficient
method. Coefficient of variation (CV) values were calculated. Repeatability of traits was
calculated using the following equation:

Repeatability= σ2
G/[σ2

G +(σ2
GxE/E) + (σ2

error/ER)] (2)

where σ2
G is the genotype effect, σ2

GxE is the genotype × environment effect, σ2
error is the

error, E is the number of environments, and R is the number of replications.

3. Results and Discussion

In the combined analysis, genotype effects were found to be significant for all traits
measured (Table 2). The environment effect was also found to be significant for all traits
except for stay-green. The interaction between the genotype and the environment (GxE)
was found to be significant for dhurrin and fructose; although, the magnitude of this
interaction was deemed to be minimal (Table 2). Repeatability for all traits was high,
ranging from 0.87 (fructose) to 0.95 (glucose). As mentioned, reliable and consistent
drought screening nurseries are notoriously difficult to generate due to rainfall and other
agronomic factors. In 2014, specifically, three locations were not included in the analysis
as the stay-green phenotype was not sufficiently expressed in those specific environments
due to rainfall occurring late in the season. In contrast, 2014 was an excellent year for the
evaluation of stay-green in some environments, as evidenced by the clear separation within
the breeding lines and a relatively low CV. The inclusion of environments with moderate
or no differences for stay-green would decrease repeatability and made effects due to the
environment more profound.

Table 2. Mean squares for leaf composition traits and stay-green from combined data from the
stay-green vs. non-stay-green test in four environments in 2014.

Source of
Variation df Dhurrin † Glucose † Fructose † Sucrose † Stay-Green ‡

Environment
(E) 3 2.12 *** 4.03 *** 8.75 *** 15.47 *** 0.25

Rep[E] 8 0.08 ** 0.32 *** 2.76 *** 0.89 *** 0.49 *
Genotype (G) 9 3.23 *** 0.48 *** 2.82 *** 0.51 *** 9.0 ***

GxE 27 0.13 *** 0.07 1.7 ** 0.13 0.32
Error 72 0.04 0.05 0.04 0.08 0.21

R2 0.93 0.85 0.86 0.92 0.86
CV (%) 5.0 9.6 5.0 7.5 15.3

Repeatability 0.89 0.95 0.87 0.92 0.92

*, **, *** significant at 0.10, 0.05, and 0.01, respectively. †: µg/cm2 of leaf tissue. ‡: stay-green rating where
1 = green and 5 = fully senesced.

Specific environmental differences for leaf dhurrin content did not receive further
investigation as nitrogen fertilizer, which is known to greatly affect dhurrin accumulation,
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was not applied equally in each environment due to varying agronomic practices for each
production region.

Dhurrin content was strongly correlated (r = −0.62) with stay-green ratings in this
study (Table 3). Strong positive associations were numerically negative in this study due to
the stay-green rating system used, where a rating of one is considered highly stay-green,
and a rating of five is considered fully senesced. Associations between leaf dhurrin and
stay-green have been previously observed; thus, the strong correlation observed in this
study between dhurrin and visual stay-green corroborates previous results [15,20]. Stay-
green ratings were only modestly correlated (r = −0.14) with leaf sucrose concentrations
(Table 3). Previous research has indicated that BTx642 and 1790E, which are known stay-
green lines, contained high leaf sucrose concentrations at anthesis compared to Tx7000 and
BTx623, which are known senescent lines [21]. Burke et al. [21] also identified that quantum
efficiency (Fv/Fm), which serves as a predictive bioassay that is used in identifying stay-
green breeding lines, is significantly correlated (r = 0.67) with leaf sucrose levels.

Table 3. Pearson’s correlation coefficients (r) for leaf dhurrin, leaf sugars, and stay-green ratings in
four environments in 2014.

Trait Dhurrin † Fructose † Glucose † Sucrose † Stay-Green ‡

Dhurrin -
Fructose −0.11 -
Glucose −0.16 * 0.97 *** -
Sucrose 0.05 0.09 0.04 -

Stay-green ‡ −0.62 ** −0.08 −0.08 −0.14 * -

*, **, *** significant at 0.10, 0.05 and 0.01, respectively. †: µg/cm2 of leaf tissue. ‡: stay-green rating, where
1 = green and 5 = fully senesced.

The breeding lines varied for dhurrin in this study (Table 4). Across the four envi-
ronments, leaf dhurrin ranged from 84.8 µg/cm2 (B1778) to 20.0 µg/cm2 (Tx7000) and
separated into two distinct classes based on the presence/absence of stay-green in most
cases (Table 4). BTx642, a standard for the stay-green phenotype, averaged 60.0 µg/cm2

and was statistically higher than all senescent lines.

Table 4. Averages for leaf composition traits and stay-green of 10 breeding lines varying for stay-green
evaluated across four environments in 2014.

Pedigree Class Dhurrin † Glucose † Fructose † Sucrose † Stay-Green ‡

B1778 Stay-green 84.8 73.4 57.6 64.5 2.5
1790E Stay-green 66.7 46.5 40.0 42.5 2.3

BTx642 Stay-green 60.0 82.1 70.4 78.4 1.5
B4R Stay-green 51.7 80.6 60.4 78.9 2.3

R9188 Stay-green 45.9 95.8 63.8 65.8 2.4
RTx437 Senescent 28.3 80.3 64.9 44.9 3.7
BTx378 Senescent 23.5 75.1 59.5 39.2 3.8
BTx623 Senescent 23.1 57.8 47.5 63.9 3.8
BTx3042 Senescent 23.0 71.2 55.3 54.5 3.6
Tx7000 Senescent 20.9 90.2 67.5 67.3 3.8

HSDp < 0.05 9.8 27.1 19.6 39.8 0.5
CV (%) 5.0 10.4 9.5 19.9 17.1

†: µg/cm2 of leaf tissue. ‡: stay-green rating, where 1 = green and 5 = fully senesced.

The relative ranks of breeding lines for dhurrin concentration differed between the
environments, but the magnitude was minimal (Table 2). Among the stay-green lines,
R9188 had the lowest dhurrin concentrations in three of the four environments in this study
(Table 5). In the WE environment, R9188 had the second-highest dhurrin levels, and B1778
was the highest (Table 5). This shift in the concentrations in R9188 may account for the
significant GxE effect. Although B1778 was determined to be the highest in three of these
environments, it did not have the highest stay-green rating in the CA environment (Table 5).
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The relatively low coefficient of variation observed for dhurrin in this study further justifies
its use as a bioassay associated with stay-green (Table 4).

Table 5. Least significant differences (LSD) for leaf dhurrin content for 10 different grain sorghum
lines varying for the stay-green phenotype in Corpus Christi annex (CA), Corpus Christi West (CW),
Lubbock (LB), and Weslaco (WE) in 2014. Genotypes in bold format and marked with an * were
classified as stay-green and genotypes in non-bold bold format were classified as non-stay-green,
senescent genotypes.

Leaf Dhurrin (µg/cm2)

CA CW

Genotype LS mean Genotype LS mean

1790E * 70.4 B1778 * 91.6
B1778 * 51.0 BTx642 * 66.9

BTx642 * 38.5 1790E * 60.5
B4R * 27.5 B4R * 52.8

R9188 * 24.8 R9188 * 33.0
BTx378 17.7 RTx437 29.2
BTx623 16.8 BTx623 24.2
Tx7000 15.3 BTx378 22.4

BTx3042 14.9 BTx3042 20.3
RTx437 14.6 Tx7000 19.8

LSDp < 0.05 10.8 LSDp < 0.05 19.6

LB WE

Genotype LS mean Genotype LS mean

B1788 * 90.1 B1778 * 106.4
BTx642 * 78.0 R9188 * 82.8
1790E * 73.8 B4R * 79.6
B4R * 46.7 1790E * 61.6

R9188 * 42.8 BTx642 * 56.4
RTx437 41.2 RTx437 28.1
BTx3042 30.5 BTx3042 26.2
BTx378 30.0 BTx378 23.7
BTx623 29.5 TX7000 22.9
Tx7000 25.2 BTx623 21.9

LSDp < 0.05 17.7 LSDp < 0.05 23.0

The breeding lines evaluated in this study also varied greatly for visual stay-green
ratings (Tables 4 and 6). BTx642 had the best stay-green rating averaged across all envi-
ronments (Table 6). Rank differences for stay-green ratings within different environments
were observed, but these differences were minimal, and the GxE effect in the combined
analysis was non-significant (Table 2).

Leaf sucrose also varied in this study (Tables 4 and 7). B4R contained the highest
concentration of sucrose (78.9 µg/cm2), and BTx378 contained the lowest concentration
of sucrose (39.2 µg/cm2) (Table 4). B4R is a derivative of Rio, a sweet sorghum line
selected for its high sugar (brix) content in its stems. BTx642 and R9188, two known stay-
green lines, also consistently contained higher sucrose concentrations in all environments
(Table 7). The line 1790E, a known stay-green line, produced relatively low leaf sucrose
concentrations in all environments (Table 7). Previous studies have associated high leaf
sucrose concentrations with stay-green using the breeding lines BTx642 and R9188. The
results from this study indicate that while some stay-green lines contained elevated leaf
sugars, other stay-green lines contained relatively low leaf sucrose levels. These findings
indicate that leaf sugar content is a contributory factor in stay-green, but it is not the only
factor that determines stay-green.
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Table 6. Least significant difference (LSD) values for stay-green ratings for 10 different grain sorghum
lines varying for the stay-green phenotype in Corpus Christi annex (CA), Corpus Christi West (CW),
Lubbock (LB), and Weslaco (WE) in 2014. Genotypes in bold format and marked with an * were
classified as stay-green and genotypes in non-bold format were classified as senescent genotypes.

Stay-Green Rating

CA CW

Genotype LS mean Genotype LS mean

BTx623 4.0 BTx378 4.2
BTx378 3.8 BTx623 4.2
Tx7000 3.7 Tx7000 4.0
RTx437 3.7 BTx3042 3.7
BTx3042 3.2 RTx437 3.7
B1778 * 3.0 B1778 * 2.7
B4R * 2.3 R9188 * 2.3

R9188 * 2.0 B4R * 2.3
1790E * 1.8 1790E * 2.0

BTx642 * 1.3 BTx642 * 1.7
LSDp < 0.05 1.1 LSDp < 0.05 1.0

LB WE

Genotype LS mean Genotype LS mean

BTx3042 4.2 RTx437 4.2
Tx7000 4.0 BTx378 3.8
BTx623 3.8 BTx3042 3.7
RTx437 3.7 Tx7000 3.7
BTx378 3.5 BTx623 3.3
1790E * 2.7 1790E * 2.8
B4R * 2.7 R9188 * 2.5

R9188 * 2.7 B1778 * 2.2
B1778 * 2.3 B4R * 2.0

BTx642 * 1.3 BTx642 * 1.8
LSDp < 0.05 0.9 LSDp < 0.05 1.1

Table 7. Least significant difference (LSD) values for leaf sucrose content for 10 different grain
sorghum lines varying for the stay-green phenotype in Corpus Christi annex (CA), Corpus Christi
West (CW), Lubbock (LB), and Weslaco (WE) in 2014. Genotypes in bold format and marked with an
* were classified as stay-green and genotypes in non-bold format were classified as senescent geno-
types.

Leaf Sucrose (µg/cm2)

CA CW

Genotype LS mean Genotype LS mean

R9188 * 89.4 BTx642 * 34.4
BTx642 * 83.6 B4R * 33.0

B4R * 69.4 R9188 * 29.8
Tx7000 58.4 RTx437 28.6
BTx623 53.4 BTx3042 26.8
BTx3042 51.8 Tx7000 26.8
B1778 * 42.7 BTx378 25.5
BTx378 41.9 B1778 * 25.5
RTx437 37.7 BTx623 25.2
1790E * 32.8 1790E * 23.9

LSDp < 0.05 51.9 LSDp < 0.05 7.7

LB WE

Genotype LS mean Genotype LS mean

BTx642 * 48.6 B4R * 171.0
B4R * 42.1 B1778 * 169.6

BTx623 40.7 Tx7000 145.9
Tx7000 23.7 BTx623 136.6

BTx3042 23.2 BTx642 * 132.5
B1778 * 20.3 BTx3042 116.4
R9188 * 20.2 R9188 * 108.5
BTx378 18.7 RTx437 100.7
1790E * 17.5 1790E * 95.9
RTx437 12.8 BTx378 66.3

LSDp < 0.05 31.8 LSDp < 0.05 45.2
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4. Conclusions

This study represents one of the first studies of leaf dhurrin levels and stay-green
evaluation within the same environment. As hypothesized, these lines separated into two
distinct groups based on stay-green and differentiated in similar groups for leaf dhurrin
concentration. In addition, these stay-green lines consistently contained approximately
2–3 times the leaf dhurrin content at anthesis than did the non-stay-green breeding lines.

Burke et al. [15] first described a relationship between elevated leaf dhurrin levels at
anthesis and stay-green. This study expands on that previous work by measuring stay-
green, leaf dhurrin, and leaf sugars within the same environments. The causal effect of high
leaf dhurrin levels at anthesis producing a stay-green response in sorghum is still not fully
understood. Results from this study indicate that associations between dhurrin and stay-
green are present beyond the BTx642 genetic background, and that further investigations
are needed to fully understand the relationship between high dhurrin and stay-green.
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