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Abstract

Daily changes in the content of phytohormones accumulating in the hypocotyls of young sunflower seedlings that grow
under a 14/10-h light-to-dark (LD) photoperiod were followed using LC-MS. The objective of the work was to investigate
whether the presence of light and light transitions lead to visible changes visible in phytohormone levels on the sixth day
after the onset of germination. The LC-MS technique used allowed the simultaneous detection of more than one hundred
individual phytohormone derivatives, of which the daily accumulation patterns were determined for nearly fifty members.
The daily changes in phytohormone levels followed specific patterns for each phytohormone. There were differences between
the daytime and nighttime levels, most likely reflecting the effects of light on phytohormone metabolism. A significant
difference was found between cytokinins (CKs) and all other phytohormones, so that CK group of phytohormones may be
considered to have a separate role in hypocotyl elongation. Prolonged daytime (postponed dusk) resulted in a rapid disruption
of rhythmic hypocotyl elongation and it triggered an acute light stress response that was evident in increased levels of a
number of important phytohormones from all groups except CKs. However, this light stress, termed ARELD (Acute Response
to Extended Light Duration), was not present in control plants grown under continuous light conditions. The data suggest
that sunflower has means to adapt to the potentially stressful conditions of continuous light (LL). The gPCR-RT study of the
isoforms of circadian clock-associated genes HaLHY, HaTOCI1, HaELF3, and HaPIF3 revealed diurnal rhythms under both
LD and LL conditions in which the peaks were synchronized and shifted toward the subjective dawn.
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Introduction and biological functions, phytohormones are divided into

several groups, including cytokinins (CKs), auxins, absci-

Plant hormones (phytohormones), regulators of plant growth
and development are defined as naturally occurring organic
substances that affect physiological processes at low con-
centrations (Davies 2004). Based on their chemical structure
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sic acid (ABA), gibberellins, ethylene, brassinosteroids, jas-
monates, salicylic acid (SA), and strigolactones. The mode
of action of plant hormones has been studied using a variety
of techniques and approaches, with most data currently com-
ing from biochemical and functional genomic studies.
Analytical liquid chromatography—mass spectrometry
(LC-MC) is a technique suitable for quantitative determi-
nation of endogenous plant hormones. Critical advantage
of this technique is the simultaneous determination of
large groups of phytohormone moieties. Thus, by track-
ing changes in phytohormone levels at well-selected time
points during the day, we can gain insight into the events
that precede visible manifestations of plant growth and
development. Here, we combined quantitative analy-
ses of phytohormone levels and qPCR-RT expressions
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of circadian clock-associated genes and related them to
changes in hypocotyl elongation influenced by the pres-
ence of light.

Hypocotyl elongation is a process that allows
germinated seedlings to reach full daylight conditions
and develop autotrophic metabolism. Seedlings that
grow in light follow a developmental program called
photomorphogenesis, in which light is the primary
energy source. The key events in this program are the
rapid development of cotyledons and maturation with
the transition to autotrophy. Seedlings that remain in
the dark after germination follow an unsustainable,
skotomorphogenetic developmental program with
accelerated hypocotyl elongation.

Thus, light acts as a switch that controls the direction
of seedling development. Plants use the light transitions
at dawn and dusk to detect the presence of light, which is
registered by specialized pigments, mostly phytochromes
and cryptochromes (Sommers et al. 1998; Galvdo and
Fankhauser 2015). A number of light-sensitive transcription
factors (TFs) is also involved in recognition of light
presence. Pigments and TFs together form a complex,
interconnected network of light signal transduction pathways
(Lau and Deng 2010).

Light perceived by phytochromes can be relayed to
phytochrome-interacting factors (PIFs), which, once
activated are localized in the nucleus where they have
direct access to the genome (Ni et al. 1999; Quail 2002).
In darkness, PIFs accumulate and prevent the onset of
photomorphogenesis. In light, PIF levels decrease as they
are proteolytically degraded (Leivar et al 2008). The HYS
protein is a TF that, unlike PIFs, is a positive regulator
of light signaling (Nawkar et al. 2017). It regulates the
expression of nearly one third of all genes present in
Arabidopsis (Xiao et al. 2022). HYS targets both light
signaling components and genes related to the circadian
clock (Gangappa and Botto 2016).

COP1 is a TF that accumulates in the dark, where it can
bind to the transcription factors HY5 and PIF3 (Jing and
Lin 2020). HY5 and COP1 proteins act antagonistically in
regulation of the seedling development (Osterlund et al.
2000), as COP1 negatively modulates the activity of HYS
(Ang et al. 1998). The COP1/HYS regulatory pathway is the
central hub of photomorphogenesis (Bhatnagar et al. 2020),
with HYS affecting the activity of most phytohormones,
including ABA, auxin, gibberellins, brassinosteroids and
ethylene. In addition to COP1, the large COP9 signalosome,
which performs proteolytic degradation, also participates in
light signaling and controls plant development in the dark
toward skotomorphogenesis (Deng et al. 1991; Chamowitz
et al. 1996; Ma et al. 2002; Qin et al. 2020). Thus, pigments,
TFs, circadian clock genes, and phytohormones are united
in a common light signaling network.
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The light signaling pathways of individual phytohormones
often share the same light-induced TFs, indicating that light
and phytohormones can establish some degree of mutual
interactions (Alabadi et al. 2004; Casal et al. 2004). Their
signaling pathways may converge, as in the case of auxin
(Huq 2018). Auxin and light signaling pathways are highly
integrated (Halliday et al. 2009) and share the same light-
induced TFs that allow different phytohormone groups to
converge and respond simultaneously to the same light
signal. In general, most previous studies on phytohormones
in sunflower have focused on auxins (Bruinsma et al. 1975).
However, CK changes were also studied as in plants grown
under different ratios of red to far-red light ratios (Kurepin
et al. 2007).

The main objective of our study was to follow the
light-induced changes in phytohormones and to verify the
functioning of the circadian clock by qPCR-RT analysis,
controlling for hypocotyl elongation as the output of the
clock. We previously observed (Vinterhalter and Vinterhalter
2021), that all light-containing photoperiods, both in diurnal
and constant light conditions, support similar hypocotyl
elongation rates, implying that darkness considered as
the absence of light is not a critical factor for hypocotyl
elongation. We will show here that unexpectedly prolonged
daytime duration in plants grown in diurnal photoperiods
rapidly changes the elongation pattern by abolishing
rhythmicity and significantly increasing the levels of some
phytohormones. However, plants are able to adapt to this
light stress keeping a constant rate of hypocotyl elongation,
by resetting the high expression of circadian clock-associated
genes.

For all responsive phytohormones, we will provide
data on their daily levels and also on changes following
light transitions. Two control points will provide data for
extended daytime duration under LD photoperiod (CP1)
and continuous irradiation (CP2) conditions. The gPCR-RT
expression of circadian clock-associated genes HalLHY,
HaTOC1, HaELF3, and HAPIF3 will show the functioning
of circadian clock in plants grown under LD and LL
photoperiods.

Materials and Methods
Seed Germination and Growth Conditions

Sunflower cv Kondi (Syngenta) plants were grown under
diurnal14/10-h light-to-dark (LD) or continuous light (LL)
photoperiods in growth chambers under 70 umol m=2 s~!
irradiance generated by cool white light LED panels, with
temperature set at 24 +0.5 °C. After a short 1—2 h water
imbibition, seeds were germinated for 24-36 h under layers
of moist paper tissue. Germinated seeds, selected to be the
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same size, were planted individually in 50 ml PVC tubes
filled up to the rim with peat-based substrate. Irradiance in
the growth chamber was measured using Li 250A light meter
(Li-Cor, Lincoln, NE, USA) with a quantum sensor.

Under both LD and LL conditions, imbibition was
initiated at dawn and counted as (ZTO) when illumination
was turned on in later days. In the LL treatments, lights were
turned on continuously from the time of imbibition.

The relative hypocotyl length of plantlets was measured
as previously described (Vinterhalter et al. 2022), using the
test tube rim as the lower and the suture between cotyledon
bases as the upper hypocotyl position marker. Seedling
development was monitored and documented by time-
lapse imaging at 10-min intervals. Material for qRT- PCR
and LC-MS analysis was collected from well-established
plants with fully open cotyledons, starting at dawn 120 h
from the beginning of germination. Sampling was done in
3-h increments. Material for the LD control point CP1 and
the CP2 control point of LL grown plants was collected at
the same time, 144 h from the onset of imbibition, which
corresponds to dawn (ZT0) in LD and subjective dawn in
LL conditions. Prior to sampling, the material for CP1 was
exposed to an extended daytime period of 24 h instead of
14 h. The material for CP2 point was collected from plants
that had been continuously exposed to light since the start
of germination.

Comparison parameters for light/dark effects

For each phytohormone, the time points with the highest and
lowest daily (24-h) phytohormone levels were determined,
as well as their daily amplitude (% change) and average
daily levels. The effects of light and darkness were evaluated
by two additional rounds of comparison. The first round
provides data on the percent increase in phytohormone
levels following the light-to-dark transition at dusk,
comparing phytohormone levels at ZT13 (one hour before
dusk) and ZT16 (2 h in the nighttime). In the second round,
phytohormones at ZT 7 (in the middle of the day) and ZT19
(in the middle of the night) were compared to show how
their levels were affected by the longer presence or absence
of light.

Circadian Clock-Associated Genes—RNA Isolation
and Gene Expression

Total RNA was extracted from approximately 150 mg
of 3 cm long apical hypocotyl segments following the
procedure of Gasi¢ et al. (2004). To eliminate genomic
DNA, samples were treated at 37 °C for 30 min with DNase
I (Thermo Scientific, Waltham, MA, USA) according
to the manufacturer's instructions. Reverse transcription
(RT) reaction was performed in a 20 pl reaction mixture

containing 200 ng of total RNA, using the Gene Amp®Gold
RNA PCR Core Kit (Applied Biosystems, Foster City, CA,
USA).

The sunflower genome is fully sequenced, but the genes
involved in circadian regulation are not yet fully annotated.
Searching the NCBI database for these genes, the following
sequences were found: HaTOC1 (Two component response
regulator-like APRR1; NCBI ID: 110873837 (X)),
110917737 (X,)), HaPIF 3 (Transcription factor PIF3-like;
NCBI ID: 110885065 (X;), 110915563 (X,)), HaELF3
(ELF3-like protein2; NCBI ID: 110921032 (X ), 110921674
(X,), 110937420 (X3), 110943034 (X,)), HaLHY (Protein
LHY-like; NCBI ID: 110879133 (X,), 110879135 (X,),
110912436 (X;), 110912437 (X,)). Since the predicted
sequences and multiple gene isoforms are available, we
designed primers for all the mentioned isoforms. For easier
monitoring, the designation "X" was added for each gene
with the number of possible variants in the subscript (X,
X, ...). Primers for all isoforms of the genes were designed
using the Primer-BLAST (http://www.ncbi.nlm.nih.gov/
tools/primer-blast; (Ye et al. 2012) and are listed in Suppl.
Table S1.

Quantitative real-time PCR (qRT-PCR) was performed
in a QuantStudio™ 3 Real-Time PCR System (Applied
Biosystems) in a reaction mixture (10 pl) containing Maxima
SYBR Green/Rox qPCR Master Mix (Thermo Scientific),
300 nM primers, and 1 pl cDNA (equivalent to 10 ng)
template. Thermal cycling conditions for amplification were:
initial denaturation at 95 °C for 5 min, followed by 35 cycles
of denaturation at 95 °C for 30 s, annealing at 60 °C for
1 min, and extension at 72 °C for 1 min. Changes in gene
expression were calculated using the AACt method (Livak
and Schmittgen 2001). Expression of all tested genes was
normalized to the expression of (Ha pi-TUB, GenBank™
accession number AF401481.1) and controls at ZTO
(light on) served as calibration samples. Each experiment
was performed in three biological replicates, each with
three technical replicates. Statistical significance between
expression levels determined at different time points was
tested by one-way ANOVA, and means were separated by
Fisher’s LSD post hoc test for P <0.05.

Phytohormone Analysis

Sampling for phytohormone analysis was done using
well-developed plantlets with fully open cotyledons. The
cotyledons were removed and the apical 2-3 cm long
portions of the hypocotyls were collected, frozen in liquid
nitrogen, and stored at -80 °C. Each replicate contained
apical hypocotyl portions from five plantlets. The lyophilized
material was ground and analyzed for hormone content.
Plant hormones were determined as described previously
(Prerostova et al. 2021), and three biological replicates were
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used for each analysis. Phytohormones were extracted from
lyophilized samples (ca 1-2.5 mg dry weight (DW) by
100 pl 50% acetonitrile solution in water. Isotope labeled
standards (10 pmol/sample) were added to the samples:
[3C(IIAA, [*H,]OXIAA, and [*H,]OXIAA-GE (Cambridge
Isotope Laboratories, Tewksbury, MA, USA); [2H4]SA and
[*H,]GA19 (Sigma-Aldrich, St. Louis, MO, USA); [*H,]PA
and [*H,]DPA (NRC-PBI); and [*H4]ABA, [*Hs]JA, [*H;]¢Z,
[*Hs]¢ZR, [*H5)(ZRMP, [*H|¢Z7G, [*H;)1Z9G, [*H]tZOG,
[Hs]tZROG, ['°N,]cZ, [*H,;]DZ, [*H;]DZR, [*H;]DZ9G,
[*H;]DZRMP, [*H,]DZOG, [*HgliP, [*H¢]iPR, [*H]iP7G,
[HgliP9G, and [*Hg]iPRMP (Olchemim, Olomouc, Czech
Republic) (see List of abbreviations, Table 1). Samples were
homogenized with zirconia beads (1.5 mm diameter) in the
FastPrep-24TM 5G Instrument (MP Biomedicals) for 40 s
at 6 m s~!. The extracts were centrifuged at 4 °C and 30
000 rpm. The supernatant was applied to the SPE Oasis HLB
96-well column plate (10 mg/well; Waters, Milford, MA,
USA) activated with 100 ml of methanol and eluted with
100 ml of 50% acetonitrile using a Pressure + 96 manifold
(Biotage, Uppsala, Sweden). The sediment was re-extracted
in 100 mlIL of 50% acetonitrile, centrifuged, and reapplied
to the column plate.

Phytohormones were separated on a Kinetex EVO C,
column (2.6 um, 150 x 2.1 mm, Phenomenex, Torrance, CA,
USA). Mobile phases consisted of (A) 5 mM ammonium
acetate in water and (B) 95:5 acetonitrile/water (v/v). The
following gradient programme was applied: 5% B in 0 min,
7% B in 6 s to 5 min, 10 to 35% in 5.1 to 12 min, and 35
to 100% in 12 to 13 min, 100% B in 13 to 14 min, and
5% B in 14.1 min. Hormone analysis was performed using
the LC-MS system consisting of UHPLC 1290 Infinity II
(Agilent, Santa Clara, CA, USA) coupled to 6495 Triple
Quadrupole mass spectrometer (Agilent). MS analysis
was performed in MRM mode, using the isotope dilution
method. Methylthiolated #Z- and cZ-type CKs (ribosides of
tZ and cZ) could not be distinguished by HPLC-MS because
of identical mass spectra and are therefore considered as
one substance, referred to as MeSZR in the text and graphs.
Data acquisition and processing were carried out using
Mass Hunter software B.08 (Agilent). Phytohormone
concentrations were calculated as amount (in picomoles)
per 1 g DW of plant material. Phytohormone abbreviations
are listed in Table 1.

Results

Rhythmicity in Diurnal and Free-Running
Photoperiods

Hypocotyl elongation of sunflower plantlets grown in diur-
nal photoperiods is rhythmic and shows a distinct difference
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in elongation kinetics for the light and dark periods (Fig. 1a).
During the daytime, the cumulative increase in hypocotyl
length follows a sigmoid curve with a peak elongation rate at
midday. In the nighttime, the peak elongation rate is reached
1 to 2 h after the onset of dusk (Fig. 1b), after which it
decreases until the end of the night.

In constant light applied from the beginning of
germination, hypocotyl elongation is uniform (arrhythmic)
as in the much faster elongation of etiolated shoots grown
in constant darkness.

Plants grown in a diurnal 14/10 h of light-to-darkness
are light entrained from the sixth day after germination,
as they anticipate the daytime and nighttime peaks of
hypocotyl elongation and the advance of light transitions.
When light transitions are delayed (prolonged duration of
either daytime or nighttime), plants quickly slip from a
rhythmic to a uniform (arrhythmic) elongation pattern. The
elongation following a prolonged daytime can be considered
a de novo onset of growth in LL conditions (Fig. 1c). Unlike
the elongation of plants that have grown under LL conditions
from the beginning of imbibition, there is no stage of
de-etiolation in this renewed LL elongation.

In Arabidopsis, as in most other plants, circadian
regulation extends well into free-running conditions
(Dawson-Day and Millar 1999), and this prolonged
rhythmicity under constant conditions is considered a
fundamental feature of circadian regulation.

The change in the elongation pattern in sunflower
plantlets occurs approximately 1-2 h after the onset of
the unanticipated delay in the light-to-dark transition. The
change is best seen in graphs of hypocotyl lengths measured
from serial time-lapse images.

Expression of Circadian Clock-Associated Genes

The change in the elongation pattern of hypocotyls during
prolonged daytime can be considered as a change in the
functioning of the circadian clock. We therefore examined
circadian clock function in plants grown under diurnal and
continuous light photoperiods.

The expression of the transcription factor genes LHY,
PIF3, ELF3, and TOCI was followed, and each of these
TFs is present in several different isoforms according to the
NCBI database. In both LD and LL (Fig. 3), photoperiods
the isoforms exhibited considerable variability, although
most of them showed the expected patterns of daily
rhythmicity, well-known from case studies in Arabidopsis
(Alabadi et al. 2001; Covington et al. 2001; Viczian et al.
2005) and expression of LHY-like and TOCI-like genes in
sunflower (Atamian et al. 2016).

In diurnal (LD) conditions the LHY isoforms showed
strong induction in the early morning hours. The PIF iso-
forms also had a morning maximum, 4 h after dawn. The
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Table 1 List of phytohormones
studied and their abbreviations

Abbreviation Common name

Cytokinins

(74 tZ=trans-zeatin
tZR tZR = trans-zeatin riboside
tZROG tZROG = trans-zeatin riboside-O-glucoside
tZRMP tZRMP = trans-zeatin riboside 5’-monophosphate
DZR DZR =dihydrozeatin riboside
DZ9G DZ9G =dihydrozeatin-9-glucoside
DZOG DZOG =dihydrozeatin-O-glucoside
DZROG DZROG =dihydrozeatin riboside-O-glucoside
DZRMP DZRMP =dihydrozeatin riboside 5°-monophosphate
cZ ¢Z=cis-zeatin
c¢ZR ¢ZR = cis-zeatin riboside
cZ0G ¢Z0OG = cis-zeatin-O-glucoside
¢ZROG ¢ZROG = cis-zeatin riboside-O-glucoside
cZRMP ¢ZRMP = cis-zeatin riboside 5"-monophosphate
iP iP = NS-(A%-isopentenyl)adenine
iPR iPR = N°-(A%-isopentenyl)adenosine
iP7G iP7G = NS-(A%-isopentenyl)adenine-7-glucoside
iP9G iP9G = NS-(A%-isopentenyl)adenine-9-glucoside
iPRMP iPRMP = N°-(A2-isopentenyl)adenosine 5"-monophosphate
MeS-Z MeS-Z =2-methylthio zeatin
MeS-ZR MeS-ZR =2-methylthio zeatin riboside
MeS-iP MeS-iP = 2-methylthio N®-(A2-isopentenyl)adenine
ABA derivatives

ABA ABA =abscisic acid
PA PA =phaseic acid
DPA DPA =dihydrophaseic acid
70H-ABA 70H-ABA =7-hydroxy-ABA
90H-ABA 90H-ABA =9-hydroxy-ABA
NeoPA NeoPA =neophaseic acid
Gibberelic acid

GA19 GA19 =gibberellic acid 19
Jasmonates

JA JA =jasmonic acid
JA-Ile JA-Ile=JA-isoleucine
cis-OPDA cis-OPDA = cis-(+)-12-oxo-phytodienoic acid (JA precursor)
JA-Me JA-Me =jasmonic acid methyl ester
DiH-JA DiH-JA =dihydrojasmonic acid
Auxins

IAA IAA =indole-3-acetic acid
TIAA-Asp TAA-Asp=IAA-aspartate
IAA-Glu IAA-Glu=1AA-glutamate
IAA-GE TAA-GE =IAA-glucose ester
OxIAA OxIAA =oxo-1AA
OxIAA-Asp OxIAA-Asp=oxo-IAA-aspartate
OxIAA-GE OxIAA-GE =oxo-IAA-glucose ester
IBA I3A =indole-3-aldehyde
1AM IAM =indole-3-acetamide (IAA precursor)
SOH-IAA 5OH-IAA =5-hydroxy-IAA
Phenolics

SA SA =salicylic acid
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Table 1 (continued) Abbreviation

Common name

BzA
PAA
PAAM
SinAc

BzA =benzoic acid

PAA =phenylacetic acid
PAAM = phenylacetamide
SinAc =sinapic acid
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Fig. 1 a Rhythmic hypocotyl elongation in diurnal 14/10 h LD photo-
period compared with uniform elongation in continuous light, nLL; b
elongation rates in the diurnal 14/10 h LD photoperiod, ¢ — transition
from rhythmic into uniform elongation in extended (prolonged) day-

ELF3 isoforms were variable, with HaELF3 (X1, X2, and
X3) showing high expression at night time points, in contrast
to the X4 isoform, which had unusual daily expression. Both
TOC1 isoforms HaTOC1 X1 and X2 had increased expres-
sion at the end of the day and during the night.

In continuous light (LL) conditions, expression was
rhythmic, but the patterns in LL differed from those recorded
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time duration. Adapted from Vinterhalter et al. (2022).Periodicity and
Spectral Composition of light in the regulation of Hypocotyl Elonga-
tion of Sunflower Seedlings. Plants 11, 1982,1-17

in diurnal conditions. A common feature of all isoforms
except HaELF3X4 was high expression at the end of the
subjective night. The LHY and PIF3 isoforms also exhib-
ited morning peaks that were not present in the ELF3 and
HaTOCI1X2 isoforms. The HaELF3X3 and HaTOCIXI
isoforms showed no expression in LL. Taken together, the
results presented in Fig. 2 show that under LL conditions
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there is a synchronization of gene expression that leads to
a prominent maximum at the end of the subjective night in
addition to the morning maxima. This is the time of the day
when according to studies of phase response curves (Mil-
lar 2003) circadian clock is resetted. The expression delay,
which resembles a synchronization of daily peaks in LL con-
ditions, obviously disrupts the expected sequence of daily
expression events found in diurnal photoperiods.

Phytohormone Changes in Diurnal Photoperiod

In plants grown in the diurnal 14/10-h LD photoperiod,
phytohormones showed significant daily concentration
changes, with peaks falling in the daytime or nighttime
or even in both daily light periods. In general, significant
differences in distribution patterns of peeks between the
phytohormone groups were found only for CKs, which
tended to have peaks both during the day and night. ABA,
phenolics, and jasmonates had peak values mostly in the
nighttime, while auxins peaked mainly during the day.

The highest daily concentrations of phytohormones
expressed in picomoles/g DW are shown in Fig. 3a, together
with phytohormone daily amplitudes (Fig. 3f), showing
the percentage increase from lowest to highest daily lev-
els, measured for each phytohormone. Daily amplitudes
although high were rather conserved, as daily concentra-
tion differences for most of them ranged from 0.5 to 2.5
times. Exceptionally high daily amplitudes were observed
in only four phytohormones including, the auxin metabolite
5-hydroxy-indole-3-acetic acid (SOH-IAA), the active jas-
monate derivative jasmonic acid-isoleucine (JA-Ile), and two
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CKs—trans-zeatin riboside (#ZR) and dihydrozeatin 9-glu-
coside (DZ9G). This increased daily amplitude values did
not appear to be associated with some other characteristics.

A clear connection between the phytohormone peaks and
presence/absence of light was difficult to establish. Most
of the phytohormones (26 of 47) peaked during the day-
time, while 21 phytohormones peaked in the dark period.
The light transition (change at dusk) was indecisive, as only
22 phytohormones showed some concentration changes
between ZT13 and ZT16 (fast light responses), which cov-
ers the period of dusk. Fast light responses are presented in
Fig. 4a with data for Cks provided separately (Fig. 4b).

Second comparison covers adjusted light responses
showing level differences between the middle of the daytime
at ZT 7 and the middle of the nighttime at ZT 17 (Fig. 4a).
Data for Cks are also presented separately (Fig. 4b).

Among the fast light responses, only the increase in
OxIAA-Asp levels was indicative as it progressed and
manifested extended increase from fast into the adjusted
light responses. A similar increase could be observed in
iPRMP.

Adjusted light response provided significant light affected
differences in a number of phytohormones. Those with
high levels achieved in the middle of the nighttime include
OxIAA-Asp, BzA, cis-OPDA, iP, iPRMP, Mes-iP, and Mes-
Z. Plant hormones with levels decreasing at night included
OxIAA, IAA-GE, OxIAA-GE, IAA-Glu, SinAC, tZ, and
DZ9G. The nighttime increase in OXIAA-Asp was aparently
associated with a decrease in other auxin types, and also cZ,
wich is abundant during the day, is replaced by 7Z at night.
In general, CKs seem to be more abundant in the nighttime
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in contrast to auxins. The only exeptions are OxIAA-Asp
and 1Z.

CP1 and CP2 Control Points

The considerable daily variation in phytohormone concen-
trations raised the question if there was a time of day that
could be considered representative. The average daily phy-
tohormone level values are a usefull indicator for comparing
daily events. It is interesting that early morning levels at ZT1
are fairly similar to the average daily values. ZT1 values
are presented together with control points (CP1 and CP2)
for which they provide a good contrast (Fig. 5 a, b) Phyto-
hormones with concentrations somewhat higher at the ZT1
morning compared to the daily average included mainly aux-
ins, such as IAA-Asp with levels increased by 40% up, some
CKs such as all trans-zeatin (tZ)-types (tZ 15%, tZRMP
41%, tZROG 49%, tZR 66%), iPR with 13% and iPRMP
with 310% increase. Phytohormones with concentrations
lower than the daily average were more numerous, including
other CKs such as all cis-zeatin (c¢Z)-types, non-ribosylated
NS-(AZ-isopentenyl)adenine (iP)-types, and methylthiolated
(MeS)-types, and all stress phytohormones except pheny-
lacetamide (PAAM) which showed a 20% increase.
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Control points CP1 and CP2 were selected to compare
how extended light duration and continuous light affected
phytohormone concentrations in tissues (Fig. 5a,b).
Corresponding to the time of dawn (ZTO0), the phytohormone
concentrations of the control points were compared with the
average daily values.

At the CP1 point, most phytohormones (32 of 47)
showed increased levels. A group of phytohormones that
exhibited a single, very high daily peak at the CP1 point
was termed ARELD (Acute Response to Extended Light
Duration) phytohormones, and the extended light dura-
tion is therefore considered here as light stress. The daily
changes of all ARELD phytohormones in the LD photo-
period show exactly the same pattern and have a prominent
peak at the CP1 point. ARELD phytohormones include
(percent increase at CP1 over daily average in paren-
theses): IAA (+353%), SA (+417%), BzA (+221%),
ABA (+674%), PA (+150%), 9OH-ABA (+150%), JA
(+566%), JA-Me (+978%), and JA-Ile (+ 1045%). CKs
are not listed among the ARELD-type phytohormones
because their concentrations at CP1 are lower, with the
exception of iPR and iP 9-glucoside (iP9G), which have
additional daily concentration peaks besides the CP1
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Fig.4 Fast phytohormone concentration increase (%) following the
light-to-dark (ZT13 to ZT16) transition compared to adjusted phy-
tohormone concentration increase (%) comparing mid-daytime to

time point. Nine typical ARELD-type phytohormones are
shown in Fig. 6.

Phytohormones with very low concentrations at the
CP1 point include IAA-Asp (2.1%), 2-oxindole-3-acetic
acid aspartate (OxIAA-Asp; 6.5%), PAAM (23.7%), and
DZ9G (6.7%.). Percentages are expressed relative to the
daily mean, which was calculated as 100%.

At the CP2 control point, phytohormone levels
were lower and resembled those characteristic of the
morning (ZT1) time point of the diurnal photoperiod.
All nine ARELD-type phytohormones had significantly
lower concentrations at the CP2 point, including the
highest positioned JA, whose concentration decreased
from +566% at CP1 to only + 125% above the daily
average. Comparison of phytohormone concentrations
measured at CP1 and CP2 points indicates that continuous
light treatment (CP2) is much less stressful than the
unexpected prolonged light irradiation at CP1. This also
suggests that plants have mechanisms enabling them to
adapt and overcome light stress when growing under LL
conditions.

[ Change at dusk
I Mid daytime vs mid night
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mid-nightime (ZT7 to ZT19) levels. CK type phytohormones are pre-
sented separately on the right side

Auxins

Among auxins only IAA, the active auxin form, showed an
ARELD pattern that was not visible in the other members
of the group.

Inactivated, oxidative products of IAA predominated
at all daily time points, reaching levels almost 10-times
higher than those of the active and conjugated forms. The
high levels of inactivated auxin forms reflect their slow
metabolic degradation in cells and tissues, in contrast to
the active and conjugated forms, which have rapid turnover
and require small metabolic pools. Inactivated forms are
therefore excellent indicators of the current state of auxin
metabolism. A sudden decrease in the level of inactivated
auxins observed under ARELD stress conditions (CP1)
was accompanied by a marked increase in the level of
active auxin forms. This suggests a kind of metabolic
arrest in which active auxin forms are synthesized but
not utilized. Interestingly, both auxin conjugates with
aspartate (IAA-Asp and OxIAA-Asp) were close to zero
under ARELD conditions. On the other hand, OXIAA-Asp
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daily average values. CKs presented separately on the right side

content is greatly increased in the absence of light,
beginning shortly after the transition to dusk.

At the CP2 control point, the situation was back to
normal, with very high levels of all and inactivated TAA
members. Auxin levels at CP2 (subjective LL morning)
were similar to those at (ZT1) diurnal morning, as shown
in Fig. 5a.

The light transition at dusk under the 14/10-h LD
photoperiod is subject to fully functional circadian
regulation. Such a light-to-dark transition results in a rapid
but transient increase in the level of inactivated oxidative
IAA forms, with a nighttime peak 2 h after the onset of
darkness. In the middle of the night, only the level of
OxIAA-Asp remains high.

A graphical presentation of phytohormone levels
measured at all time points for members of the auxin group
is provided in Suppl. Fig. S1.

Phenolics
The two active phenolic forms, SA and BzA, show typical

ARELD response patterns. Other phenolic phytohormones
show some unique ARELD-like daily level patterns. PAA,
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for example, exhibits an ARELD-like pattern, but with a
sharp nighttime peak. PAAM exhibits a similar ARELD-like
pattern, but with a peak at the end of the daytime. This peak
may be, however, an artifact due to the large standard error
for this time point. Sinapic acid (SinAc) partially resembles
the typical ARELD pattern, but has a strong peak at midday.

Phenolics other than PAAM, as well as most ABA
derivatives, jasmonates, GA19, and some CKs, show lower
levels at the ZT1 diurnal morning point than the daily
average. Thus, for most phytohormones, with the exception
of auxins and some CKs, the diurnal morning appears to be
a fresh start of the day. At the CP1 point, all phenolics except
PAAM, as well as all ABA derivatives, jasmonates, and
GA19, reach exceptionally high values, so we can classify
them as stress phytohormones.

A graphical presentation of phytohormone levels
measured at all time points for members of the phenolic
group can be found in Suppl. Fig. S1.

Gibberellins (GA)

Although the samples were analyzed for a number of
different gibberellins, only GA19, which is considered a
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Fig.6 ARELD type phytohormones. Concentration (pmol
g~ 'DW + SE) measured in apical portions of sunflower hypocotyls
grown under a 14/10-h light-to-dark photoperiod (eight time points)
and in two control points shown 144 h from the onset of germination.

precursor of the active form, was detected at significant
levels. Neither the inactive nor the active GA forms were
found. GA19 was among the phytohormones that respond
with an ARELD-type response to extended daytime, similar
to IAA and stress phytohormones (Fig. 2; Suppl. Fig. S2).
The daily amplitude change of GA19 was otherwise small
in the 14/10-h LD photoperiod.

Abscisic Acid and Derivatives
Four ABA-type compounds were detected in the sunflower

samples: ABA itself, 9OH-ABA, PA and dihydrophaseic
acid (DPA), see Suppl. Fig. S2. Thus, in addition to the

R S S S S e e s s
120 122 124 126 128 130 132 134 136 138 140 142 144
Time from the start of germination, h

T T T T T T T T T T T T T
120 122 124 126 128 130 132 134 136 138 140 142 144
Time from the start of germination, h

CP1 is the value of the extended day and CP2 is the value at sub-
jective dawn under continuous light conditions. All the ARELD type
phytohormones have an exceptionally high concentration at CP1 point

active form (ABA), there were also oxidized and cyclic
forms, 9OH-ABA and PA, as well as end-inactivated DPA,
which is the most abundant fraction of the ABA-type group.

Under the diurnal 14/10-h LD photoperiod, all ABA-type
compounds showed flat changes in daily values. There were
no pronounced differences between light and dark periods
and no changes after the light-to-dark dusk transition. ABA
and PA showed typical ARELD response patterns, indicating
that they recognize persistent light as stress. DPA showed a
low ARELD-like response, but with a morning minimum.
90H-ABA showed no changes during the prolonged day,
but at a subjective LL. dawn, its levels were significantly
increased, in contrast to ABA and PA. To summarize, ABA
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and PA showed increased levels in response to the prolonged
day, in contrast to 9OH-ABA, which showed a flat daily
response with elevated levels only at LL dawn.

Jasmonates

The jasmonates in the sunflower samples were represented
by five compounds: JA, JA-Ile, Ja-Me, dihydrojasmonic
acid (DiH-JA), and cis-(+)-12-oxo-phytodienoic acid
(cisOPDA). The changes in their daily concentrations are
shown in Suppl. Fig. S2. All three most abundant jasmonate
forms, JA, JA-Me, and DiH-JA, show typical ARELD
response patterns with minor daily changes under the
14/10-h LD photoperiod, except for a very sharp increase
toward the ARELD point. JA-Ile also shows a pronounced
ARELD-like response, but with a peak at night, five hours
from dusk. cisOPDA, a precursor of JA, shows a pattern that
differs from that of other jasmonates. The ARELD response
is absent in cisOPDA, and there is a sharp increase toward
the end of the day and beginning of the night.

Cytokinins

The large group of sunflower CKs shows patterns of
daily changes that differ markedly from those of other
phytohormone groups (Suppl. Figs. S3, S4). None of the 22
CKs listed shows a typical ARELD pattern, although four
members of the iP group (iP itself, its 9-riboside, and the
7- and 9-glucosides) exhibit concentrations that are higher
during the extended daytime than at any other time during
the 14/10-h LD photoperiod. Similarly, cis-zeatin 9-riboside-
5’-monophophate (¢cZRMP) approaches the definition of an
ARELD-type phytohormone but has a high peak at midday.

Most CKs have a maximum at midday, 7 h after dawn,
followed by a sharp decline before dusk and/or a nighttime
maximum 2 h after dusk. With a frequent minimum in the
early morning, the CK daily patterns resemble the daily
changes in hypocotyl elongation rates, indicating a possible
involvement of CKs in hypocotyl elongation.

CKs can be subdivided according to their chemical
structure (tZ-, cZ-, DZ-, iP- and MeS-types) or physiological
function (bioactive, inactive, transport, storage, and
phosphorylated forms representing immediate biosynthetic
precursors).

It appears that sunflower cells maintain homeostasis
of CKs by replenishing and deplating a large pool of CK
storage forms. The most abundant CK form in sunflower
is cis-zeatin O-glucoside (cZOG), a storage form present
in amounts of about 1600-1800 pmol/g DW. Apparently,
¢Z0G is strongly depleted at the beginning of the daytime,
4 h after dawn, and then during the night, peaking 2 h after
dusk (Suppl. Fig. S3). Transferring this observation to
shoot elongation, it appears that cZOG depletion precedes
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increased hypocotyl elongation during the day whereas at
night it corresponds to the gradual nighttime decline in
hypocotyl elongation rate.

After the CK O-glucosides, the second most abundant
CK forms are the transport ribosides, with ZR being the
leading form. They show peaks in the middle of the day and
then 2 h after dusk at night, implying that they coincide with
the maxima of hypocotyl elongation rates (Suppl. Fig. S4).
Deactivation CK forms, N7- and N9-glucosides, are present
at very low concentrations (not exceeding 2.7 pmol/g DW)
and their occurrence is restricted to iP7-glucoside (iP7G),
iP9G and DZ9G. They show three daily peaks with lower
values at other time points. Two peaks are identical to
the midday and early night maxima of transport ribosides
mentioned earlier, and the third is a peak at dawn (Suppl.
Fig. S4).

The group of CK phosphate precursors dominated by
c¢ZRMP is more or less flat during the day with a single
prominent peak in the middle of the day (Suppl. Fig. S3).

The methylthiolated forms of CKs show a simple diurnal
pattern with gradually increasing values during the day
and more or less constant values at night (Suppl. Fig. S4).
The dominant CK form in this group is 2-methylthiozeatin
9-riboside (MeS-ZR).

Finally, in the group of bioactive CK-free bases, iP is the
predominant form, increasing during the day and night, with
a marked decrease 10 h from dusk and at dawn (Suppl. Fig.
S4). The other two bioactive forms, tZ and ¢Z, resemble
phosphate precursors and both peak at midday, whereas
dihydrozeatin (DZ) was not detected. All #Z-type CKs
are elevated at the ZT1 morning time compared with the
cZ-types.

Discussion

The collected data on the expression of clock TF genes
showed that the circadian clock is functional in LL.
Therefore, the change in hypocotyl elongation pattern
induced by LL can be considered as a change in the output
of the circadian clock rather than a failure of its rhythmic
function. The really important question here is what
drives the rhythmicity of the clock in LL when plants
have never experienced light-to-dark period shifts. It is
usually neglected today that besides hypocotyl elongation,
there are other processes in sunflower seedlings, driven by
strong diurnal rhythms. One of them is the upward water
translocation (root to shoot) driven by root pressure (Vaadia
1960), which does not require light to start.

The shift in peak gene expression in LL conditions
toward the end of the subjective night is not a new
observation. A similar observation was reported for potato
shoot cultures grown in LL conditions (Vinterhalter et al.
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2019). The rhythmicity of the phytohormone daily levels
in LL was maintained, but the peaks were shifted into the
late subjective night.

Since sunflower exhibits dual (separate) elongation
kinetics for day and night in LD photoperiods, the rapid
slide into a uniform elongation pattern under free-running
conditions simply means that one of the two effector
pathways is temporarily out of use.

A direct relationship between circadian regulation
and changes in the patterns of hypocotyl elongation and
phytohormone production could not be established. The
change in the elongation pattern occurred after a very
short delay in the advance of nighttime, too short to expect
a significant phytohormone change. However, the dramatic
increase in the level of ARELD-type phytohormones
recorded in the CP1 point after 10 h of extended daytime
far exceeded any recorded values.

It is obvious that some phytohormones are adjusted
by their metabolism to prefer certain light conditions,
light or darkness, but high levels cannot be maintained
indefinitely. Very high phytohormone levels are adjusted
either upon return of expected but absent light conditions
or by activation of the circadian clock resetting mechanism
late in the subjective night.

Synchronization affecting the expected order of gene
expression of clock components could be the result
of adaptation to LL conditions based on convergence
between light signal transduction pathways and circadian
regulation, as shown in the case of Arabidopsis (Soy
et al. 2016). These results fit well with the coincidence
mechanism proposed by Nozue et al. (2007) to explain why
the hypocotyl elongation of Arabidopsis growing under
short-day conditions is directed toward dawn. A similar
mechanism could operate in sunflower, but the problem is
that the peaks of hypocotyl elongation in sunflower, unlike
those of Arabidopsis, are at different times, one at midday
of the daytime and the other at nighttime, two hours from
dusk.

Convergence of light signal transduction in different
plant species has been demonstrated for a number of
phytohormones, including GAs (Achard et al. 2007),
auxin (Xu et al. 2018), ABA (Xu et al. 2014; Bulgakov
and Koren 2022) and stress phytohormones (ABA, SA, JA,
BzA, ethylene), the members of which are strongly linked
in their effects (Yang et al. 2019; Liu and Timko 2021).

The convergence of light signaling pathways of the
major sunflower phytohormones that we present here may
provide a better understanding of the internal hierarchical
organization of phytohormones in future studies.
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