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Abstract

Agronomically important traits often develop during the later stages of crop growth as
consequences of various plant—environment interactions. Therefore, the temporal
physiological states that change and accumulate during the crop’s life course can
significantly affect the eventual phenotypic differences in agronomic traits among crop
varieties. Thus, to improve productivity, it is important to elucidate the associations
between temporal physiological responses during the growth of different crop varieties
and their agronomic traits. However, data representing the dynamics and diversity of
physiological states in plants grown under field conditions is sparse. In this study, we
quantified the endogenous levels of five phytohormones—auxin, cytokinins, abscisic acid,
jasmonate, and salicylic acid—in the leaves of eight diverse barley (Hordeum vulgare)
accessions grown under field conditions sampled weekly over their life course to assess
the ongoing fluctuations in hormone levels in the different accessions under field growth
conditions. Notably, we observed enormous changes over time in the development-
related plant hormones, such as auxin and cytokinins. Using 3' RNA-seq-based
transcriptome data from the same samples, we investigated the expression of barley genes
orthologous to known hormone-related genes of Arabidopsis throughout the life course.
These data illustrated the dynamics and diversity of the physiological states of these field-
grown barley accessions. Together our findings provide new insights into plant—
environment interaction, highlighting that there is cultivar diversity in physiological

responses during growth under field conditions.
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Introduction

Field-grown crops continuously sense and respond to environmental changes throughout
their life courses (Mochida et al., 2015). Seasonal environmental changes play important
roles in regulating developmental stage transitions of crops, while abiotic and biotic
stresses often cause quality and quantity losses. Projections of future global climate
suggest that global climate change will negatively affect growth and cause production
shortfalls in various crop species (Vermeulen et al., 2012, Rosenzweig et al., 2014, Fodor
et al., 2017). Therefore, the development of crops tolerant of, and resilient to, adverse
environmental conditions has become an important issue for climate change mitigation
and adaptation (Hirayama and Shinozaki, 2010, Varshney et al., 2011).

Agronomic traits in crops often appear late in the growth period as the consequences
of various plant—environment interactions. Therefore, molecular dissection of the gene—
environment interactions in crops throughout their growth periods will help clarify the
relationships between genetic variation and the diverse environmental responses that
influence agronomic traits in crops (Mochida et al., 2015). Moreover, describing the
genetic associations with crop environmental responses will help identify potentially
useful genetic variations enabling researchers to redesign environmental responses at
different developmental stages, and provide clues toward effective interventions in
agricultural management (Roy et al., 2011). However, despite the importance of the
physiological states in crops throughout their growth under field conditions, there is
currently relatively little information representing the dynamics and diversity of the
physiological states of plants grown in the field.

Because biological processes are usually composed of hierarchically and temporally
related phenomena, longitudinal time-series studies provide important opportunities to
identify key events that are decisive for later processes (Pearlin et al., 2005, Hayman et
al., 2011, Sarup et al., 2014). For example, a long-term analysis of the effect of high
temperature on maize pollen development revealed that moderate heat stress at a critical
stage of meiosis causes male sterility (Begcy et al., 2019). Transcriptome analyses of
chronological samples from plants and crops grown under field conditions have
illustrated temporal and seasonal responses in gene expression throughout their growth

periods (Nagano et al., 2012, Nagano et al., 2019). However, the diversity of temporal
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and seasonal responses in crop species under agronomically practical conditions remains
largely elusive.

Plant hormones play crucial roles in the regulation of almost all biological processes,
including development and physiological responses throughout the plant life cycle
(Scheres and van der Putten, 2017). The chemical substances currently recognized as
plant hormones are auxin, cytokinin (CK), abscisic acid (ABA), jasmonic acid (JA),
salicylic acid (SA), gibberellins, ethylene, brassinosteroids, strigolactones, and their
derivatives (Santner et al., 2009, Asami and Nakagawa, 2018). Numerous studies have
revealed the structures, synthetic pathways, receptors, physiological functions, and
molecular components of the signaling systems for each plant hormone. In response to
harsh or abiotic stress conditions, plants rapidly accumulate ABA, which in turn induces
the expression of genes whose products enhance stress tolerance (Sah et al., 2016); this
pattern occurs in field-grown crops as well as in those grown in the laboratory (for a
recent review, Shanker et al., 2014). SA acts as an endogenous signal mediating defense
gene expression, leading to resistance to pathogenic attacks by infectious bacteria and
fungi (Vlot et al., 2009, Hayat et al., 2010), and its synthetic analogs, such as BTH, are
widely used to protect crops from diseases (for example, Gorlach et al., 1996). Auxin
regulates the developmental processes of most plant tissues (see reviews by Benjamins
and Scheres, 2008, and Vanneste and Friml, 2009), in which its local production and
movement through plant cells regulate cell fates (Friml et al., 2002, Brunoud et al., 2012,
Hayashi et al., 2014). CKs regulate the plant cell division cycle and developmental
processes (see reviews by Hwang et al., 2012, and Schaller et al., 2015). Although these
examples of the functions of plant hormones imply that plant hormone profiling should
be a means to illustrate plant physiological states, most information about plant hormones
has been obtained from studies of plants grown under artificial and controlled conditions.

In addition to the function of each plant hormone, the interactions (cross-talk) among
them through interconnected pathways form a complex network of signaling systems
(Ross et al., 2011, Wilkinson et al., 2012, Vanstraelen and Benkova, 2012, Yang et al.,
2013, Wani et al., 2016). The interconnections between plant hormone pathways have
been repeatedly illustrated through interference with the transcriptional regulation of

genes involved in hormonal responses (Jaillais and Chory, 2010, Depuydt and Hardtke,
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2011, Yang et al., 2018). For example, in addition to their well-known cross-talk, auxin
and CKs are both implicated in stress tolerance under field conditions (Peleg and
Blumwald, 2011, Rahman, 2013, Ha et al., 2012), pointing to the complexity of plant
hormone action due to various additional factors such as developmental stages, temporal,
and seasonal environments, as well as genotypes, in practical agronomic situations.
However, there is limited information on the actions of plant hormones under practical
field conditions or throughout the plant life course. We reasoned that simultaneous
longitudinal profiling of plant hormones would enable us to unlock the complexity of
plant hormone action in crops as well as potentially providing useful clues toward
improving their productivity through genetic breeding and improved agricultural
management.

In this study, we investigated the dynamics of physiological states and their diversity
between eight different barley accessions grown under field conditions through precise
simultaneous measurement of the endogenous levels of six plant hormones—auxin, two
CKs, ABA, JA, and SA—in leaf samples taken from germination to flowering. We
measured the levels of each hormone by liquid chromatography/tandem mass
spectrometry (LC/MS/MS). Our data reveal previously undocumented fluctuation
patterns in the course of plant growth, as well as highlighting the physiological diversity
among the barley accessions. Moreover, our combinatorial analysis of the hormone
profile datasets with field-transcriptome datasets from the same leaf samples enabled us
to describe direct links between fluctuations in hormone levels and in the expression
levels of hormone-related genes, along with dynamic changes in developmental and
physiological states under field conditions. Together our findings detail, for the first time,
physiological dynamics and characteristics during the life course of an annual crop
species grown under field conditions, providing unprecedented insight into plant

adaptation to the continuously changing environment.

Results
Experimental design

We grew eight barley races, J064, H602, E612, 1304, 1626, J247, J647, and K735,

including occidental, oriental, wild, and domesticated races (Figure S1, Table S1), in a
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test field in Kurashiki, Japan, from November 2016 to May 2017, corresponding to the
period from germination to grain ripening. The growth rates and heading dates of these
barley accessions varied (Figure S1, Table S1). Each week during this test period, we
collected the latest expanded leaves (n = 3) from separate plants (using previously
unsampled plants to avoid the secondary effects of the sampling process) of each
accession at 12:00 noon local time, and immediately froze them in liquid nitrogen. At the
same time, we obtained several morphological data points, such as leaf length and height,
for each accession and collected environmental data for the field, such as air temperature,
wind direction and speed, daylight hours, and precipitation, using monitoring equipment
(Figure S2). We also obtained the weather data for the local region where the test field is
located from the weather database of the Meteorological Agency of Japan. We used the
obtained leaf samples for both hormone profiles and transcriptome analyses. After
grinding the samples, we measured the plant hormones indole acetic acid (IAA), trans-
zeatin (tZ, a cytokinin), N®-isopentenyladenine (iP, also a cytokinin), dihydrozeatin (DHZ,
also a cytokinin), ABA, gibberellin A1 (GA1), GA4, jasmonic acid (JA), and salicylic
acid (SA) from one sample using LC/MS/MS. To obtain precise hormone levels, each
hormone measurement was standardized by adding stable-isotope-labeled plant
hormones to each sample before hormone extraction.

We sowed all eight accessions at the same time (Nov. 17, 2016). They grew slightly
differently, especially in the later growth stages, and flowered on different dates (Figure
S3, Table S1). J247 (Japanese cultivar), J064 (Japanese landrace), E612 (Ethiopian
landrace), and 1304 (Indian landrace) grew fastest and flowered earliest, while 1626
(Syrian landrace) and J647 (Japanese landrace) had intermediate growth and flowering
times, and K735 (Korean landrace) and H602 (wild barley from the Caspian Sea region)
grew slowest and flowered latest. The difference in flowering time between the earliest

(J247) and latest (K735) was 17 days.

Overview of the life-course plant hormone profile data of eight barley accessions

We previously established an experimental procedure for plant hormone measurements,
consisting of plant hormone extraction followed by LC/MS/MS analysis (Mikami et al.,

2016). In that approach, SA was handled separately from other acidic hormones such as
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IAA and ABA. To enhance the efficiency of the analysis, we improved the steps for
reverse-phase solid-phase extraction of plant hormones from barley leaf samples so that
all of the acidic hormones were extracted together and analyzed using an improved liquid
chromatography procedures. Using this procedure, we reduced the run time for each
sample from 38 min to 21 min for acid samples and 34 min to 20 min for cytokinin
samples, including the column wash process in each run (Figure S4). All barley samples
were analyzed with this improved method.

As mentioned earlier, we analyzed the IAA, tZ, iP, DHZ, ABA, GA1, GA4, JA, and
SA contents of each leaf sample. Among these hormones, the amounts of DHZ, GA1 and
GA4 were always below detectable levels throughout the life course in all barley
accessions we tested, indicating that barley leaves contain fairly low levels of gibberellins.
The remaining hormones were all detected consistently in almost all samples. After
flowering, the levels of some hormones declined to below the detection limit, while those
of others increased significantly.

To obtain an overview of the data structure of the life-course hormone profile data, we
performed #-distributed stochastic neighbor embedding (tSNE) analysis. When all the
data for all eight accessions were analyzed together, the hormone profile data were
separated according to sample dates rather than accessions, suggesting that the divergence

of hormone responses among accessions is not very significant. For example, in Figure

1, showing the results of tSNE of each accession separately in a two-dimensional space,

data for the 1st-week sample to the 20th-week sample move roughly continuously from
the lower right to the upper left for each accession. This suggests that the changes in plant
hormone contents were driven primarily by developmental processes and variations in
the environmental conditions in the field in which the plants were all grown. Figure 2
shows the correlation maps of hormone profile data of four accessions (H602, J064, E612,
and [304)). Comparing these hormone profile data through the life course, we determined
that these could be classified into 5 or 6 stages, within which the hormone profiles did
not change significantly. Although the lengths of each stage differed among accessions,
these stages seem to correspond to the early growth, middle growth, before heading, and
after heading stages. These data suggest that hormone profile data contain important

information on the physiological or developmental state of the field barley.
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Fluctuation pattern of each plant hormone throughout the life course

Figure 3 shows the overall trajectories of the IAA, tZ, iP, ABA, JA, and SA levels of all

the accessions throughout the life course. As expected, the endogenous plant hormone
levels fluctuated significantly, presumably in conjunction with particular developmental
processes or changes in environmental conditions. Although the trends of the hormone
level changes over the life course were similar among barley accessions, the steady-state
level and fluctuation pattern of each hormone differed among accessions. For example,
H602 had considerably lower tZ levels but higher iP levels than other accessions
throughout its life course, and JA and SA levels in J247 fluctuated significantly, implying
that this accession is more sensitive to environmental stimuli.

IAA was consistently detected in all barley leaf samples. Overall, the endogenous
IAA level was relatively higher in the early growth stages and decreased gradually until
the 7th to 9th week, after which it increased again until approximately the vernal equinox
(March 20) or a little later. The TAA level fluctuated considerably throughout the life
course in all accessions. Since the trajectories of the IAA levels did not overlap among
accessions, presumably environmental factors are not the major determinants of these
fluctuations. Notably, the wave patterns of the IAA fluctuations were similar among
accessions. The trajectories of IAA in three accessions (J064, J647, and J247) chosen as
examples are shown in Figure 4A. It was difficult to find any linkage between the IAA
fluctuations in these three accessions and the field environmental data. Interestingly,
however, the trajectories of J064 and J647 seem to overlap for at least the first two-thirds
of the life course, although their IAA levels were different. In addition, the [AA level of
J247 seems to fluctuate one week earlier than those of J064 and J647. To address this
possibility, we examined the correlations between the chronological IAA data and the
one-week shifted chronological IAA data. In several accessions, IAA data showed a
higher correlation with the one-week-shifted data for another accession (eg, J647-J247,
E304-E612) (Figure 4C). These data suggest that the IAA fluctuations were, as expected,
caused mainly by developmental factors. The plant growth states estimated from the
morphology of the aboveground parts of the plants did not differ among accessions

(Figure S3). Thus, the TAA data could potentially be used to discriminate the
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developmental stages of each accession.

As cytokinins are also involved in plant development, we similarly examined their
fluctuations in detail. Overall, the levels of tZ gradually decreased along the life course
of field barley, whereas those of iP did not change (Figure 4B). Remarkably, the tZ levels
fluctuated significantly in a periodic fashion in all accessions, particularly during the early
growth stages. The patterns of tZ fluctuations seem to be synchronized among accessions,
implying that environmental factors were the major determinant of these fluctuations.
Supporting this idea, comparison with the one-week-shifted data did not improve the
correlations (Figure 4C). When we compared the trajectories of J064, J647, and H602
with the data on environmental factors, dates with precipitation seem to correlate with the
timing of tZ level elevation in the early growth stages (Figure 4B). Thus, tZ production
in barley under field conditions might be affected by precipitation, although there are no
previous reports either of this effect or of an obvious mechanism that could cause it.

ABA, JA, and SA are considered to be involved in the responses to environmental
stresses, abiotic stresses, injury, and infectious stresses. Therefore, we expected the levels
of these hormones to fluctuate significantly in field barley. In fact, however, except for
the flowering period, the overall levels of these hormones were largely unchanged
throughout the life course in almost all the accessions (Figure 3). One exception was that,
in all accessions, ABA levels decreased in the first two weeks and then became transiently
elevated. Presumably this synchronized change was caused by environmental stimuli;
however, none of the environmental data we obtained, including the minimum daily
temperature, consistently explained these fluctuations in ABA level (Figure 5). In
addition, some of the fluctuations in the JA levels seem to be synchronized among
accessions. However, there was again no clear correlations between these fluctuations
and any of the environmental data. The correlation analysis with one-week-shifted data
also did not suggest any growth- or development-dependent regulation of any of the plant
hormones we tested (Figure S5). These observations imply that the levels of these plant
hormones change in response to physiological states of the plant that are affected by both
inner and outer environmental conditions. Also noteworthy is that some of the J247
samples had higher levels of JA and SA, and we noticed that J247 tended to be infected

by viruses or bacteria during this season, implying that these changes might have been



Plant & Cell Physiology

part of a response to infection.

Combinatorial analysis with transcriptome data

To fully elucidate the regulation of hormone levels, it is necessary to assess the expression
of the genes involved in their synthesis, catabolism, signaling, and responses. To obtain
information about the transcription of the barley genes involved in hormone actions, we
annotated barley genes on the basis of their similarity with Arabidopsis hormone-related
genes, whose information we obtained from the literature or from Arabidopsis resource
databases such as TAIR and ATTEDII (Obayashi et al., 2018). To obtain a reliable list of
barley gene orthologs of Arabidopsis genes, we conducted reciprocal blast searches to
discriminate the relationships among homologous genes between barley and Arabidopsis.
From this we identified 265 putative barley orthologs for Arabidopsis hormone-related
genes involved in TAA, cytokinin, ABA, JA, and SA metabolism (Figure 6, Table S2).

We conducted transcriptome analysis using the same leaf samples that we used for
hormone profile analysis throughout the life course for all accessions, selecting the
transcriptome data for the putative barley ortholog genes for analysis (Figure 6 and Figure
S6). These transcriptome data were selected with their expression levels (total RPKM of
60 RNA-seq data >60) (Table S3) and compared among accessions after normalization
in each accession (Table S3). Figure 7 shows several representative profiles of the relative
expression of barley hormone-related genes.

Interestingly, the expression of some of these genes fluctuated synchronously among
accessions. For example, the expression of HORVUS5Hr1G014290, a putative ortholog of
the Arabidopsis auxin-responsive gene A¢/g04240 (encoding IAA3, a transcription factor
involved in the auxin response) increased significantly at Feb. 1st (9th week) in all eight
accessions (Figure 7, Figure S7). Comparing these expression patterns with the TAA
levels showed that the peaks of HORVUS5SHriG014290 expression almost overlapped
with the starting points of IAA accumulation, namely Feb. 1st and Feb. 22th. The
transcript levels of another gene, HORVUS5SHri1G062720, the ortholog of the auxin-
responsive Arabidopsis At5g20820 gene, also fluctuated synchronously in all accessions,
although its expression pattern over the life course differed from those of

HORVU5Hr1G014290. HORVU3Hr1G075920 is the ortholog of Arabidopsis

10
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ATI1G75450, encoding CKXS5, which catabolizes cytokinin. The expression of this gene
in all accessions seemed to oscillate with the tZ level, although the patterns did not
correlate precisely. The expression of HORVU3HriG050770, an ortholog of the
Arabidopsis LOG4  encoding a  cytokinin  riboside  5’-monophosphate
phosphoribohydrolase that converts inactive cytokinin derivative to active ones, seems to
fluctuate synchronously with the tZ levels throughout the life course (Figure S7). The
transcript levels of the putative ABA-related genes HORVU4HriG055220 and
HORVUOHr1G016780, orthologous to the Arabidopsis ABA-receptor-coding gene PYL2
and the ABA-catabolizing-enzyme-coding gene CYP707A3, respectively, were also
synchronously regulated among accessions (Figure 7). Finally, the increased expressions
of the PYL2 ortholog seem to correlate with ABA accumulation, while those of the
CYP707A4 ortholog seem to correlate with falling ABA levels (Figure S7). However, these
changes in transcript levels did not coincide with any environmental changes in the field.
Nonetheless, overall, these relationships between transcriptome data and hormone profile
data suggest that the physiological state of barley in the field changes dynamically

throughout the life course.

Discussion

In this study we obtained the life-course hormone profiles of eight barley accessions with
diverse genetic backgrounds under field conditions. Among the eight plant hormones
measured using LC/MS/MS analysis, six, namely [AA, tZ, iP, ABA, JA, and SA, were
continuously detected. As far as we know, such chronological data for the plant hormone
levels of a field-grown crop throughout its life course have not previously been reported.
Moreover, our novel life-course hormone profile data provided several important pieces
of information.

First, both the levels and fluctuation patterns of the plant hormones differed among
these eight barley accessions, which were expected to, and did, have distinct growth
patterns and environmental responses (Figure 1, 2, 6). These observations strongly
suggest that the hormone profile data can be useful indicators of the developmental states
and physiological conditions of field plants throughout their life courses. Plants under

field conditions pass through various developmental stages and physiological states, and
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it is important to take those into consideration so as to understand the associations
between temporal physiological states during crop growth and agronomic traits, which
will allow us to improve crop productivity.

Second, the levels of all plant hormones in barley leaves fluctuated vigorously
throughout the life course (Figure 3, 4). The levels of hormones involved in development
and growth regulation, such as auxin and cytokinins, were expected to be relatively
constant throughout the life course. In fact, however, the levels of the cytokinin tZ
fluctuated periodically in all barley accessions. Interestingly, the expression of the barley
gene HORVU3Hr1G050770, which is orthologous to Arabidopsis LOG4, seemed to
correlate with these fluctuations in tZ level. Arabidopsis has nine LOG genes, which
encode enzymes that activate cytokinins (Kuroha et al., 2009), and our survey showed
that barley possesses at least three LOG orthologs, specifically of LOG3, LOG4, and
LOGS (Table S3). The expression profiles of the LOG4 ortholog was different from those
of the LOG3 and LOGS orthologs, suggesting that these barley LOG enzymes are
regulated separately and have different physiological functions. The barely LOG4
ortholog may have important function in leaves or shoots, as Arabidopsis LOG4 is
expressed highly in shoots (Kuroha et al., 2009). The level of tZ seemed to fluctuate
synchronously among accessions, implying the presence of causal environmental factors.
Among our field environmental data, we noticed that during the early growth stage, the
timing of precipitation seemed to correlate with increases in tZ. This correlation might
reflect the systemic transport of cytokinins, because it is well known that cytokinins are
synthesized in roots and transported to shoots, and this transport process can be enhanced
by water transport from roots to shoots after precipitation. There has been no previous
report of such a relationship; however, tZ is known to translocate from roots to shoots via
the xylem (Kudo et al., 2010, Ko et al., 2014), and therefore precipitation might plausibly
enhance tZ accumulation in shoots by activating xylem trafficking. Given the lack of past
reports clearly supporting a relationship between precipitation and tZ accumulation,
further experiments will be required to confirm this observation.

The fluctuations in IAA levels were not synchronized among accessions, suggesting
that the IAA level is affected by the developmental progress of each accession.
Interestingly, however, the IAA levels started to increase in the 8th week (Feb. Ist) in all

12
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accessions, accompanied by increased expression of the /445 ortholog. Auxin is reported
to be implicated in cold stress response in plants (Rahman, 2013). The air temperature of
the field in 2017 was lowest before this date and started to increase at around this point.
The onset of IAA accumulation might thus have been triggered by this environmental
cue.

Fluctuations in hormone levels would be expected to be accompanied by changes in
the transcript levels of genes involved in their synthesis or catabolism. However, the
transcript levels of several genes encoding rate-limiting steps of hormone synthesis, such
as the yucca genes for auxin, the NCED genes for ABA, and the /PT genes for cytokinin,
did not correlate with hormone level fluctuations, especially in the earlier growth stages,
and in fact did not change significantly during these stages (Table S3). These genes might
be regulated at post-transcriptional levels. Alternately, the hormone levels may have been
controlled using stored hormone derivatives, such as sugar-conjugated hormones.

Finally, we would like to highlight the usefulness of life-course multi-omics analyses
such as that in this study. We obtained transcriptome data along with hormone profile
data from each sample throughout the life course and conclude that this is a strong
analytical method for field plants. Our data showed that the transcript levels of some
hormone-related genes are correlated with fluctuations in hormone levels but that, as
discussed above, many genes for hormone biosynthesis were not regulated concomitantly
with changes in hormone levels. The functions of hormone-related genes have been
widely studied in model plants, such as Arabidopsis or rice, grown under artificial
environmental conditions. Therefore, counterparts of those hormone-related genes in
barley may spatio- temporally represent different functions through specific signaling and
regulatory networks, which could underlie some of the discrepancies between the levels
of hormones and expression of hormone-related genes. Monitoring the levels of both
hormones and hormone-related gene expression simultaneously in this study has naturally
led us to consider that the gaps observed between plants’ behavior during their life course
under laboratory as compared to field conditions can be considerably wider than is often
assumed, as was also pointed out in Nelissen et al., 2014. Since hormone profile and
transcriptome data can compensate for each other in the vertically inter-related omics

planes (Mochida and Shinozaki, 2010, 2011), their integration will provide clues to
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understanding the physiological responses underlying plants’ behavior under fluctuating
field conditions. Coupling quantitative genetics approaches to exploring genetic
association with assessments of the variations in hormone levels and gene expression
among genotypes, genetics-based integration of omics spectra across multiple molecular
spaces will provide opportunities to the identify genetic and environmental factors
associated with temporal physiological responses as well as terminal phenotypes in crop
plants, which would help us to optimize crop production with respect to particular field

conditions.

Materials and Methods

Plant materials

Seven domesticated barley (Hordeum vulgare) accessions and one wild barley (Hordeum
spontaneum) accession, representing several biogeographical origins, were used for this
study. All the accessions used were obtained from the domesticated barley collection
preserved at the Institute of Plant Science and Resources, Okayama University, and from
the publicly available barley database (http://www.shigen.nig.ac.jp/barley). The
identifiers, common names, and historical data for the barley accessions are summarized
in Supplementary Figure S1 and Table S1. All eight barley accessions were sown in a test
field located in Kurashiki City, Japan (34.59E, 133.77N) on November 17th, 2016.
Starting on December 7th, 2016, the most expanded leaf was taken weekly at 12:00 noon
(n = 3) and the samples were frozen immediately in liquid nitrogen. The barley leaf
samples were ground to powder using a multi-bead shocker. The environmental data for
the test field were obtained using Filed Mini FMB (Field Pro Col Ltd. Tokyo, Japan) and

the local weather data from the database of the Japan Meteorological Agency.

Quantification of plant hormones in whole seeds
ABA, TAA, JA, salicylic acid (SA), gibberellin A; (GA,), gibberellin A4 (GAy), trans-
zeatin (tZ), dihydrozeatin (DHZ), and isopentenyladenine (iP) were extracted and

purified by solid-phase extraction, and contents of these hormones were quantified with
liquid chromatography-electrospray tandem mass spectrometry (LC-ESI-MS/MS).

About 100 mg of leaf powder was extracted with 80% acetonitrile supplemented with

14
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internal standards and incubated at 4°C for 1 hour. Stable isotope-labeled compounds
used as internal standards were: D,-IAA (CDN Isotopes, Pointe-Claire, Canada); Ds-
ABA, D,-GA1, D,-GAy, D4-SA, Ds-tZ, D;-DHZ, and Dg-iP (Olchemim, Czech); and D,-
JA (Tokyo Chemical Industry Co., Tokyo). The supernatant was collected after
centrifugation at 3,000 g for 10 min at 4°C. The pellet was rinsed with 4 mL of the
extraction solvent without internal standards. After a centrifugation, supernatants were
combined, evaporated with a centrifugal evaporator to yield plant hormones dissolved in
1% aqueous acetic acid solution, and loaded into a pre-equilibrated Oasis HLB lcc
cartridge (30 mg, Waters Corporation, Milford, MA, USA). After washing the cartridge
with 1 mL water containing 1% acetic acid, plant hormones were eluted with 2 mL of
acetonitrile/water (4:1) containing 1% acetic acid. The acetonitrile in the eluate was
evaporated to leave water containing 1% acetic acid. Extracts were then applied to a pre-
equilibrated Oasis MCX 1-cc cartridge (30 mg, Waters Corporation). After washing with
1 mL water containing 1% acetic acid, acidic fractions containing GA |, GA4, [AA, ABA,
JA, and SA were eluted with 2 mL of 1% acetic acid in acetonitrile/water (4:1). The MCX
cartridge was further washed with 5% (v/v) ammonium/water, and the basic fraction
containing tZ and iP was eluted with 2 mL of 5% ammonia in 2:3 (v/v) acetonitrile/water.
The basic fraction was evaporated to dryness and reconstituted in 50 uL. of 1% acetic acid
in water, and then its tZ and iP contents were quantified by LC-ESI-MS/MS. Acetonitrile
in the acidic fraction was removed by centrifugal evaporation, and the remaining acidic
aqueous portion was then applied to a pre-equilibrated Oasis WAX 1cc cartridge (30 mg,
Waters Corporation). After being washed with 1 mL of water containing 1% acetic acid
and 2 mL of 1:1 (v/v) acetonitrile/water without acetic acid, the acidic hormones were
eluted with 2 mL of 3% formic acid in acetonitrile. This fraction was dried and
reconstituted with 1% acetic acid in water. Contents of analytes were quantitatively
analyzed by LC-ESI-MS/MS (with an Agilent G6410B triple-quadrupole mass
spectrometer and 1260 high-performance LC) equipped with a ZORBAX Eclipse XDB-
C18 column. The liquid chromatography conditions and the mass-to-charge ratio (m/z)
transitions of analytes were described previously (Mikami et al., 2016). Contents of plant

hormones were normalized to the weight of residues of leaf extract.
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Transcriptome analysis

Total RNA was obtained from powdered barley leaf sample using a MagMAX RNA
isolation kit according to the manufacturer’s instructions (Thermo Fisher Scientific K.K.
Tokyo, Japan). The quality of RNA was confirmed with a TapeStation (Agilent K.K.
Tokyo, Japan). Using these RNA samples, the QuantSeq 3’ mRNA sequencing technique
was conducted and stranded-paired RNA sequencing (RNA-seq) data were obtained.
Libraries for stranded RNA-seq were constructed using the Quant-seq 3’ RNA-seq kit
(Ilumina) according to the manufacturer’s instructions and assessed using an Agilent
2100 Bioanalyzer (Agilent Technologies). Clonal clusters of the libraries were generated
using cBot with the TruSeq PE Cluster Kit (Illumina) and sequenced on the HiSeq 4000
platform (Illumina) using a TruSeq SBS Kit (Illumina) and the paired-end sequencing
method to obtain 100 bp sequences. Quality checks of RNA-seq reads, mapping of reads
to the reference genomes, homoeologous read sorting, and read counting followed the
methods described in Takahagi et al. (2018) with minor modifications. Briefly, the RNA-
seq reads were trimmed using Trimmomatic (v0.32) (Bolger et al., 2014) with the
parameters LEADING:20, TRAILING:20, SLIDINGWINDOW:4:15, and MINLEN:36.
Trimmed reads from barley were mapped to the barley Golden Promise genome using
TMAP (https://github.com/iontorrent/ TMAP) with the mapall, stagel, and map4
commands. Read counts were obtained using featureCounts (v.1.4.6) (Liao et al., 2014).

The pseudotime predictions were performed with Monocle3 (Cao et al., 2019)
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Figure legends

Figure 1. Overall structure of life-course hormone profile data of field barley.
The hormone profile data for the eight accessions throughout the life course (from
germination to heading) were analyzed with tSNE and visualized individually. Spots

indicate each sample (n = 3), and the numbers below them indicate the sampling weeks.

Figure 2. Transitions of hormone profile structure along with the growth progress.
Correlation maps of hormone profile data (IAA, tZ, iP, ABA, JA, and SA, n = 3)
throughout the life course of accessions H602, J064, E612, and 1304 are shown.
Correlations among the hormone profiles in the life-course samples were calculated and
are shown in heat maps (blue high, red low). Cyan squares indicate more highly correlated
samples (average of the correlation coefficient of the samples in the row or column except
samples on the diagonal line >0.25). Green triangles indicate the heading dates for each

accession.

Figure 3. Fluctuations of phytohormones in field barley.
Fitted curves of the levels of [AA, tZ, iP, ABA, JA, and SA (average of three independent

samples) of the eight accessions plotted along the life course.

Figure 4. IAA levels were affected mainly by developmental status, whereas tZ levels
may have been influenced by environmental factors.

A, B) Comparison of the fluctuations in IAA levels among J064, J647, and J247 (A) and
tZ levels among J064, H602, and J647 (B) with environmental data (amount of
precipitation, average daily air temperature, maximum daily wind speed) for the field. C)

Correlation map of IAA data (left panel) and tZ data (right panel) among accessions
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throughout the life course (1st to 20th weeks). The right half of each panel shows the

correlations with one-week-shifted data (2nd to 21nd weeks) for each accession.

Figure 5. Changes in ABA and JA levels do not seem to be associated with field
environmental factors.

Comparison of the fluctuations of the ABA and JA levels of the eight accessions with
environmental data (amount of precipitation, minimum daily air temperature, maximum

daily wind speed) for the field.

Figure 6. Identification of barley orthologs to Arabidopsis hormone-related genes.

A) Mapping of the barley orthologs of Arabidopsis genes reported to be involved in auxin,
cytokinin, ABA, JA, and SA action to barley chromosomes. The center circle with bar
graph indicates the gene numbers of the chromosome positions. From the center to the
outermost ring, the positions of barley orthologous genes implicated in cytokinin (green),
SA (blue), JA (red), ABA (green), and auxin (blue) are indicated. B) Overview of the
transcriptome data for the barley orthologs of Arabidopsis auxin- (upper panel) or
cytokinin-related (lower panel) genes. Transcriptome data for each gene were normalized

with all samples of all accessions.

Figure 7. Expression profiles of several hormone-related gene orthologs of barley
under field conditions.

Transcriptome data for the barley genes orthologous to Arabidopsis hormone-related
genes. Among them, the transcripts with synchronized fluctuations among accessions
throughout the life course (Dec. 7th, 2016, to April 5th, 2017) were further selected and
are shown here. The transcriptome data (average of three biological replicates per sample)

for each gene were standardized throughout the life course and are colored blue to red.

Supplemental data.

Table S1: Identifiers, common names, historical data and heading times for the barley
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accessions.

Table S2: List of the hormone-related genes investigated.

Table S3: Transcriptome data of putative hormone-related genes of field barley.

Figure S1: Map of the origins of barley accessions used in this study.

Figure S2: Environmental data for the test field used in this study from Dec. 2016 to May
2017. The environmental data were obtained with a field monitor and the local weather

data from the database of the Japan Meteorological Agency.

Figure S3: Growth rates (cumulative leaf sheath length) of each barley accession in the

test field.

Figure S4: Improvement in LC/MS method for hormone analysis. Shown are
chromatograms of LC/MS/MS analysis of standard hormone samples using the previous
(upper panel) and improved methods (lower panel). Peaks corresponding to each

hormone are indicated.

Figure S5: Correlation map of ABA data (top panel), JA data (middle panel), and SA data
(bottom panel) throughout the life course (1st to 20th weeks) for the eight accessions. The
right half of each panel shows the correlations with one-week-shifted data (2nd to 21nd

weeks) for each accession.
Figure S6: Overview of the transcriptome data for barley orthologs to Arabidopsis ABA-
(top), JA- (center) or SA-related (bottom) genes. Transcriptome data for each gene were

normalized with all samples of all accessions.

Figure S7: Expression profiles of several putative hormone-related genes of field barley.
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The expression profiles of the barley genes orthologous to /443, LOG4, and PYL2, and
CYP7073A are shown along with the levels of related hormones and several types of

environmental data.
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Figure 1. Overall structure of life-course hormone profile data of field barley.
The hormone profile data for the eight accessions throughout the life course (from germination to heading)
were analyzed with tSNE and visualized individually. Spots indicate each sample (n = 3), and the numbers
below them indicate the sampling weeks.
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Figure 2. Transitions of hormone profile structure along with the growth progress.

Correlation maps of hormone profile data (IAA, tZ, iP, ABA, JA, and SA, n = 3) throughout the life course of
accessions H602, J064, E612, and 1304 are shown. Correlations among the hormone profiles in the life-
course samples were calculated and are shown in heat maps (blue high, red low). Cyan squares indicate

more highly correlated samples (average of the correlation coefficient of the samples in the row or column
except samples on the diagonal line >0.25). Green triangles indicate the heading dates for each accession.

137x157mm (300 x 300 DPI)



Plant & Cell Physiology

e 064 ===HE02 ===E612 ===|304 ===|G26 ===J247 === J647 ===K735

ng/DW

ng/DW

2016/12/7 12/21 114 118 212 2115 3n 3115 329 4n2

4/26 2017/5/10
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Fitted curves of the levels of IAA, tZ, iP, ABA, JA, and SA (average of three independent samples) of the
eight accessions plotted along the life course.
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Figure 4. IAA levels were affected mainly by developmental status, whereas tZ levels may have been

influenced by environmental factors.

A, B) Comparison of the fluctuations in IAA levels among J064, 1647, and ]J247 (A) and tZ levels among
J064, H602, and 1647 (B) with environmental data (amount of precipitation, average daily air temperature,
maximum daily wind speed) for the field. C) Correlation map of IAA data (left panel) and tZ data (right
panel) among accessions throughout the life course (1st to 20th weeks). The right half of each panel shows
the correlations with one-week-shifted data (2nd to 21nd weeks) for each accession.
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Figure 5. Changes in ABA and JA levels do not seem to be associated with field environmental factors.
Comparison of the fluctuations of the ABA and JA levels of the eight accessions with environmental data
(amount of precipitation, minimum daily air temperature, maximum daily wind speed) for the field.
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Figure 6. Identification of barley orthologs to Arabidopsis hormone-related genes.

A) Mapping of the barley orthologs of Arabidopsis genes reported to be involved in auxin, cytokinin, ABA, JA,
and SA action to barley chromosomes. The center circle with bar graph indicates the gene numbers of the
chromosome positions. From the center to the outermost ring, the positions of barley orthologous genes
implicated in cytokinin (green), SA (blue), JA (red), ABA (green), and auxin (blue) are indicated. B)
Overview of the transcriptome data for the barley orthologs of Arabidopsis auxin- (upper panel) or cytokinin-
related (lower panel) genes. Transcriptome data for each gene were normalized with all samples of all
accessions.
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Figure 7. Expression profiles of several hormone-related gene orthologs of barley under field conditions.
Transcriptome data for the barley genes orthologous to Arabidopsis hormone-related genes. Among them,
the transcripts with synchronized fluctuations among accessions throughout the life course (Dec. 7th, 2016,
to April 5th, 2017) were further selected and are shown here. The transcriptome data (average of three
biological replicates per sample) for each gene were standardized throughout the life course and are colored
blue to red.
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