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ARTICLE INFO ABSTRACT

Keywords: The survival and adaptation of angiosperms depends on the proper timing of flowering. The weedy species

FloweringA o Chenopodium ficifolium serves as a useful diploid model for comparing the transition to flowering with the

ghempf’dmm ficifolium important tetraploid crop Chenopodium quinoa due to the close phylogenetic relationship. The detailed tran-
ranscriptome

scriptomic and hormonomic study of the floral induction was performed in the short-day accession C. ficifolium
459. The plants grew more rapidly under long days but flowered later than under short days. The high levels of
abscisic, jasmonic, and salicylic acids at long days were accompanied by the elevated expression of the genes
responding to oxidative stress. The increased concentrations of stress-related phytohormones neither inhibited
the plant growth nor accelerated flowering in C. ficifolium 459 at long photoperiods. Enhanced content of cy-
tokinins and the stimulation of cytokinin and gibberellic acid signaling pathways under short days may indicate
the possible participation of these phytohormones in floral initiation. The accumulation of auxin metabolites

Abscisic acid
Jasmonic acid
Salicylic acid

suggests the presence of a dynamic regulatory network in C. ficifolium 459.

1. Introduction

The transition from vegetative growth to flowering is an essential
commitment in plant life. It relies on the integration of both endogenous
(age, phytohormone content), and external stimuli (photoperiod or day
length, temperature, vernalization) [38,42,61,86] Izawa, [38]. The
proper timing of reproduction is a fundamental prerequisite for adapting
to the rapidly changing environment. The climate warming in the Ho-
locene triggered the migration of plant species to higher latitudes, which
could accelerate under recent climate changes [39,73]. Whereas the
plants encountered suitable temperatures further from the equator, they
had to adapt to variable day lengths, the prominent environmental cue
informing plants about the proper time to flower. The capability to
flower at the beginning of summer when the days become very long is
also necessary for the successful cultivation of crops at higher latitudes
[24]. At the same time, short-day plants start flowering at the beginning
of autumn.

Chenopodium quinoa, initially grown in the Andean region of South
America, is highly tolerant to drought and high salinity [40], making ita
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promising crop for future cultivation worldwide. Most C. quinoa acces-
sions flower earlier at short days (SD), but some varieties, mainly orig-
inating from southern Chile, accelerate flowering under long days (LD)
[10]. The adaptation of C. quinoa to LD flowering was associated with
the sequence variation in the paralogs of the FLOWERING LOCUS T (FT)
gene [67], the essential regulator of flowering in angiosperms [18].
Chenopodium quinoa is an allotetraploid species containing FT genes in
12 loci [83]; the expression of some FT homeologs is biased toward one
of the two subgenomes [67]. These features complicate the clarification
of the roles of the particular FT paralogs in floral induction in C. quinoa.

The diploid species Chenopodium ficifolium is closely related to the
ancestor of the subgenome B of C. quinoa [81,91]. It may start to flower
as early as 20 days after sowing (DAS), making it possible to obtain
developmentally synchronized populations of seedlings and follow the
pace of floral induction accurately. Like C. quinoa, two accessions with
contrasting photoperiod responses were described in C. ficifolium [67,
82].

Chenopodium ficifolium has a very short juvenile phase and possesses
only about a half of the loci than the C. quinoa genome because it is
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diploid. At the same time, it shares similarities in photoperiod response
with its close relative C. quinoa. All these features suggest C. ficifolium
could be an excellent comparative model for the studies of flowering in
the more complex crop C. quinoa. Chenopodium ficifolium has been
recently utilized to analyze agronomically relevant traits, including
flowering time or plant height, associated with the FLOWERING LOCUS
T LIKE (FTL) genes [85].

This study investigates the effect of photoperiod length on plant
development. Day length informs plants about suitable time for flow-
ering. It also impacts photosynthesis and growth rate. A complex
methodical approach is necessary to capture multifaceted effects of short
or long photoperiods on plant growth and development. We performed a
detailed transcriptomic and hormonomic analysis of the floral induction
in C. ficifolium under LD and SD. We focused on the accession 459 [82],
which flowers earlier under SD similarly to the majority of C. quinoa
cultivars. We aimed to analyze the changes in phytohormone concen-
trations accompanying the transition to the reproductive phase and the
transcription patterns of phytohormone-related genes. We searched for
the homologs of the flowering-related genes in A. thaliana, checking
which transcript profiles were congruent with their participation in the
floral induction in C. ficifolium 459.

We discovered highly elevated levels of abscisic acid (ABA), jasmonic
acid (JA), and salicylic acid (SA) produced at long days. The high con-
tent of the stress-related hormones might have been induced by the
oxidative stress occurring during the prolonged photosynthesis under
LD. The high concentrations of stress-related phytohormones did not
accelerate flowering in C. ficifolium 459.
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2. Material and methods
2.1. Plant material and experimental conditions

We used the accession C. ficifolium 459, originally collected in Cen-
tral Asia [82], as our experimental plant model. The Eurasian distribu-
tion area of C. ficifolium was plotted using the R package rangemap [16]
based on presence records (preserved specimens and human observa-
tions) obtained from the available databases at the website GBIF.org
[(13 August 2021) GBIF Occurrence Download https://doi.org/
10.15468/dl.e29s2v]. Fig. la shows the distribution area of
C. ficifolium in Eurasia and the site where the accession 459 was
collected. We also used C. quinoa, QQ74 [41] to compare growth and
development. The plants were cultivated in the Institute of Experimental
Botany greenhouse and propagated by self-pollination. Seeds were
surface-sterilized and germinated as described by Storchova et al. [82].
Average-sized individuals with opened cotyledons and uniform growth
were selected for the experimental analysis. Plants planted in 96-well
flat-bottom ELISA plates, single seedling per well, soaked in
half-strength Hoagland solution, were maintained under 22 °C, 70%
humidity, and cool-white fluorescent light (130 pmol m~2s 1) ordark in
growth chamber E-36L2. Two photoperiodic regimes were applied: SD
(6 h light and 18 h dark, and LD (18 h light and 6 h dark) for the floral
induction analysis.

Growth analyses started using vegetative seedlings ten days after
sowing. Analyses were made 5 times in the interval of 4-5 days (until
flowering). Usually six plants from each treatment (LD or SD) were used.
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Fig. 1. (a) Distribution area of Chenopodium ficifolium in Euroasia. Green dots shows C.ficifolium presences. The site, where the accession 459 was found is marked by
a red dot. (b) Experimental design: plant material was collected twice a day (9 h and 15 h) at 14, 18, 21 and 24 days after sowing (DAS) under two photoperiodic
regimes; long day, (LD), and short day (SD).
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The images of the whole seedlings, isolated cotyledons and leaves placed
into the Petri dishes were examined under Navitar Machine Vision
(Navitar Inc., Rochester, NY, USA). The length of shoot apex and flow-
ering rate were assessed under a stereomicroscope Zeiss Stemi 305. The
rate of flowering was stated as the number of plants with terminal flower
bud (in % from the whole set of tested plants). The images were recorded
using a DFK 33UX250 camera (The Imaging Source, Bremen, Germany)
and processed using NIS-Elements 5,0 (Laboratory Imaging, Prague,
Czech Republic).

2.2. RNA sampling and extraction

The plantlets were collected twice a day (in the morning at 9.00 and
the afternoon at 15.00) at 14, 18, 21 and 24 days after sowing (DAS)
under SD and LD (Fig. 1b). Aerial parts of the seedlings (14 and 18 DAS)
or upper leaves and stems with apices of young plants (21 and 24 DAS)
from each photoperiodic regime were collected and flash-frozen in
liquid nitrogen. Three biological replicates, each consisting of three to
four seedlings from LD conditions and eight to ten seedlings from SD
conditions, were sampled at each time point. Total RNA was extracted
using a Plant RNeasy Mini kit (Qiagen, Valencia, CA, USA). DNase I
treatment was performed according to the manufacturer's protocol
(DNA-free, Ambion, Austin, TX, USA) to eliminate DNA contaminations.
If necessary, the DNase I treatment was done twice to eliminate any
traces of genomic DNA. RNA concentration and quality were checked on
0.9% agarose gel and using the NanoDrop (Thermo Fisher Scientific,
Vantaa, Finland).

2.3. RT gPCR

One pg of RNA and oligo dT primers (500 ng) were heated for 5 min
at 65 °C, chilled on ice and mixed with Transcriptor buffer (Roche),
0.5 ul of Protector RNase Inhibitor (Roche, Diagnostics, Mannheim,
Germany), 2 ul of 10 mM dNTPs and 10 units of Transcriptor Reverse
Transcriptase (Roche). The first strand of cDNA was produced at 55 °C
for 30 min. Two technical replicates of cDNA were produced with each
RNA specimen. qPCR was performed using the LightCycler 480 SYBR
Green I Master (Roche) in a final volume of 10 ul with 500 nM of each of
the primers. The LightCycler LC 480 (Roche) was programmed as fol-
lows: 10 min of initial denaturation at 95 °C, then 40 cycles for 10 s at
95°C, 10s at 60°, followed by 15s at 72 °C. PCR efficiencies were
estimated on the basis of serial dilutions of cDNAs and used to calculate
relative expression using the formula E g°°%/ Ep T, where E /Eg
represents the PCR efficiency and CpT /CpR represents the cycle number
at the threshold (crossing point). The ACTIN11 (ACT11) gene was used
as the reference. The primers for the reference and target genes
(Table S1) were the same as used by Storchov4 et al. [82].

2.4. Sampling for phytohormone measurements

The plant material for the estimation of phytohormone concentra-
tions was sampled simultaneously as the samples for RNA extraction to
ensure the correspondence of the transcriptomic data with phytohor-
mone estimations. Aerial parts of the seedlings were collected at 14 and
18 DAS, upper leaves and stems with apices of young plants were taken
at 21 and 24 DAS. The samples were flash-frozen in liquid nitrogen.
Three biological replicates (about 20 mg of fresh weight) were taken at
each sampling point. The samples were stored at —80 °C until per-
forming the phytohormone analyses.

2.5. Extraction, purification, and quantification of endogenous
phytohormones

The endogenous phytohormones were determined according to
Prerostova et al. [71]. Briefly, about 20 mg of fresh weight (FW) (5-7
plants) per sample were homogenized with 1.5 mm zirconium beads
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using a FastPrep-24 instrument (MP Biomedicals, CA, USA) with 50 ul
extraction buffer 50% acetonitrile/ water (1/1, v/v) and 10 ul mixture
of internal standards (107 M), vigorously mixed and left at 4 °C for
30 min. After centrifugation at 30,000g for 20 min, the supernatant was
applied to SPE Oasis HLB 10 mg 96-well plate (Waters, Milford, MA,
USA) with a 96-well sample collection plate underneath. The pellet was
re-extracted with an additional 50 pl of extraction buffer, centrifuged,
and applied to the SPE 96-well plate. An aliquot of 5 ul of the combined
extract was injected into the LCMS system. Phytohormones were sepa-
rated on a Kinetex EVO C18 column (2.6 ym, 150 x 2.1 mm, Phenom-
enex, Torrance, CA, USA). Mobile phases consisted of A) 5mM
ammonium acetate and 2 uM medronic acid in water, and B) 95/5
acetonitrile/water (v/v). We applied the following gradient program:
5% B in 0 min, 7% B in 0.1-5 min, 10-35% in 5.1-12 min, 100% B at
13-14 min, and 5% B at 14.1 min. Hormone analysis was done on LCMS
system consisting of UHPLC 1290 Infinity II (Agilent, Santa Clara, CA,
USA) coupled to 6495 Triple Quadrupole mass spectrometer (Agilent).
MS analysis was done in MRM mode, using isotope dilution method.
Data acquisition and processing were done with the Mass Hunter soft-
ware B.08 (Agilent).

2.6. Transcriptome assembly and evaluation

Total RNA extracted from the seedlings collected at eight time points
under SD and LD, and from the leaves, flowers, and roots of adult plants
as described above (51 RNA samples) were sent to Macrogen (Seoul,
Korea), and strand-specific cDNA libraries were constructed from polyA
enriched RNA. The sequencing of total RNA from all 51 samples on the
lumina NovaSeq6000 produced 753,019,719 paired-end (PE) reads
(150 nt), about 14.8 million reads per sample. Following error correc-
tion (Rcorrector) [80], ribosomal RNA filtering (SortMeRNA; [45]), and
quality and adapter trimming (TrimGalore, [48]) removed approxi-
mately 25% of the data, leaving 567,261,573 paired-reads (cutoff
145 bp). The raw and resulting trimmed data were deposited under the
BioProject number PRJNA771226  with SRA  accessions
SRR16380491-SRR16380533 for the trimmed reads and accessions
SRR16327138-SRR16327180 for the raw reads.

The trimmed reads were de novo assembled with Trinity v.2.9.0 [33]
and evaluated, applying three different methods; BUSCO (Embryo-
phytes) [78], RSEM-EVAL [52], and a completeness and contiguity
evaluation as described in Kriiger et al. [47]. Redundancy of the Trinity
assembly was first reduced with CD-Hit (similarity cutoff 99.9%) and
second with the script EvidentialGene tr2aacds.pl (MINCDS = 50). The
resulting set was used for a BLASTX search against the nr database. The
BLASTX results were imported into the MEGAN pipeline [37], with only
plant hits retained. The evigene assembly was used for all subsequent
analyses and deposited on NCBI under the accession GJOD01000000.

BLASTX-based homology searches (BLAST + 2.9.0) for the final
transcriptome assembly against the NCBI nr protein database were
performed. The cutoff E-value was set to < 10™* and the maximum
number of allowed hits was set to 10. The OmicsBox program v. 1.3.3
(BioBam Bioinformatics S.L., Valencia, Spain) was then used to annotate
the “Trinity” genes based on gene ontology (GO) terms, InterProScan,
and nr database annotation.

2.7. Transcript quantification and pairwise differential expression

Transcript quantification was done with the Trinity pipeline and
included scripts, using the alignment-free method Salmon [68], as
described in Kriiger et al. [47]. The differential gene expression analysis
was carried out using the Bioconductor package DESeq2 [56] with three
biological replicates for each sampling time point using the standard
single time point analysis. Extraction of differentially expressed genes
(DEGs) was done for each sampling day, contrasting the LD with the SD
sampling with 0.05 cutoff for false-discovery rate (FDR). The resulting
DEGs and matrices were used for the subsequent analyses.
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To set the collection of DEGs used for the Gene Ontology Term
Enrichment analysis (GO analysis), an index was created based on the
Fold Change values between SD and LD treated samples obtained
through DESeq2 [56]. Absolute values of log2 Fold Change for each DEG
between SD and LD at each sampling time point were summed up. High
values of the sum denoted high pair differences in the expression be-
tween SD and LD, both positive and negative. The thresholds of 10, 15
and 20 index summed values corresponding to 6096, 3011, and 1545 DE
genes, respectively, were selected to perform GO analysis. After
comparing the GO analysis outputs and the gene expression graphs of
selected DEGs, the set of 3011 genes was chosen as the most informative
case for the GO enrichment analysis. The Fisher exact test (p-value <
0.05) implemented in OmicsBox program v. 1.3.3 was utilized for this
analysis.

3. Results
3.1. The growth and floral transition in C. ficifolium 459

The morphological and anatomical changes were followed at the
whole plant level during floral induction in C. ficifolium 459 to supple-
ment the comprehensive transcriptomic and hormonomic analyses.
Plants grown under SD (6-h day length) were more tiny and spindly
compared with LD (18-h day length) grown plants (Fig. 2a). Chenopo-
dium quinoa plants were cultivated under the same conditions as
C. ficifolium for the comparison of morphological development between
the crop and its weedy relative. The C. quinoa plants were more robust,

Treatment

Cotyledon and Leaf surface (mm2)

Plant Science 320 (2022) 111279

but remained vegetative even at 28 DAS, when C. ficifolium started to
flower under both photoperiods (Fig. 2b). Chenopodium quinoa formed
flower buds at about a week later (at 35 DAS) under SD, being vegetative
under LD.

Most C. ficifolium plantlets cultivated under SD produced flower buds
at 20 DAS, whereas less than 25% of individuals flowered at 28 DAS
under LD. The onset of flowering in C. ficifolium correlated with the
shoot apex length, which was much higher under SD (Fig. 2¢). However,
the plants grew more slowly at SD than at LD, as shown by the lower
number and size of leaf pairs and the longer persistence of cotyledons
(Fig. 2d). Long periods of darkness supported a faster elongation of
hypocotyls under SD (Fig. 2e). The observed morphological changes
confirm that C. ficifolium 459 accelerates flowering under SD, as
described previously [82].

3.2. The assembly of the reference transcriptome of C. ficifolium 459

To get insight into the time course of the global gene expression of
C. ficifolium 459 during floral induction, we analyzed the individual
transcriptomes sampled at eight time points (in the morning and the
afternoon) since 14-24 DAS under SD and LD. Because of the absence of
areference genome, we constructed the de novo reference transcriptome
of C. ficifolium 459 with Trinity [31].

We combined 17 transcriptomic sets — one biological replicate of
seedlings from seven time point (14 specimens) supplemented with RNA
from leaves, flowers, and roots of adult plants. The total number 199.5
million filtered reads were assembled to 213,741 transcripts and
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Fig. 2. The growth of C. ficifolium 459 and C. quinoa under long (LD) and short days (SD). (a) The seedlings of C. ficifolium at the age 10-28 days after sowing (DAS).
(b)The seedlings of C. quinoa at the age 10-28 DAS. (c) The shoot apex length and proportion of the plants of C. ficifolium with visible flower buds at the age 10-28
DAS. (d) The cotyledon and leaf surface of C. ficifolium at the age 10-28 DAS. The third leaf pair (triangle) appeared under LD only. The cotyledons were lost before
the age 20 DAS under LD, but persisted under SD. (e) The hypocotyl length in C. ficifolium at the age 10-28 DAS.
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168,036 potential genes. The CD-Hit [51] step with the similarity
threshold of 99.9% reduced the number of transcripts by 14% (to 184,
615) and the assigned genes by 16% (140,238). After the subsequent
EvidentialGene [30] step, the assembly contained 55,020 transcripts
and 51,146 potential genes, a reduction of 75% (transcripts) and 70%
(‘genes’) compared to the initial Trinity assembly. The evigene assembly
was checked for non-plant transcripts with BLASTX and filtered with
MEGAN [37], resulting in 27,646 transcripts and 25,173 assigned genes
classified as Viridiplantae. The evaluation of the evigene assembly
showed completeness of 0.915, while the contiguity was 0.904. BUSCO
found 92.3% complete and single-copy orthologs, 3.5% complete and
duplicated orthologs, only 5.3% orthologs were missing.

3.3. The expression of FTL1, LFY, and flower-organ identity homologs
increased under SD

The homolog of the key floral inducer FTL1 was dramatically acti-
vated under SD, more in the morning than in the afternoon. The ho-
mologs of LEAFY (LFY) and flower-organ identity genes APETALA 1
(AP1), CAULIFLOWER (CAL), AGAMOUS (AG) followed the same
increasing trend (including higher morning levels) correlating with the
onset of flowering at 20 DAS in SD grown plants. The paralog FTL2-1
was only very slightly upregulated under SD at 24 DAS. The expression
of the homolog of another angiosperm floral integrator SUPPRESSOR OF
OVEREXPRESSION OF CO 1 (SOC1) [11,77] showed a stable expression
during the experiment, a bit higher under LD than SD, not correlated
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with flowering (Fig. 3). Unlike API, the homolog of the AP2 gene
increased its expression under LD. The FTL1, FTL2-1, SOC1 and LFY
transcript levels were in general agreement with RT qPCR measure-
ments (Fig. S1).

The transcription profiles of the AGAMOUS-LIKE 9 (AGL9), AGL11,
UNUSUAL FLORAL ORGANS (UFO), and SQUAMOSA PROMOTER
BINDING PROTEIN-LIKE 4 (SPL4) homologs share the increasing trends
with LFY and other flower-organ identity genes, indicating their possible
participation in flowering. In contrast, very strong but age-independent
activation of SPL7 occurred in the morning under SD. The FLOWERING
LOCUS D (FLD) and SUPRESSOR OF PHYA-105 1 (SPA1) homologs
exhibited age-independent rhythmic expression under SD. The homolog
of the FD gene, which interacts with FT to induce flower development in
A. thaliana [17], increases its transcript levels with time under SD and a
bit more under LD (Fig. S2).

3.4. The concentrations of stress-related phytohormones ABA, JA, and SA
were highly elevated under LD in C. ficifolium 459

We estimated phytohormone levels in aerial parts of C. ficifolium
seedlings taken at the same time as the RNA samples used for the con-
struction of the transcriptomes. These measurements made it possible to
correlate the phytohormone concentrations to the global gene expres-
sion profiles in the course of floral transition in C. ficifolium.

There were remarkable contrasts in ABA, JA, JA-Ile, and SA con-
centrations between SD and LD grown plants. The ABA and JA levels
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Fig. 3. The flowering-related genes expressed in C. ficifolium 459 at the age 14-24 DAS under long (LD) and short days (SD): blue columns correspond to LD treated
samples, golden ones represent SD treated samples. Transverse lines at each dot (median value of three biological replicates) represent standard deviation. Statistical
significance (p-values * < 0.05, ** < 0.01 and ***< 0.001; Wald-test (DESeq2); three biological replicates, each consisting of 3-5 seedlings) between pairs of
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oscillated rhythmically, being more abundant in the morning and about
10 - 50 fold higher under LD. Extreme differences between the photo-
periods were found in SA concentrations, about a thousand times higher
at LD than at SD (Fig. 4). The abundance of ABA metabolites (e.g., ABA-
glucose ester) and JA precursor cis-12-oxo-phytodienoic acid (cisOPDA)
were also highly elevated under LD. In contrast, the JA metabolite
(dihydrojasmonic acid (DiH-JA) content decreased under LD (Fig. S3).

Some ABA biosynthesis-related gene homologs such as NINE-CIS-
EPOXYCAROTENOID DIOXYGENASE 3 (NCED3) (Fig. 5a) or less
prominently NCED4 (Fig. S4) were upregulated under LD, suggesting
their possible participation in ABA biosynthesis in C. ficifolium. The
homolog of SHORT VEGETATIVE PHASE (SVP), which under stress
conditions suppressed ABA catabolism in A. thaliana [93], was also
activated under LD. In contrast, the homologs of the genes involved in
ABA signaling pathways, e.g., ABA receptor PYRI-LIKE 4 (PYL4)
(Fig. 5a), repressor protein phosphatase 2Cs (PP2C) such as
ABA-HYPERSENSITIVE GERMINATION 3 (AHG3) (Fig. S4) [6], and
positive regulator of ABA response SNF1-related protein kinase 2.6
(SnRK2-6) [101] were either downregulated under LD or exhibited only
small differences between both photoperiods (Fig. S4). Some tran-
scription factors positively mediating ABA response were moderately
upregulated by long photoperiods (ABSCISIC ACID RESPONSIVE
ELEMENTS-BINDING FACTOR 2 (ABF2) and TINY gene homologs)
(Fig. S4). The homolog of the transcription factors suppressing ABA
response - ABA REPRESSOR 1 (ABR1) [66] (Fig. S4) or INDUCER OF
CBP EXPRESSION 1 (ICE1) [54] were strongly upregulated under SD, as
well as the central regulator in ABA signaling ABSCISIC ACID INSEN-
SITIVE 3 (ABI3) (Fig. 5a). The coincident activation of both the positive
and negative regulators of ABA response contributes to its fine tuning at
LD.

Similar to ABA, some putative JA biosynthesis genes were highly
activated under LD (ALLENE OXIDE SYNTHASE 4 (AOC4) and LIP-
OOXYGENASE 3 (LOX3) homologs). The transcription of the putative
key receptor gene CORONATINE INSENSITIVE 1 (COI1) was only
slightly higher under LD. In contrast, the transcript level of the JASM-
ONATE ZIM DOMAIN PROTEIN 1 (JAZ1) homolog, functioning as the
repressors of JA response in A. thaliana [32], was highly elevated under
LD (Fig. 5b), which may modulate JA response, supposing the similar
repressor function of JAZ1 in C. ficifolium. The homolog of the tran-
scription factor MYC2, the central mediator of JA and ABA response in
angiosperms [44], was upregulated since 18 DAS under LD (Fig. 5b) as
well as the homologs of the transcription factors MYB108 and bHLH14
(Fig. S4).

The putative SA biosynthesis gene PHENYLALANINE AMMONIA
LYASE (PAL1) was inhibited in the afternoon under SD. The ISO-
CHORISMATE SYNTHASE 1 (ICS1) homolog exhibited low expression,
slightly increasing under SD (Fig. 5c¢), which may indicate lower
importance of the isochorismate pathway for SA production in
C. ficifolium. Interestingly, the SYSTEMIC ACQUIRED RESISTANCE
DEFICIENT 1 (SARD1) gene positively regulating ICS1 in A. thaliana [92]
was strongly upregulated under LD, which may suggest distinct func-
tions of these genes in C. ficifolium than in A. thaliana. The SA-BINDING
PROTEIN 2 (SABP2) homolog responsible for converting methyl-
salicylate to bioactive SA in A. thaliana [69] showed more than tenfold
higher expression under LD. The transcription factor TGACG
MOTIF-BINDING FACTOR 4 (TGA4), which may be involved in SA
response, was slightly downregulated under LD (Fig. 5c).

3.5. The higher concentrations of cytokinins under SD correlated with
elevated expression of most CK-related genes under the short photoperiod

The bioactive cytokinin (CK) tZ (trans-zeatin) levels oscillated in
diurnal rhythms under SD, showing a higher abundance in the after-
noon. The metabolite trans-zeatin riboside (tZR) followed the same
rhythmic pattern as tZ. The glycosylated metabolites trans-zeatin O-
glucoside (tZOG) and trans-zeatin N7-glucoside (tZ7G) were also more
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abundant under SD but without differences between morning and af-
ternoon. The other bioactive CK cis-zeatin (cZ) had about tenfold lower
concentrations than tZ, being higher under SD (Fig. 6).

The isopentenyladenine (iP) levels were relatively invariant, reach-
ing the same values as tZ (Fig. 6a). The concentrations of the iP precursor
isopentenyl adenosine monophosphate (iPRMP) gradually decreased
under LD, but they maintained stable values under SD. The ribosides
derived from IP, cZ, and 2-methylthiozeatin (MeS-Z) were slightly more
abundant under LD, with a clear outlier in the morning 21 DAS. The
level of dihydrozeatin (DHZ) catabolite dihydrozeatin-N7-glucoside
(DZ7G) was higher at SD at each time point (Fig. S5a).

In line with the elevated CK levels under SD, the transcription of the
putative genes coding for isopentenyltransferase (IPT) enzymes, cata-
lyzing the rate-limiting step in CK synthesis, increased under short
photoperiods. IPT2, IPT5, and IPT9 were the most expressed members of
the IPT gene family in C. ficifolium. IPT9 was strongly upregulated in the
afternoon, accordingly with the rhythms of tZ and cZ concentration
(Fig. S5b). The LONELY GUY (LOG) homologs, encoding CK riboside 5’-
monophosphate phosphoribohydrolases necessary for the conversion of
precursors to active hormones [49], were also expressed more under SD,
except for LOG5, which was activated under LD, as well as the zeatin
glucosyl transferase (ZOG) genes, responsible for the reversible gluco-
sylation of zeatin (Fig. S5c). The cytokinin oxidase/dehydrogenase
(CKX) genes controlling irreversible degradation of CKs were upregu-
lated under SD, more in the morning than in the afternoon (Fig. S5b).

The activation by SD was also observed in the homologs of genes
involved in CK signaling. The potential homolog of the CK receptor
HISTIDINE KINASE (AHK2) was highly upregulated in the afternoon,
AHK3 in the morning. The elevated expression in the morning under SD
was measured in the type-B Response Regulators - transcription factors
ARR2, ARR11, ARR12. The ARR3 gene was upregulated in the afternoon
under SD (Fig. S5d). Accordingly, the homologs of CYTOKININ
RESPONSE FACTOR 2 (CRF2) and CRF4 exhibited higher expression
under SD, increasing in the afternoon. The CRF10 homolog was more
highly expressed under LD, both in the morning and afternoon
(Fig. S5d). In conclusion, most genes putatively involved in CK meta-
bolism and signaling were upregulated under SD, many of them showing
rhythmic expression patterns.

3.6. The gibberellin and auxin concentrations varied slightly between SD
and LD conditions, but the expression of some phytohormone-related genes
showed dynamic oscillations

As the levels of gibberellins were close to the detection limit, only
GA; and its precursor GA19 were determined. The concentration of the
bioactive gibberellin GA; was the highest in the 14 day-old seedlings,
being slightly but not significantly higher under LD than SD. Later it
dropped down under both photoperiods, less under SD. The concentra-
tion of the precursor GAjg was higher under LD during the course of the
experiment (Fig. 7a).

The transcription of the genes likely involved in bioactive GA
biosynthesis varied substantially with seedling age, photoperiod, and
daytime. The homolog of GA30x1, responsible for GA; biosynthesis in
A. thaliana [59], was transcribed more under SD. The GA20x6 gene,
putatively engaged in the GA degradation, was highly activated in the
morning under SD (Fig. 7b). The expression of putative GA biosynthesis
and degradation genes is consistent with slightly elevated GA; levels
under SD.

We also estimated the high variation among expression patterns of
the genes putatively functioning in the GA signaling pathways. The GA
receptor homologs GA INSENSITIVE DWARF 1C (GID1C) and GID1B
were, in longer-term, slightly upregulated under LD, unlike the SD
activation of the homolog of transcription factor GAMYB33 mediating
GA response [3] (Fig. 7b). The transcription factors PIFs, responsible for
skotomorphogenesis hypocotyl elongation, are controlled by GAs at the
posttranslational level [23]. The PHYTOCHROME INTERACTING
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Fig. 4. The concentrations of ABA, SA, JA and JA-Ile in C. ficifolium 459 at the age 14-24 DAS under long (LD) and short days (SD). Blue columns correspond to LD
treated samples, golden ones represent SD treated samples. Transverse lines at each dot (median value of three biological replicates) represent standard deviation.
Statistical significance (p-values * < 0.05, ** < 0.01 and ***< 0.001; t-test; three biological replicates, each consisting of 5-7 seedlings) between pairs of differ-
entially treated samples is represented by asterisks. The x-axis represents eight sampling points (two sampling points per day: morning —9.00, and afternoon —15.00;
during four days corresponding to 14, 18, 21 and 24 DAS. The y-axis represents phytohomone concentration measured as pmol per g of fresh weight.
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Fig. 5. The stress phytohormone-related genes expressed in C. ficifolium 459 at the age 14-24 DAS under long (LD) and short days (SD). (a) The ABA-related genes.
(b) The SA-related genes. (c) The JA-related genes. Blue columns correspond to LD treated samples, golden ones represent SD treated samples. Transverse line at each
dot (median value of three biological replicates) represent standard deviation. Statistical significance (p-values * < 0.05, ** < 0.01, and *** < 0.001; Wald-test
(DESeq2); three biological replicates, each consisting of 3-5 seedlings) between pairs of reversely treated samples is represented by asterisks. The x-axis repre-
sents eight sampling points (two sampling points per day: morning —9.00, and afternoon - 15.00. The y-axis represents relative expression in transcript

coverage (TMM).

FACTOR 3 (PIF3) homolog exhibited higher expression under SD shortly
after the dark period (Fig. 7b), which suggests the presence of the
transcriptional control of its expression. The homologs of GA response
repressors SPINDLY (SPY) and GIBBERELLIC ACID INSENSITIVE (GAI)
was detected were expressed more highly under SD shortly after the dark
period (Fig. 7b), which contributes to fine modulation of GA response.

The bioactive auxins indol-3-acetic acid (IAA) and phenylacetic acid
(PAA) were slightly more abundant under LD in older plantlets (21 and
24 DAS) (Fig. 7a). In contrast, the auxin metabolites IAA-glutamate
(IAA-Glu) and 2-oxindole-3-acetic acid (oxIAA), were elevated under
SD compared to LD (Fig. S6a).

We analyzed the expression patterns of numerous genes which may
be responsible for auxin metabolism and transport. Some showed mul-
tiple differences between LD and SD conditions, e.g., PIN-FORMED 1
(PIN1), PIN3, and PIN7 (Fig. S6 b). We also identified the rich set of the
genes putatively involved in auxin signaling Aux/IAAs (Fig. Sé6¢, d) and
AUXIN RESPONSE FACTOR (ARFs) (Fig. S6e) with a distinct response to
the respective photoperiods. Interestingly, all potential homologs of the
Small Auxin Upregulated RNA (SAUR) genes, except for SAUR71-693,
were highly transcribed under SD (Fig. S6f).

3.7. The GO enrichment analysis of the genes differentially expressed
between the LD and SD conditions

We assigned GO annotations to 41% of the putative genes from the
final evigene transcriptome by OmicsBox v. 1.3.3. Twenty-five % of the
genes received blastx hits. The rest (34%) remained without blastx hit
(Fig. S7B).

We used the index calculated from the Fold Change values between
the two experimental photoperiodic conditions (Fig. S7a). We identified
3011 putative genes as the representatives of the genes differentially
expressed between LD and SD. The GO enrichment analysis of this data
set found numerous GO categories with a significant excess of DEGs
(Fig. S7c¢). Response to stress, particularly response to oxidative stress
and defense response, oxidoreductase activity, cell wall biogenesis, or
transcription regulator activity, appeared among the highly enriched GO
categories.

Most of the genes participating in stress response were upregulated
under LD (Fig. 8). Their homologs in A. thaliana or other plants are
induced by biotic stress, e.g. the genes encoding defensin D2 [88], acidic
endochitinase [76], antiviral ribosome-inactivating protein (RIP) [14]
or Mildew Resistance Locus (MLO) protein [1]. Both abiotic and biotic



D. Gutierrez-Larruscain et al.

CK Concentrations

tZ - CK Bioactive hormone

cZ - CK Bioactive hormone

Plant Science 320 (2022) 111279

iP — CK Bioactive hormone

Treatment

W
B e

0.75 ok
0.06 06
.
0.50
0.04 04
g 0.25 0.02 0.2
T
[®))
=
(@]
& 000 0.00 . 0.0
g 14d 18d 21d 24d 14d 18d 21d 24d ‘ 14d 18d 21d 24d
c & & & &5 & B & B 5§ & &5 & & & & & 58 & & & & & &
-_,C:) tZR - CK metabolite tZOG - CK metabolite {Z7G - CK metabolite
E *k *
- * 30
c I
8 15 a
N & &
s : ** **
20
1.0 3
2
10
0.5
=
- ;
14d 18d 21d ‘ 24d 14d 18d 21d 24d ‘ 14d 18d 21d 24d

c = c = = = = = = = = = =
> ] > ] > I} > I} > I} > 6 >

=
I}

= = = = = s = =
=3 5 = I} > ) > 5

9h
15h

Sampling time

Fig. 6. The cytokinin (CK) concentrations in C. ficifolium 459 at the age 14-24 DAS under long (LD) and short days (SD). Blue columns correspond to long LD treated
samples, golden ones represent SD treated samples. Transverse lines at each dot (median value of three biological replicates) represent standard deviation. Statistical
significance (p-values * < 0.05, ** < 0.01 and ***< 0.001; t-test; three biological replicates, each consisting of 5-7 seedlings) between pairs of differentially treated
samples is represented by asterisks. The x-axis represents eight sampling points (two sampling points per day: morning —9.00, and afternoon —15.00). The y-axis
represents phytohomone concentration measured as pmol per g of fresh weight.

stresses activate the gene coding for chalcone synthase [20] or
DETOXICATION protein [50]. Two highly expressed Major Latex Pro-
tein (MLP) homologs exhibited an opposite response to the photoperiod.
Whereas MLP28-like was upregulated like LD, MLP43-like was activated
by SD. An array of the genes encoding peroxidases (PERs) or L-ascorbate
peroxidases (APXs) are induced by oxidative stress [65]. Many PER or
APX homologs were strongly activated under LD, but some others, e.g.,
PER7-like, were also upregulated under SD.

4. Discussion

4.1. The high concentrations of ABA, JA, and SA produced under LD in
C. ficifolium 459 did not inhibit growth

We estimated high ABA, JA, and SA concentrations in C. ficifolium
seedlings grown under LD compared to the plants cultivated under SD.
These phytohormones participate in plant stress responses and also

control plant growth and development. ABA affects both abiotic stress
responses [36,72] and developmental processes such as embryogenesis
or fruit ripening, hydrotropism, or xylem formation [97]. JA is an
essential mediator of biotic and abiotic stress responses [13,29,94]; it
interacts with other phytohormones in the control of organogenesis, e.
g., stamen maturation or stimulates trichome formation Acosta and
Przybyl [2]. SA is involved in plant defense against biotrophic patho-
gens, it stimulates the antioxidant system and suppresses plant growth
[34,100].

C. ficifolium 459 plants were cultivated under two conditions
differing only in day length (18 h versus 6 h). Flowering occurred earlier
under SD, as previously described [82]. The 18-h or even longer days
may be encountered by C. ficifolium at the northern margin of its dis-
tribution area (Fig. 1a). As no other factor varied between LD and SD
grown C. ficifolium 459 plants, the long photoperiod was responsible for
the substantial increase in ABA, JA, and SA production measured under
LD. The stress by altered photoperiod, accompanied by elevated levels of
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Fig. 7. The gibberellins (GA) and auxins (AUX). (a) The concentrations of GA and AUX in C. ficifolium 459 at the age 14-24 DAS under long (LD) and short days (SD).
The y-axis represents phytohomone concentration measured as pmol per g of fresh weight. (b) The GA-related genes expressed in C. ficifolium at the age 14-24 DAS
under LD and short days SD. The y-axis represents relative expression in transcript coverage (TMM). Blue columns correspond to LD treated samples, golden ones
represent SD treated samples. Transverse lines at each dot (median value of three biological replicates) represent standard deviation. Statistical significance (p-values
* < 0.05, ** < 0.01 and ***< 0.001; t-test and Wald-test (DESeq2) corresponding to concentration and gene expression measurements respectively) between pairs of
differentially treated samples is represented by asterisks. The x-axis represents eight sampling points (two sampling points per day: morning —9.00, and after-

noon —15.00).

JA and ROS, has been described recently in A. thaliana [25,63]. These
studies applied a single long photoperiod (32 h), which followed the SD
photoperiodic regime. The increase in ABA level after the shift to longer
photoperiod (17.5 h) was also described in C. quinoa by Bendevis et al.
[8]. Our experimental conditions applied the invariant SD or LD
photoperiodic regime, not changed since seedling germination, without
switching between both photoperiods. We cannot, therefore, attribute

10

the abundance of stress-related hormones produced under LD in
C. ficifolium to the stress by altered photoperiod as described by Nitschke
et al. [64], but rather to the stress caused by prolonged irradiation.
The evaluation of transcriptomes collected across ten days made it
possible to investigate global gene expression profiles associated with
the two contrasting photoperiods. We found many genes differentially
expressed between LD and SD involved in biotic or abiotic stress
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Fig. 8. The expression of important stress response related genes in C. ficifolium 459 at the age 14-24 DAS under long (LD) and short days (SD). Blue columns
correspond to LD treated samples, golden ones represent SD treated samples. Transverse lines at each dot (median value of three biological replicates) represent
standard deviation. Statistical significance (p-values * < 0.05, ** < 0.01 and ***< 0.001; Wald-test (DESeq2; three biological replicates, each consisting of
3-5 seedlings) between pairs of differentially treated samples is represented by asterisks. The x-axis represents eight sampling points (two sampling points per day:
morning —9.00, and afternoon —15.00. The y-axis represents relative expression in transcript coverage (TMM).
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responses, particularly in oxidative stress response. For example, genes
encoding peroxidases and L-ascorbate peroxidase were abundant among
DE genes, most of them highly upregulated under LD, which coincided
with high ABA, JA, and SA levels. The activation of numerous stress-
related genes by LD suggests the occurrence of oxidative stress, most
likely provoked by photosynthesis at long photoperiods, as the main
source of ROS in aboveground plant tissues are chloroplasts [5].
Enhanced ABA, JA, and SA levels may alleviate the deleterious effects of
ROS generated during prolonged photosynthesis under LD by inducing
antioxidant production.

Although plants under severe stress suppress the processes of growth
and development [55], mild stress may be associated with growth pro-
motion. C. ficifolium plants cultivated under LD grew more rapidly and
produced bigger biomass. This response indicates that plants could cope
efficiently with oxidative stress under LD. The high levels of
stress-related phytohormones produced under LD did not inhibit the
growth in C. ficifolium.

4.2. The high concentrations of ABA, JA, and SA produced under LD did
not accelerate flowering in C. ficifolium 459

ABA, SA, and JA not only mediate stress response and influence plant
growth, but they also regulate the floral transition. ABA was found to be
associated with earlier flowering induced by drought stress (drought
escape) in A. thaliana under long days [74]. However, there is also ev-
idence about the delay of flowering caused by ABA [79]. SA was re-
ported to activate transition to flowering in Arabidopsis thaliana under
UV-C light stress [58]. SA has been known to promote flowering in
specific species (e.g. in aquatic genus Lemna, [15,27]). It is also involved
in stress-induced floral induction in Pharbitis nil [35]. JA was reported to
suppress flowering in A. thaliana [12]. However, at low concentration,
JA enhanced floral induction in L. minor under LD conditions [46].

We observed accelerated flowering in C. ficifolium 459 under SD
when the ABA, JA, and SA contents were low. Thus, the simultaneous
increase of endogenous concentrations of all three stress-related phy-
tohormones under LD did not induce earlier flowering of C. ficifolium
459. However, it is possible that these high concentrations contributed
to the delay of flowering in this accession observed under LD. The ho-
molog of SVP, which functions as a negative regulator of ABA catabolism
and at the same time as the repressor of flowering in A. thaliana [93],
was highly activated by LD. It could mediate the floral inhibition,
supposing that the SVP homolog in C. ficifolium possesses the same
function as in A. thaliana. It is not easy to test this hypothesis directly,
because C. ficifolium is recalcitrant to transformation, and no mutations
are so far available. Fortunately, some populations of C. ficifolium
behave as facultative long-day plants, flowering earlier under LD (the
accession 283/9, Storchova et al., 2019). The transcriptomic and hor-
monomic study on floral induction in this accession is now running in
our lab with aims to elucidate the potential inhibitory effect of ABA, JA,
and SA on flowering in C. ficifolium.

4.3. The floral induction in C. ficifolium 459 under SD was accompanied
by slightly elevated CK concentrations

The possible function of gene homologs in C. ficifolium can in part be
estimated by their sequence similarity with the A. thaliana genes. No
phytohormone-related gene function study in Chenopodium has been
available by now. Nevertheless, the transcriptomic data provide a useful
hint when transcriptional profiles of gene homologs with putative
metabolic function correlate with the estimated levels of the phytohor-
mones, as we observed in the case of CKs.

The genes putatively involved in CK metabolism were upregulated in
C. ficifolium under SD, in parallel with higher concentrations of tZ and
cZ. The transcripts of IPT5, IPT9, and CKX5 homologs were the most
abundant among the IPT and CKX gene family members, respectively,
suggesting their possible participation in the biosynthesis and
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degradation of CKs in aerial parts of C. ficifolium. Interestingly, IPT2 and
IPT9 participate in cZ biosynthesis [26]. Therefore, their homologs may
perform a similar function in C. ficifolium.

Also, the genes functioning in the CK signaling pathway, e.g.,
encoding the type-B Response Regulators (transcription factors acti-
vating CK target genes), were transcribed more under SD. This obser-
vation implies a more robust CK response in SD-grown plants of
C. ficifolium than LD-cultivated plants. The interaction between ABA and
CK is generally antagonistic. The high ABA levels repressed the
expression of the IPT genes and the CK content in A. thaliana [62]. The
observed downregulation of many genes associated with CK metabolism
and signaling under LD implies similar crosstalk in C. ficifolium, too.
Also, JA is known to impose a negative effect on CK levels [21].

CK elevation was described upon transition from vegetative to the
generative stage in Brassica napus [87] or in Triticum monococcum upon
vernalization [90]. The transition to flowering by elevated endogenous
[7] and exogenous [19] CK levels were described in A. thaliana. High
endogenous CK content was also observed during floral induction in
apple trees [53]. The application of CKs resulted in floral induction in
non-inductive SD in Sinapis alba Bernier, [9]. The increase of tZ, the most
physiologically active CK in stimulation of cell division, observed in our
experiments, correlated well with advanced development of apex under
SD. It is, therefore, possible that higher concentrations of bioactive CKs
under SD may be associated with floral induction in C. ficifolium 459.

GAs are frequently referred to as the stimulators of flowering in
A. thaliana [28,70] and other plant species, e.g., Lolium perenne [57],
particularly under non-permissive photoperiod. The GA levels in whole
aerial parts of C. ficifolium seedlings were low, which may be explained
by their preferential accumulation in small apical parts, which pre-
vented the detection of their changes in the whole aboveground sam-
ples. The GA; concentration was a bit higher under SD. The expression of
some gene homologs responsible for GA biosynthesis or degradation was
higher under SD, unlike some other metabolic genes (e.g., the homologs
of GA200x1 or GA20x2) activated by LD. Simultaneously, upregulation
of expression of the transcription factor GAMYB33 under SD indicated
stimulation of GA signal transduction. These findings suggest a complex
regulation of GA metabolism in C. ficifolium, which may be related to the
transition from vegetative to generative stage.

Auxin and CKs regulate cell proliferation and differentiation by
controlling cell division. They also act in synergy in the course shoot
apical meristem formation [98]. The concentrations of IAA and PAA did
not differ very much between LD and SD in C. ficifolium. The accumu-
lation of auxin metabolites IAA-glutamate and 2-oxindole-3-acetic acid
seems to suggest dynamic auxin regulation under SD.

Many genes putatively participating in the auxin metabolism,
transport or signaling were differentially expressed between LD and SD,
being both up- and downregulated. We observed the strong upregulation
of several SAUR genes, responsible for fast response to auxin, under SD.
This activation may be associated with a faster hypocotyl elongation
under SD [84]. Our data on GAs and auxins support the presence of a
dynamic regulatory network, controlling their metabolism and signal
transduction in C. ficifolium.

4.4. The transcription profile of the FTL1 gene, but not of the SOC1
homolog, follows the pace of the floral induction in C. ficifolium 459

The global transcriptomic study confirmed the acceleration of
flowering under SD in C. ficifolium 459 as published previously [82].
Floral induction was accompanied by a hundredfold increase of the FTL1
expression under the short photoperiod, which agrees with its function
as the floral inducer in Chenopodium Drabesova et al. [22]. This accel-
eration was followed by the activation of the floral identity gene ho-
mologs — LFY, CAL, AP1, AG, AGL9, AGL11, and UFO, suggesting their
likely function at the onset of flowering. It should be kept in mind that
we are inferring putative gene functions based on sequence similarity
with well-known genes, which constrains our conclusions. However, the
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increasing expression correlating with flowering and shared with FTLI1
indicates that these C. ficifolium genes may similarly participate in the
floral transition as their A. thaliana counterparts.

Unlike FTL1, the expression of its putative interactor FD increased a
bit more under LD than SD in C. ficifolium. The FD protein forms het-
erodimers with FT and TERMINAL FLOWER 1 (TFL1) and other proteins
in SAM of A. thaliana to regulate flowering [89]. The activation of FD
rising with plant age may be necessary for SAM competence to flower.
Another function of FD was recently described in A. thaliana, where FD
controlled the response to ABA in SAM [75]. The increase of FD tran-
scription under LD at high ABA concentrations may also be related to
this function in C. ficifolium.

The AP2 gene performs a dual role in A. thaliana. It is involved in the
development of sepals and petals together with API, but it also sup-
presses the floral transition [95,102]. Its upregulation under LD,
increasing with time, may suggest a similarly complex response in
C. ficifolium. The SPL4 and SPL7 homologs were both activated under
SD, but their transcription profiles differed. The SPL4 expression rose
gradually, similarly to the putative floral organ identity genes, but SPL7
was strongly upregulated each morning, independently on plant age.
Whereas SPL4 might contribute to the floral induction in C. ficifolium
[43], the SPL7 expression is rather compatible with its function to ensure
copper availability [4] necessary for plastocyanins to restart photosyn-
thesis after long nights.

The important floral integrator SOCI supports floral transition in
A. thaliana [11,77]. However, it may also repress flowering, as described
in woodland strawberry [60]. We measured the expression of the SOC1
homolog invariant during floral induction in C. ficifolium 459, which did
not provide a clear hint about its function. The slightly higher expression
under LD may suggest the negative effect on flowering. Still, it is also
possible that the SOC1 homolog does not participate in floral transition
in C. ficifolium, as described, e.g., in Pharbitis nil [96].

5. Conclusion

The global transcriptomic data supported the essential role of FTLI
as the main floral inducer in C. ficifolium 459, but did not indicate the
participation of SOCI homolog in floral induction. Long days induced
the production of stress-related phytohormones. Unlike some other an-
giosperms (Lemna, Pharbitis nil), the elevated concentrations of ABA, JA,
and SA did not accelerate flowering in C. ficifolium. Enhanced content of
cytokinins as well as stimulation of their signaling pathway under SD
correlated well with floral primordia formation, which may reflect their
role in flower initiation. The Up-regulation of GAMYB33 expression at
SD indicates possible participation of GA signaling in transition to
generative stage. The presence of dynamic auxin regulation under SD
was documented by the accumulation of auxin metabolites. Our study
confirmed the suitability of C. ficifolium as the diploid model not only for
the research of flowering but also for the investigation of the phyto-
hormone roles in the development in the genus Chenopodium.
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