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Abstract

Speed breeding, where environmental conditions such as photoperiod, temperature, and
nutrient availability are manipulated to accelerate plant development and reduce breeding
cycle length, can be especially beneficial in crops such as barley. Speed breeding combined
with early harvest shortens the development cycle in some species, but it has not been
successfully developed for barley. This study aimed to investigate whether a speed breeding
system (SBS) combined with early harvest could further shorten the development cycle of
barley for more efficient utilization in breeding programs. Eleven genotypes were evaluated
under two systems: an SBS (photoperiod: 22 h; temperatures: 22 °C in the day, 16 °C at
night) and normal breeding system (NBS, photoperiod: 16 h; temperatures: 22 °C in the
day, 12 °C at night). On average, flowering occurred 15 days earlier in the SBS compared to
the NBS. In the SBS, harvest at 21 days after flowering (DAF) achieved high germination
rates and enabled a reduction in the cycle by 20%. When utilizing speed breeding with
early harvest, the breeding cycle was complete in 88 days (21 DAF—SBS) compared to
110 days (28 DAF—NBS), which in turn will facilitate the faster development of targeted
barley varieties and cultivars in the northern United States. This study is the first report of
early-harvest success in barley when speed breeding conditions are used.

Keywords: speed breeding; early harvest; seed viability

1. Introduction

Barley (Hordeum vulgare L.) is ranked fourth in terms of worldwide grain consump-
tion, following wheat, maize, and rice [1]. It is primarily used as animal feed, malt for
brewing and distilling, and food for human consumption [2,3]. It is anticipated that world-
wide food demand will increase by 56% by 2050 [4,5]; therefore, crop production must
be increased to meet this demand. Breeding new cultivars with higher yields and resis-
tance to biotic and abiotic stresses is fundamental to maintaining and increasing overall
productivity [6,7]. An increase in demand for organic small grains [8], driven by the need
for sustainable cropping systems, has been observed in the last decade [9,10]. Specifically,
breeding for multi-purpose barley that can serve food, feed, and malting markets has
gained importance [3]. Genotype-by-environment interactions, including genotype-by-
environment by management, are common in plant breeding, creating the need to breed for
targeted environments [11-13]. For example, to breed for organic systems, germplasm must
be evaluated under organic management. A traditional plant breeding cycle of selection,
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evaluation, and release of varieties takes 10-15 years [13,14]. Different strategies have been
proposed to reduce the generational time and the length of the breeding cycle using meth-
ods such as shuttle breeding, anther culture, microspore culture, double haploid or embryo
rescue [15-20], single-seed descent in greenhouses [21,22], and speed breeding [23]. Speed
breeding is an easy and inexpensive method to accelerate line development in inbred crops
when compared to other techniques [23-26]. It utilizes the manipulation of photoperiod,
temperature, and nutrient availability, inducing physiological stress to accelerate plant
development and reduce the length of growth cycles [23-30]. In addition, it is cost- and
labor-effective and has the potential to reduce the length of the breeding cycle by shortening
the time between generations.

Several studies have shown the effectiveness of using speed breeding in cereals and
other species, such as barley [23], wheat [23], and oats [30]. Using this technique, it is possible
to deliver up to six generations per year in spring wheat, spring barley, garden pea, and
chickpea [23]; four generations in canola [23]; and five generations in oats [30]. On the other
hand, only two to three generations per year are obtained in spring cereals under normal
greenhouse conditions [23,30].

The transition from vegetative to reproductive stages in cereals is mainly controlled
by the effect of day length and temperature [31,32]. Barley is a long-day crop, with the
transition to the reproductive stage triggered as a response to long photoperiods (more
than 16 h) [33-35] and higher temperatures between 18 and 25 °C [35,36]. Although
optimum temperatures for wheat, for example, are 10.6, 21.0, and 20.7 °C at the terminal
spikelet, anthesis, and grain filling stages, respectively, long-day cereals generally respond
to higher temperatures by shortening their cycle duration [25]. Barley germplasm, adapted
to high latitudes, has reduced photoperiod sensitivity [37,38]. Using speed breeding, it
is possible to reduce the length of the barley cycle from seed to seed by modifying the
photoperiod and temperature [23,27]. Furthermore, the time required to complete a full
cycle could be shortened by performing early harvest (i.e., collecting spikes before they
reach physiological maturity) as the embryo can be fully developed as soon as 14 days
after flowering [39]. Therefore, speed breeding could potentially be combined with early
harvest to further reduce the breeding cycle length [23,30]. Watson et al. (2018) [23] found
high germination rates in spring wheat under speed breeding harvested two weeks after
flowering, while Gonzalez-Barrios et al. (2021) [30] demonstrated that it is possible to
obtain viable seeds in oats with high confidence when they are harvested early. In contrast,
the combination of speed breeding and early harvest was not successful in barley, where
researchers were not able to obtain viable seeds when spikes were harvested two weeks
after flowering [23,40]. While Watson et al. (2018) [23] were able to obtain a shorter
growth cycle for barley with speed breeding, their experiment was restricted to germplasm
grown in Australia and the UK, which are sensitive to photoperiod [41-43]. This research
aimed to evaluate the effect of combining early harvest with speed breeding in barley
germplasm with reduced photoperiod sensitivity, medium-to-late maturing cycles, and
good adaptation to the northern region of the United States [44,45]. Specifically, the goals
were to evaluate the effect of speed breeding on growth cycle length and, through sample
spikes at different times after flowering, the effect of early harvest on this germplasm.

2. Materials and Methods
2.1. Plant Material

To study the effect of speed breeding in barley, eleven spring barley genotypes from
both two- and six-row types were used (Table S1).
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2.2. Experimental Design

A randomized complete block design with a factorial treatment arrangement of
11 genotypes and two systems (i.e., normal breeding (NBS) and speed breeding (SBS))
was used. Four replications were used, with each plot formed by four pots (subsamples per
plot). Early harvest was evaluated in a split-plot design of the original experiment, where
each pot of an experimental unit was harvested at either 14, 21, or 28 days after flowering
(DAF), following Gonzélez-Barrios et al.’s method (2021) [30].

2.3. Growing Conditions and Planting

The experiment was conducted under controlled conditions in the Walnut Street
Greenhouse facilities at the University of Wisconsin at Madison. Two separate greenhouses
were set up under either the NBS or SBS. TotalGrow high-intensity top-light 330 W white
lamps (TotalGrow Lights, Holland, MI, USA) were used to provide lighting. The NBS
consisted of 16 h of light at 22 °C, between 5 AM and 9 PM, and 8 h of dark at 12 °C; the SBS
consisted of 22 h of light at 22 °C, between 5 AM and 3 AM, with 2 h of dark at 16 °C. During
the experiment, the light intensity was maintained between 450 and 500 pumol m~2 s~ ! in
both greenhouses.

Three seeds per pot were planted in PRO-MIX® planting media (Premier Tech Growers
& Consumers, Riviere-du-Loup, QC, Canada) on 25 January 2023. At the three-leaf stage,
thinning was conducted, leaving one plant per pot. Each plot was fertilized with 25 g
of Osmocote Smart-Release Plant Food Plus (Scotts Miracle-Gro Company, Marysville,
OH, USA) applied at the four-leaf stage. The fertilizer composition was 15% nitrogen, 9%
available phosphate, 12% soluble potash, 6% sulfur, 1.3% magnesium, 0.46% iron, 0.05%
manganese, 0.05% zinc, 0.02% boron, and 0.02% molybdenum. Both experimental set-ups

were watered daily, and stakes were used to guide plants and avoid lodging.

2.4. Phenological and Phenotypic Evaluation

Zadok's growth scale (ZGS) [46] was used to score the most important phenological
stages of barley. The date on which the main tiller reached each stage in each pot was
recorded as three leaves (ZGS 13), four leaves (ZGS 14), first tiller (ZGS 21), first node (ZGS
31), booting (ZGS 43), heading (ZGS 59), and flowering (ZGS 69). Plant height was also
scored at ZGS 14, ZGS 21, ZGS 31, ZGS 43, and ZGS 59. The spike corresponding to the
main tiller was harvested at either 14, 21, or 28 days after it reached ZGS 69. Spikes were
dried in an air-tight container with silica gel at 15 °C for 5 days, hand-threshed, and then
the seed number and seed weight per spike (g) were recorded. Threshed seeds were stored
at 4 °C for 4 days to homogenize any possible dormancy effects. For each harvest date, a
germination test was performed. All the seeds from a spike (7 to 50 seeds) were placed on
20 by 30 cm (50 g m~2) filter creped germination paper moistened with sterile water, rolled,
and placed inside sealed bags. The bags were kept at 15 °C, maintaining the moisture of the
paper, and after seven days, germination was evaluated. A seed was marked as germinated
if the radicle had emerged from the caryopsis (ZGS 05). The germination percentage was
calculated as the percentage of germinated seeds out of the total number of seeds.

2.5. Statistical Models and Analysis
2.5.1. Phenology and Plant Height Traits

Best linear unbiased estimates (BLUESs) for genotype, system, and genotype-by-system
interactions were estimated for days after emergence and plant height at ZGS 14 (four
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leaves), ZGS 21 (first tiller), ZGS 31 (first node), ZGS 43 (booting), and ZGS 59 (heading)
using the following linear mixed model:

Yiga = 1+ Gi + 5 + Big) + GSjj + €4k + Pijey 1)

where yjj; is the response variable of the i-th genotype, j-th growing system, k-th block, and
I-th pot; u is the overall mean; G; is the main effect of the genotype; S; is the main effect
of the system; 3 is the main effect of the k-th block nested in the j-th system; GS;; is the
interaction effect between the i-th genotype and the j-th system; ¢; is the experimental
error at the plot level; and Py is the subsampling error at the pot level. Additionally,
gijk ~ N (0, 02.) and Pygijry ~ N (0, 02%s), where 02, is the variance associated with the plot
and 0% is the variance associated with the pot, with cov (g, Pijr)) = 0.

2.5.2. Yield Components and Germination Traits

The BLUEs for genotype, system, and genotype-by-system interactions were estimated
for each harvest day for seed number per spike and germination percentage using the
following linear mixed model:

Yijk = ut Gi + 5 + Big) + GSjj + €k )

where yj1, Gj, Sj, By, and GS;; are similar to (1).

After performing the statistical modeling using (1) and (2), an analysis of variance was
conducted to evaluate the effect of genotype, system, and genotype-by-system interaction
for each trait. When genotype by system had a significant effect, contrasts were used
to compare each genotype across systems. On the other hand, when no such effect was
found, a Tukey test was conducted for the main effects. All statistical analyses were
performed on R (version 4.3.1) [47]. The linear mixed-effect models were built using the
Ime4 package [48], BLUEs were estimated using the emmeans package [49], and Tukey’s
pairwise multiple comparison tests were performed using the multcomp package [50].

To assess the effect of early harvest on seed viability, the binomial probability function
was used to estimate the probability of obtaining viable seeds. For each harvest date (14, 21,
and 28 DAF) and system, the probability of obtaining at least 5 germinated seeds (viability)
was calculated using the binomial distribution as follows:

P(X>5) =Cp*(1-p)" " ©)

where the germination proportion is the success probability parameter (p), the number of
trials (n) is the number of seeds harvested per spike, and the total number of successes (X)
is 5 or more seeds.

3. Results
3.1. Growing Stages and Plant Height Comparison

Although there was a significant genotype-by-system interaction in terms of the
number of days to reach all phenological stages, there were no crossover interactions
(Figure 1). On average, ZGS 69 (flowering) was reached 15 days earlier in the SBS (i.e., a
mean of 58.3 days) than in the NBS (i.e., a mean of 73.3 days) (Table S2). All genotypes
reached ZGS 69 earlier in the SBS than in the NBS (i.e., between 7.1 and 23.8 days), except
for ‘Purple Prince” and “10.0662’, where no significant difference among systems was found
in terms of days to reach flowering (Figure 1 and Table S2). Meanwhile, differences between
genotypes across the SBS and NBS were not so evident for the early growth stages, i.e., ZGS
13 (three leaves), ZGS 14 (four leaves), and ZGS 21 (first tiller) (Figure 1 and Table S2).
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Figure 1. Best linear unbiased estimates (BLUEs) for the number of days since emergence to reach
7GS13,72GS 14, ZGS 21, ZGS 31, ZGS 43, ZGS 59, and ZGS 69 in eleven barley genotypes evaluated
under a normal breeding system (blue) and speed breeding system (orange); the connecting line
(black) represents the difference between BLUESs in the two systems. The bars (black) show standard
error (SE), indicating the upper and lower limits of each estimate. The * represent a 5% significant
difference between systems for a genotype in a contrast test.

Variable results were observed for plant height at different growth stages. In the early
stages, some genotypes were taller in the SBS than in the NBS, while at ZGS 59 (heading),
four were taller in the NBS than in the SBS; however, the rest of the genotypes did not show
statistical differences between systems regarding plant height (Table S3).

3.2. Effect of Early Harvest on Seed Number

Seed number per spike showed a significant genotypic effect but no system or
genotype-by-system effect for harvest at 14 or 21 DAF (Table S4). Meanwhile, a signifi-
cant genotype-by-system effect was found at 28 DAF with the genotypes ‘DH140212" and
‘MS. x DH.”, with fewer seeds per spike in the SBS than in the NBS; no differences were
found for the rest of the genotypes (Table S4). The genotypes ‘BB28” and ‘MC0181-11" were
not included in the post-harvest analysis due to an accident not related to the treatments.

3.3. Effect of Early Harvest on Seed Germination and Viability

Germination percentage at 14 DAF showed a significant genotype-by-system cross-
over interaction (Table S4), while only a significant genotypic effect was observed at
21 and 28 DAF. All the genotypes showed probabilities higher than 0.95 of obtaining
five or more viable seeds at 14, 21, and 28 DAF in the NBS and 21 and 28 in the SBS
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Normal Breeding System (NBS)

(Table S4 and Figure 2). However, one genotype (‘10.0662") had a probability lower than
0.95 at 14 DAF in the SBS (Table 54 and Figure 2).

Speed Breeding System (SBS)
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Figure 2. Percentage of seed germination, seed number per spike, and seed viability at different times
of early spike harvest for the normal breeding system (NBS) and speed breeding system (SBS). The
size of the dots represents the seed number for a treatment, while the color shows the seed viability
as a binary response of higher (blue) or lower (orange) than 0.95.

4. Discussion

Speed breeding has been studied by several researchers; however, its combination
with early harvest has been understudied in barley. Our experiment showed that this
combination, with harvest at 21 days after flowering, significantly reduced the length of
the breeding cycle of a barley germplasm adapted to the northern United States.

4.1. Cycle Length Under Speed Breeding

Phenological development was accelerated in the SBS compared to the NBS, which
was an expected response to extended photoperiods [51]. On average, the difference in
cycle length between the SBS and NBS resulted in a reduction of 15 (7-24) days to reach ZGS
69 (flowering) (Table S52). These results are consistent with previously reported responses to
speed breeding in barley [52]. The significant genotype-by-system interaction is consistent
with results reported by Gonzalez-Barrios et al. (2021) [30], where a diverse group of oat
genotypes was studied. The differences in this interaction were attributed to changes in
the number of days to reach growth stages by the genotypes, but no crossover interactions
were observed (Figure 1). The diversity in our barley germplasm sample allowed us to
characterize the effect of an SBS over a wide range of growing cycles (i.e., early, medium,
late). Using a diverse population validated the effectiveness of combining this system
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with early harvest to shorten the breeding cycle across different lengths to maturity in our
germplasm. We aimed to represent the diversity expected in a segregating population.
The germplasm in our speed breeding system took on average 58.3 days to reach
ZGS 69 (flowering), with a 15-day difference between systems in the range of 7 to 24 days
(Table S2); this is longer than that in Watson et al.’s (2018) [23] study, which took 38 days to
flower. We attribute the differences in cycle length between studies to variation in maturity
and photoperiod response between our northern United States barley germplasm and
the Australian and UK germplasms used by Watson et al. (2018) [23]; the germplasms
used by those authors has photoperiod sensitivity due to the presence of a dominant
copy of the PPD-H1 (Photoperiod-H1) gene, making them early-maturing or short-cycle
cultivars [41-43]. To avoid heat stress during the grain filling period, barley cultivars with
early flowering and shorter growth cycles are preferred in regions like Australia, which
experience more extreme heat in summer compared to the northern United States [45]. In
the latter region, barley is planted during the spring and harvested at the end of summer;
hence, cultivars tend to be insensitive to photoperiod [41,53,54], and the material used in
this study corresponds to medium-late cycle genotypes (Table S1). Another difference when
compared to Watson et al. (2018) [23] is that we compared speed breeding to our normal
growing method, which includes supplementary light and temperature (due to the lack
of light and below-zero temperatures during winter); our normal breeding protocol was
already faster than barley grown in field conditions (Tables S1 and S2) [44]. The reduction
in the breeding cycle from the normal breeding system (NBS) to the speed breeding system
(SBS)—through a combination of temperature and photoperiod [25,51]—corresponds to a
20% decrease, indicating a transition from two to three generations per growing season.
Since temperature and photoperiod are not always independent factors, achieving faster
growth cycles requires both warmer temperatures and longer photoperiods [55,56]. The
mechanisms underlying this growth acceleration occur throughout the plant’s development.
During the vegetative stage, leaf emergence speeds up, and fewer leaves develop before
heading [51]. In the reproductive stage, faster transitions between developmental phases
lead to earlier flowering [57]. Additionally, during grain filling, increased metabolic activity
shortens the time to seed maturity [58]. These processes are likely upregulated by increased
sugar and amino acid availability under long photoperiods, accelerating growth and
development rates [57,59]. The diversity of mechanisms acting over the different stages of
development induced by speed breeding explains the diversity in response observed in
our experiment. Even though each genotype will respond slightly differently to the SBS in
each development stage, the sum of their development cycle will be shortened overall.

4.2. Early Harvest for Enhanced Efficiency

Early harvest offers a valuable strategy to accelerate generational advancement. Our
study found viable seeds at early harvest in speed breeding, while other studies were
unsuccessful. Our study differs from previous barley studies as it included nine diverse
genotypes (Table S4), allowing us to refine a combination of harvest timing and system
to better account for and understand genotype-by-system interactions. Additionally, a
wider range of after-flowering harvest times, including 14, 21, and 28 DAF, was evaluated
compared to previous studies that only evaluated early harvest at 14 DAF [23,40]. One of
our genotypes (i.e., “10.0662") had a low probability of delivering viable seeds at 14 DAF in
the SBS, making harvest at this time impractical in speed breeding, which is in agreement
with the results reported by Watson et al. (2018) [23]. Overall, we were able to find a
successful strategy for early harvest (at 21 DAF) in speed breeding in our barley germplasm.
Our results, therefore, suggest that 21 DAF in the SBS is the best option to obtain viable
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seeds (i.e., more than five viable seeds with a probability > 0.95) in the shortest time, similar
to results previously reported for other crops [30].

4.3. Germination and Seed Viability at Premature Harvest

Our research was not able to recover five viable seeds for all genotypes at 14 DAF
in SBS. We recovered some viable seed but not enough to have secure propagation of the
genotype, aligning with previous reports using the combinations of early harvest and
speed breeding in barley [23,40]. Our experiment showed a 0.95 or higher probability of
recovering at least five seeds for all genotypes when 21 DAF in the SBS was used. Seeds
harvested at this time are not expected to have reached physiological maturity [60]. A
high probability of obtaining at least five viable seeds in all genotypes would ensure the
propagation of all lines in a single-seed descent strategy in speed breeding. On average,
the length of the growing cycle using 21 DAF in the SBS was 88 days (i.e., 58 for flowering,
21 DAF for harvest, 5 days for drying, and 4 days for cold stratification). In the NBS, with
harvest at 28 DAF, the cycle could last over 110 days (73 days for flowering, 28 DAF for
harvest, 5 days for drying, and 4 days for cold stratification). The 14 DAF-NBS combination
showed a high probability of recovering at least five viable seeds. If the NBS is combined
with early harvest, the length of the cycle significantly reduces to 96 days (73 days for
flowering, 14 DAF for harvest, 5 days for drying, and 4 days for cold stratification). When
the SBS cannot be used due to space or resource limitations, early harvest under the NBS
is a simple technique that can lead to a 14-day reduction in cycle length. Nevertheless, 21
DAF with the SBS is the most efficient option for generational advancement, delivering
4.2 generations per year versus 3.3 (28 DAF-NBS) or 3.8 (14 DAF-NBS). The use of the
SBS with early harvest would allow us to obtain three generations in the period between
growing seasons, harvesting F3 seeds from the field, and advancing them to F6 seeds to be
planted in the field in the next growing season. Alternatively, using the NBS, we would
instead plant F5 seeds.

Breeding populations are diverse by design [61], including in terms of days to ma-
turity. To facilitate the incorporation of speed breeding in plant breeding schemes, the
process needs to be optimized for diverse breeding populations. Modern breeding pro-
grams have a diverse set of selection tools, such as genomics [62], phenomics [63], and
methods to improve selection intensity, accuracy, and efficiency [30,64—66]. Recently, in
barley, the development of environmental modeling and genomics applied to breeding
methods has proven to be an excellent selection strategy [67-70]. The next step is to
shorten the length of the breeding cycle, which has been highlighted as the principal
constraint for increasing genetic gain per unit of time [25,71,72]. Based on our results,
speed breeding with early harvest can be combined with genomic selection strategies to
decrease the duration between cross-development and line testing, which will allow an
increase in genetic gain per unit of time [73]. A fast-track breeding cycle will allow us
to meet future food demand [4,5] and respond faster to challenges imposed by changing
environments [74]. The relevance of our work lies in developing a scheme that ensures fast
generational advancement in barley populations with diverse maturity dates.

5. Conclusions

The combination of speed breeding and early harvest significantly reduced the time
necessary to complete one generation of barley. We recovered at least five viable seeds with
a 0.95 probability or higher, which is enough viable seeds to advance the next generation in
a single-seed descent strategy under speed breeding. Also, our study demonstrated that
early harvest in normal growing conditions recovers viable seeds with high probability,
with a reduction of 13% in the length of the growing cycle. The most effective approach was
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21 DAF in the SBS, where the length of the cycle was reduced by 20%; this demonstrates
that speed breeding is a viable alternative to accelerate generational advance and enhance
genetic gain per unit of time in barley breeding programs.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /agronomy15102275/s1, Table S1: Characterization of barley
genotypes used in this study in terms of grain yield (GY), plant height (PH), and heading date
(HD) based on historical information and the environment; Table S2: Best linear unbiased estimates
(BLUES) and standard errors (in parentheses) for number of days since emergence to reach ZGSs
13, 14, 21, 31, 43, 59, and 69 in eleven barley genotypes evaluated under normal breeding systems
(NBSs) and speed breeding systems (SBSs); Table S3: Best linear unbiased estimates (BLUEs) and
standard errors (in parentheses) for plant height (cm) at ZGSs 14, 21, 30, 43, and 59 in eleven different
barley genotypes evaluated under NBSs and SBSs; Table S4: Best linear unbiased estimates (BLUEs)
and standard errors (in parentheses) for seed number per spike (Seed #), germination % (Germ), and
viability (Viab) evaluated as the probability (prob) of having at least 5 viable seeds when harvested at
3 DAF for nine barley genotypes under NBSs and SBSs.
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