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Abstract

The Humulus lupulus L. (hops) is traditionally produced in temperategioes,
historically attributed to the belief that vernalimn was necessary for reproductive
transition. Nevertheless, recent studies have fedethe potential for hop plants to
flower in tropical and subtropical climates, ther@bshaping cultivation prospects once
the developmental disparities are understood argtad for optimized production.
Here, we delved into the hop phenological cycle #relunderlying floral regulatory
pathways ultimately, seeking to devise strategianddulate development and enhance
production in regions with low latitudes. In corstréo cultivation in temperate regions,
hops grown in the subtropical climate of Minas @er8razil, flower multiple times
throughout the year, independently of the seasmp 14 a short-day plant, and in
Brazil, the photoperiod is consistently inductiveedto daylight hours always being
below the described threshold (16,5 h of lighticait point). We observed that the
reproductive transition of hop initiates after adfic number of nodes, 25 to 28,

leading us to hypothesize that this process is glyn controlled by endogenous
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factors. To explore this issue, we first identifiadhe hop genome families of miRNAs
related to reproductive transition, such as theilf@asnMIR156 and MIR172, and the
PEBP family which includes the FLOWERING LOCUS TT{F The expression of
mMiR156 decreased along development inversely tolif2Rand in synchrony with the
upregulation of HIFT3 and HIFT5. These findingoatly support that the reproductive
transition in hops under inductive photoperiodinditions is primarily regulated by
endogenous factors related to development and dlgiegghout the miRNA and FT-
associated pathways. Thus, our study shedded lkghtthe intricate molecular
mechanisms that underlie hop floral developmentirgavhe way for potential

advancements in hop production on a global scale.

Keywords: hop flowering, hop development, microRNA&172; Humulus lupulus
FLOWERING LOCUS T (HIFT).

1. Introduction

Humulus lupulus L. (hops) is an herbaceous, dioecious and peretiaiah
belonging to the Cannabaceae family (Natsume eP@15). The main product of this
plant is the female inflorescences (cones or daplthat present lupulin producing
glands, resin rich in aromatic compounds and esdenls used in the manufacture of
various products, including beer (Verzele and Kéeike, 1991). Thex andp acids
present in the resins provide bitterness and armnthe beer. Despite its economic
importance, hops have been mostly cultivated irpgrate zones between latitudes 35°
and 55° N or S of the Equator (Jastrombek et @222 and few works have explored its
phenological cycle in association with the regulateetworks governing flowering in

tropical and subtropical regions.

The hop phenological cycle includes the establistinoé rhizomes until the
production of flowers and senescence, a perioceladed with variable environmental
conditions in temperate regions (RolRbauer et @51 The hop rhizome is perennial,
with a longevity of approximately 14 years, and #merial part (stem, leaves and
flowers) is annual (Fric et al., 1991). Hop grovithtemperate regions begins after 6
months of inactivity (winter) at the time correspgorg to early to mid-spring.
Vegetative growth continues in late spring and ulgfeout the summer. And when the
days begin to shorten in late summer and earlynautwegetative growth ceases and

the first reproductive structures begin to develaich is followed by very rapid
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growth of the cones during at least a month. Byyeautumn, the plants translocate all

nutrients to the roots and the aerial part pefigf3pauer et al., 1995).

Hop is a plant that grows optimally in photoperadabve 13 light hours (h), is a
short-day plant (16.5 h critical), and the floweriis achieved once the plants reach a
determined size (Thomas and Schwabe, 1969). Rgcértias been demonstrated that
hop plants do not require vernalization to flonansition and rhizome age does not
influence hop yields (Bauerle, 2019). In agreemeatmembers of the FLOWERING
LOCUS C (FLC) orthologs, a known flowering represeslated to vernalization (Zhu
et al., 2015), were found in the hop genome (Madbetiérrez et al., 2022).

The phenology of four hop cultivars grown in Sa@tarina (a state in the south
of Brazil) was evaluated, being described thatwbgetative growth occurs between
September and December while the reproductive staies place at the end of
December and the cones development between Jaan@rdyebruary of the subsequent
year (Fagherazzi et al., 2023). Some of the phegyatages proposed are not found in
subtropical regions, for example, hop plants arpabke of blooming prematurely,
skipping the lateral shoot formation, stages thataanormal step in the development in
temperate latitudes. This causes unevenness itahes and therefore impairs the

harvesting in the sub-tropics (Acosta et al., 2021)

The dynamic of some microRNAs (miRNAS) transcriptis related to floral
transition (Schwab, 2012). miRNAs are a type of lsman-coding RNA (generally
with 20-22 nt in length) that post-transcriptiogalegulates the expression of mMRNAs
target genes through RNA-RNA interactions (Teotil &ang, 2015). During the
juvenile phase, miR156 accumulates in leavesAadbidopsis thaliana to repress
transcription factors of the SQUAMOSA PROMOTER-BINIE PROTEIN-LIKE
family (SPL) (Wang, 2014; Wu et al., 2009). In soptents, the transition of vegetative
to reproductive phase is accompanied by leaf mdoglgo changes, known as
heteroblasty, e.g?isum sativum (Vander Schoor et al., 202Bassiflora edulis (Silva
et al., 2019)A. thaliana (Wu et al., 2009) which is also observed in hopc(Et al.,
1991). The identity of leaves is controlled by SRinscription factors expressed in the
shoot apical meristem (SAM) during the early vetje¢adevelopment (Fouracre and
Poethig, 2019). Recently it was demonstrated tiatnmiechanism causing the miR156
down-regulation is due to epigenetic marks addeithénMIR156 locus elicited by cell
divisions in the SAM (Cheng et al., 2021). Therefaihe accumulation of miR156 in
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leaves, which originated from the SAM, works asnzet that reflects the plant's aging

(number of cells division).

On the other hand, acting antagonistically to mi&lthere is the miR172 that
accumulates during leaf development and promotaslftransition (Schwab, 2012;
Teotia and Tang, 2015). The miR172 is up-regulae&PLs and, in its turn, represses
the APETALA2 (AP2), a transcriptional repressor HOWERING LOCUS T (FT)
(Aukerman and Sakai, 2003). Accordingly, in Aralgds the expression d&T is
inhibited by AP2 or AP2-like transcription factdSastillejo and Pelaz, 2008; Hu et al.,
2021; Mathieu et al., 2009) in a positive feedb#ickt also regulates the miR156
expression (Yant et al., 2010). Therefdfd, is responsive to diverse endogenous and
environmental stimuli perceived by molecular patizsven leaves before the FT protein

can be translocated to the meristems to induceefiog (Corbesier et al., 2007).

Orthologs of FT have been identified in severakcgsesuch as rice (Tamaki et
al., 2007), coffee (Cardon et al., 2022) and matmgrs (Pin and Nilsson, 2012). FT
belongs to the PHOSPHATIDYLETHANOLAMINE-BINDING PRIEIN (PEBP)
family, which is conserved in plants and animais &t al., 2021). In plants this family
is divided into four subfamilies: Mother of Floweg Locus T (MFT-clade), Brother of
Flowering Locus T (BFT-clade), Flowering Locus TT(Elade) and Terminal Flower
(TFL-clade) (Jin et al., 2021). The presence otBjeamino acids in the FT protein is
critical to induce flowering (Ahn et al., 2006; lad Weigel, 2014). 1A thaliana, the
expression ofFT in leaves is promoted by long day conditions, eckd by the
presence of multiple cis-regulatory elements (CRIEEs)rring at least 7000 nt upstream
of the FT locus (Adrian et al., 2010). For exammae of these CREs is the E-box

domain which enhances tR@ expression in response to blue light (Liu et &08).

The molecular network complex, represented by m@rRIlA2 and~T, was found
to be conserved in multiple plant species suchPa®dulis (Silva et al., 2019),
Dendrobium catenatum (Zheng et al., 2019) anB. sativum (Vander Schoor et al.,
2022). Thus, the interplay between age, photopeaiod other molecular pathways
influences the miR156-SPLs and miR172-AP2 targepiags levels and, under an
optimum balance, promotes th€l expression and, consequently, the reproductive
transition (Teotia and Tang, 2015). Despite its antgnce for floral induction, this

regulatory module was not yet explored in hop.
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In this work, we first characterized the phenolagjistages of hop development
under subtropical conditions of Brazil. Then, wentified conserved MIRNA families
and members of the PEBP family, with special foonsg=T-like genes, in the hops
cascade genome (Padgitt-Cobb et al., 2021). Fineéyanalyzed the expression profile
of miR156, two miR172 and twBT-like throughout the hop development. Since the
mMiR156-172 and FT-like constitute a floral regutgtaetwork, our results demonstrate
that hop flowering is mainly controlled by endogescdfactors related to age and
development when cultivated in photoperiod induetbonditions (less than 16.5 h of
light). Thus, this work contributed to the bettenderstanding ofH. lupulus L.
reproductive development in the tropics, openingspectives to improve hops

production worldwide.

2. Materials and methods

2.1. Plant material and field conditions

To determine the phenological stages and the trigtisnal profile of miR156
and miR172 in subtropical conditions, female plasftshree hop cultivars were used:
Chinook, Millenium and Northern Brewer (NB). Thepeximent was conducted in one-
year-old plants (during the years 2019-2021) inoeality of Lavras/MG-Brazil (-
21.246732, -45.002251; 918 m.s.n.m). Lavras is @ore considered to have a
subtropical climate marked by a rainy temperatesgtieermal) with dry winters and
rainy summers, and temperature of the hottest maintive 22 °C in February (Dantas
et al.,, 2007). The soil used was analyzed by thié Awalysis Laboratory in the
Department of Soil Sciences at Federal Universitiavras (UFLA) and classified as
clayey (36 % of sand, 18 % of silt and 46 % of glayith a content of organic matter of
1.23 %, a cation exchange capacity of 7.20 cmol8/damd pH of 6.4. Each cultivar
was planted in rows separated by 1.5 m and eaadh plan apart. Three stems per plant
grew over fiber strings of 0.5 cm of diameter. To®p management was done
according to Dodds, (2017). To analyze the dynamicaiR156 and miR172, pairs of
leaves of the 5th, 10th, 15th, and 20th nodes waltected from plants with size of 10,
15, 20 and 25 nodes, respectively, immediately insgekin liquid nitrogen and deep

freezer (-80€) stored until RNA extraction.

To evaluate the expression 6t-like genes, hop plants of the Northern Brewer
(NB) genotype were grown in a Greenhouse of Pldntsilogy sector of Federal

University of Lavras. The plants were produced adiog to Bauerle, (2019), firstly the
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cuttings were immersed in Hoagland solution (1/dyiry two weeks in growth
chambers (16/8 light/obscure to 22 °C) until theiegs developed roots. Secondly, the
plants were transferred to 11 L pots with a mixtof€:1 soil-sand and maintained in
greenhouse condition (28/20 °C day/night). The tglagrew during October to
December which the photoperiod extends from 110418t5 h light. The foliar material
was collected from plants with 10, 15, 20, and 28eas during the dusk and stored as

was previously mentioned.
2.2.  miRNAs prediction in hop genome

The H. lupulus assembly genome and genome annotation (Padgitt-€ohl.,
2021) files were obtained from hopbase (http:/laggbcgrb.oregonstate.edu/). The
identification of microRNAs was done according te 8ouza Gomes et al. (2011).
Sequences identified as precursors of mIRNA moéscwvere structurally and
thermodynamically characterized using RNAfold saitev (ViennaRNA Services,
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/Rbdd.cgi). RNAfold is a predictor
of the secondary structure and indicates the théymamic characteristics of each
molecule, such as Minimum Free Energy (MFE), divgrand frequency of sequences
(Hofacker, 2003). The alignments among the hop nAiRprecursors and their

homologs were also performed using RNAalifold (\ri@RNA Services).
2.3. Insilico analysis of miR156 and miR172 targets

In order to infer which members of miR156 and l1&ghifies predicted in the
hop genome are targeting SPL and AP2 transcripgsused the psRNATarget tool
(https://lwww.zhaolab.org/psRNATarget/) (Dai et &018; Dai and Zhao, 2011). The
mature sequences were used as queries againstia@ntlianscript targets retrieved
from Hopbaselttp://hopbase.cgrb.oregonstate.¢qRadgitt-Cobb et al., 2021). It was

considered those microRNAs that presented a Maxinexpectation (Exp) value
between 0 and 1. In addition, to confirm the preseaf SPL and AP2 or AP2-like
domains in the putative target transcripts, theitgin sequences of each were inspected
for conserved domain by using the NCBI conservedhan database online tool

(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsii)c

2.4. Identification PEBP family members, selection of-KE genes in the hop

genome and cis-regulatory elements analysis
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We used the BLAST v.2.11.0 (Altschul et al., 198¥)scan the hop proteome
searching for PEBP proteins sequences. The FTipristen A. thaliana was used as a
BlastP query against putative proteins obtainediiposly by our group (Marquez
Gutiérrez et al., 2022). In parallel, BlastP wasoalarried out against the hop proteome
retrieved from the HopBase platform. We only coesédl PEBP proteins, those
sequences presenting a conserved domain verifiedidmgain inference analyses.
Redundant proteins reported in the same locus walepsed after manually curating
genomic loci with IGV (Thorvaldsdéttir et al., 2013

PEBP protein sequences from multiple species wettiefrom the NCBI
database, along with those from. lupulus described above, were used in our
phylogenetic analysis. The multiple sequence algmn(MSA) was performed with
MAFFT v.7.475 (Katoh et al., 2002). The MSA was leated with GUIDANCE 2
v.2.02 (Sela et al., 2015) to remove low confideeequences. Both steps were run
under default parameters. Phylogenetic trees wefered with PHYLIP v.3.696
(Felsenstein, 1989), using the Jones-Taylor-Thorntaatrix and neighbor-joining
clustering method (Saitou and Nei, 1987) over 5,0606tstrap replicates. Finally, the
phylogenetic tree was visualized with the onlinel toteractive Tree Of Life (iTOL)
(Letunic and Bork, 2021) and the hop PEBP proteimese classified into subgroups
according to the Arabidopsis PEBP protein classiifon (Jin et al., 2021).

The PEBP hop proteins that clustered in the FTdilaele were further analyzed
to determine if they are a potential floral induoemnot. First, the global alignment with
orthologous sequences was visualized in R v.4 drfiguhe “ggmsa package”. This was
important to determine the presence of amino aaidsitical position which has been
determined to confer FT floral inducing activity {A et al., 2006; Ho and Weigel,
2014; Jin et al., 2021). Finally, cis-regulatorgraknts of the FT-like loci were scanned
up to 6,000 nt upstream from the transcriptiontssie (tss) with the PlantCARE
database (Lescot et al., 2002).

2.5.  RNA extraction and Real-Time Quantitative PCR (RAIGIR) analyzes

Total RNA from leaves were extracted accordingeadddiveira et al. (2015). To
eliminate DNA contamination, RNA samples (§) were treated with DNase | using

the Turbo DNA-free Kit (Ambion). RNA integrity waanalyzed in 1 % agarose gel, and
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RNA content, as well as purity, were accessed lectspscopy in which all samples
showed 1.820D260/280<2.2 (NanoVue GE Healthcare, Munich, Gegpa

The stem-loop method (Varkonyi-Gasic et al., 200@s used for cDNA
synthesis, following the procedures by Cardosd.e{2018) with some modifications:
using the ImProm-IITM Reverse Transcriptase (Praemm which 1ug of treated
RNA was adjusted in a volume of 8.5 ul with RNAseef water. To the treated RNA
was added 1.25ul of oligo-dT primer, 2.5/ul of each specific stem-loop RT primer
(207 1uM) and 1.251ul of the dNTP (10 puM). To perform the gPCR of Hdelgenes, 1
ug of the total RNA was reverse transcribed into éDi$ing the High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientifl@altham, MA, United States),
according to the manufacturer’'s protocol. Relatgene expression was calculated
based on the ZACT method (Livak and Schmittgen, 2001) and nornedliagains&
ADENOSYLMETHIONINE SYNTHETASE (HISAMS-000185F.g19.11) and
TRANSLATION ELONGATION FACTOR 1-ALPHA (HITEF1A-000060F.g21.t1). These
reference genes were selected based on their sikprestabilities across public

RNAseq libraries and all the primers used are alb&lin Table S1.

Real-Time Quantitative PCR (RT-gPCR) was performaith the Rotor-Gene
SYBR® Green PCR Kit (Qiagen), on a Rotor Gene-QtRgrmocycler (Venlo,
Netherlands) using three biological repetitionsneth in three technical replicates as
described by Lépez et al., (2022). The expressate and the confidence intervals were
calculated according to the method proposed byb&iteit al., (2009), which considers
the linear mixed-effect model. Residuals were iexlito be normally distributed and

the graphics were drawn with R v.4.3.0.

3. Results

3.1. Phenological analysis during the hop growth

The hop phenological cycle under a subtropical aléraccompanied along one
year is shown in Figure 1. We found that hop presema different growth cycle in
subtropical climate compared to temperate climg@efbauer et al., 1995). In one year
it was observed four complete cycles of hop grolyure 1A) starting with the
rhizome buds break (Figure 1B), the formation ohew bine lasts for one week
(beginning of shoot-growth, Figure 1C). Then, thewgh was linear until plants found

support and started to grow in the clockwise dioec{Figure 1D). Although very rare,
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some plants independently of cultivar started tmagsecondary branches (from 18 or

22th node) when 25 or 30 nodes were developed.

The plants began to flower when 25-30 visible nodese formed (Figure 1E).
The flowering was observed in any time of the yéaing dependent on plant size, in
terms of number of nodes, and genotype. For exarpfaats of the NB cultivar started
to flower when 25 nodes were developed and flovgewas only verified in plants with
30 nodes for Chinook and Millenium genotypes. Tirs fnflorescences emerged in the
18 to 22" nodes in the axillary buds of primary bines (FgiE). The plants with
secondary branches also presented flowers in thellary buds. Interestingly, the
flowering stopped when plants reached 30 or 35 s:a@ the last inflorescences
emerged in the nodes 28 or"3@&Ithough the bines continued to grow until thens

started to senescence.

¥ Precipilation

‘ Veqgetative axillary
buds

Inflorescences

Cones

% o ", [ [ W30
a Rhizome with buds
Sprouting i

Sprouting Vegetative  growth Vegetative Inflorescences
(3 nodes plants) growth (10
nodes
plants)

Figure 1. Developmental pattern of hop in subtrapirazilian conditions. A) The
photoperiod (orange line) increased from a minimaM10.5 hours on 10th June to a
maximum of 13.5 hours on 21th December, which iwagé below the critical
photoperiod of 16.5h (yellow line). The rainy petistarts in September and extends to

May being followed by the dry season (blue lind)eTphases are shown as follows: B)
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sprouting, C) vegetative growth in three nodes estdd) vegetative growth with ten

nodes, E) inflorescence stage and F) cones stage.

The inflorescence stage lasts 1-2 weeks (Figk)e dnding when the stigmas
begin to degrade. After that, the cones began t@ldp and lasted for one month
(Figure 1F). Then, it started to degrade and falilevthe plants were senescing. When
the aerial parts were removed, new buds from rhésdeveloped into new bines and
the cycle started once again at any point of thar {&igure 1). In addition, it is
important to highlight that during the winter (frafune-August), which is cold and dry
in this region, the plants were irrigated, so teé&ait of water in hop development was

not evaluated here.

Another aspect of hop development is that thistgiaesents heteroblasty (Fric
et al., 1991), which could be observed in the lsawkthe cultivar NB during the
vegetative development (Figure 2). It is possiblede a heart shaped juvenile leaf leaf
(Figure 2A) becoming trilobed (Figure 2B), whichcacs usually, from the 7th or 8th
nodes (Figure 2C and D) and marks the transitiothéomature stage. We found that
when NB plants, growing in the evaluated conditjaresched the 25 node stage they
began developing the inflorescences in the axiltdrthe principal branch (Figure 2E,
F).

Figure 2. Heteroblasty in hop leaves observed f@ NB genotype during the

vegetative and reproductive development. Heartesthgysenile leaf (A). Trilobed leaf
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(B). Change from heart shaped juvenile leaf tolld leaves in 7th node (red arrow)
(C). Change of heart shaped to trilobed leaves ftwmrn/th node to the apical meristem
(red arrow) (D). Inflorescences in the 20th axjyllande (E). Inflorescences in the 20th

axillary node one week after blooming (F).
3.2. Identification of precursors and mature miRNAs

A total of 137 precursors of mMiRNAs and 188 matn&NAs were identified
representing 75 conserved families of MIRNAs (TaBlg, 35 more than the 40 family
previously found (Mishra et al., 2016). Most famdicontain only one mature sequence
being the miR156, the family with the highest numlfii&een, followed by miR171 and
miR169 with fourteen and eleven mature sequencespectively (Table S1).
Furthermore, the sequence length ranged from IBltaucleotides (nt) and found in

common had more than 80% identity with the main tlogues.

3.3.  Precursors and mature miRNAs 156 and 172 in hop paadiction of their

potential targets

To explore in detail the microRNAs related to refrctive development, we
selected the identified members of the microRNAS ahd 172 families in the hop
genome (Table S1). We found eight members of th&1d6 family that codified
precursors, with length ranging between 96 andr#t6@ able S1), three of them were
found to produce mature copies of hlu-miR156d. faltof fifteen mature sequences
were predicted to have originated from the pre-rbBiRfbrecursors with sizes that vary
from 18 to 22 nt (Table S1). The precursor hlu-ntiBd only originates one mature
sequence in its 3’ arm. For the MIR172 family, fauembers were found codifying
precursors with sizes between 177 and 253 nt, ff@se, the member hlu-miR172b is
duplicated in the genome (Table S1). These memifdte MIR172 family give place
to eight mature miRNAs (3p and 5p) that vary iredetween 19 and 23 nt (Table S1).

Characterization of these two highlighted familiess performed to compare the
identified miRNAs with the corresponding homologu@sgure S1 and S2). The
secondary structures were shown to form hairpinsgaRding the alignments, the
sequences showed more than 80% identity in the musirtant part of the miRNAs,
the mature sequences, which is the part that afédgtinds to mRNA targets in plants.
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The prediction of targets of mature miRNAs156 af@ In the hop genome
revealed that only hlu-miR156a-3p presented a 1060%atch (or expectation of “0”)
with six SPL genes of hop (Table S1). These resanésin agreement with targets
described in other plants (Wu et al., 2009). Reiggrtb the eight miRNA172, two out
of them, hlu-miR172-3p and hlu-miR172d-3p, presgéraa expectation of 0.5 and 1
with four AP2 and three AP2-like of hop (Table Sdhich means that only one or two
nucleotides does not match with targeting regionshese genes. In this case, hlu-
miR172d-3p targeted three AP2-like genes. In agldithlu-miR156a-3p, hlu-miR172-
3p and hlu-miR172d-3p appear to regulate theseettaggnes through cleavage.
According to these results, these microRNAs wetecged to have their expression

evaluated during hop development.
3.4. RT-gPCR of miR156 and miR172 during leaf developimen

The expression of three miRNAs (hlu-miR156a-3p,-hiiR172d-3p and hlu-
miR172-3p) was accessed by RT-gPCR in leaves \iffirént ages and node position
of three hop cultivars (Figure 3). Comparing leaaedifferent nodes, the hlu-miR156a-
3p expression decreases significantly from theddes plants to the 25 nodes plants for
all the three genotypes (Figure 3A). Contrary tis thattern, the expression of hlu-
miR172d-3p and hlu-miR172-3p increases signifigafitm 10 node plants to 25 node
plants, especially for the Chinook and Milleniumngg/pes, whereas this increasing
could not be verified for the NB (Figure 3B and @).this genotype, hlu-miR172d-3p
showed significant expression only in plants with ibdes when compared to plants
with 10 nodes (Figure 3B). Nevertheless, the exasof hlu-miR172d-3p did not
exhibit statistical differences among differentmilaizes for the cultivar NB (Figure
3C).

hiu-miR1S6a-3 hlu-miR172d-3 hlu-miR172-3
A P B P C P

Figure 3. Relative expression of hlu-miR156a-3p, (Au-miR172d-3p (B) and hlu-
miR172-3p (C) in three hop genotypes: Chinook, &filbm and NB in leaves from
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plants with 10, 15, 20 and 25 nodes. The letter ff&dans significant differences
compared with 10 nodes plants, the letter “b” mesigsificant differences compared
with 15 nodes plants, and the letter “c” meansiigant differences compared with 20
nodes plants. The asterisks indicate the signifealevel p=0 “*** p=0.001 “**
p=0.01 **.

3.5. Expression analyses of FT-like genes and its preneis-regulatory elements

To determine the expression profileFoF-like in hop along development and to
test the hypothesis that it induced in an age-dégenway, we firstly identified and
classified the PEBP proteins. Throughout phylogenanhalysis, we found sixteen
PEBP protein (Figure 4A): three in the MFT claddMHAT1-3), six in the TFL clade
(HITFL1-6), and seven in the FT-like clade (HIFTL-th addition, a sub-clade within
the TFL clade that seems to be specific to the @laacea family with six members,

however members of the BFT subclade were not fautide hop genome (Figure 4A).

The presence of certain conserved amino acidsegifgppositions of FT-like
proteins (Try-85, Glu-109, Trp-138, GIn-140 and A$P) is necessary to its function
as floral activators (Ahn et al., 2006; Ho and W&i@014). Thus, we analyzed these
important regions of conserved amino acids andddbat there are two PEBP proteins
with all the required positions filled with the sjfec floral inducing components
(potential florigens). These proteins were namedTiBland HIFT5 with 176 and 175

amino acids, respectively (Figure 4B).
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Figure 4. Phylogenetic analysis of PEBP proteinkay (HI), A. thaliana (At), Arabis
alpina (Aa), Capsella rubella (Cr), Camdina sativa (Cam.s), Cannabis sativa (Cs),
Malus domestica (Md), Solanum lycopersicum (SI) andOryza sativa (Os) (A). Multiple
sequence alignment of PEBP proteins that clusteredFT-like clade; the essential
amino acids and positions that confer FT activitg shown (B). Cis-regulatory
elements predicted in positive and negative strarid®00 nt upstream of translation
start site ofHIFT3 andHIFT5 (C). RT-gPCR expression &flFT3 andHIFT5 during
NB cultivar development. The asterisks indicate #ignificance level p=0 “***;
p=0.001 **; and 0.01 . Bar plots represent thelative difference in expression in
log2 of fold change (Log2FC) in relation to thesfiterm described. Green bars
represent comparisons between both geR&STE vs HIFTS) in each stage analyzed,
for exampleHIFT3 (first term of comparison) is always more exprdstenHIFT5
(second term). Each bar (blue and lilac) represeméscomparison in gene expression
between plant size (number of nodes). Error baredrare the 95% confidence interval
calculated using the LMM methodology, a gene isnisk Differentially Expressed

(DE) if its confidence interval does not cross tinenber O in the y axis (D).
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ArabidopsisFT is controlled by the circadian rhythm (Adrian &t 2010), thus
in order to explore related motifs in thkFT3 andHIFT5 promoter we checked the cis-
regulatory elements in 6000 nt upstream of thestedional start sites. Results showed
that both genes could respond differently to emritental changes, since the promoter
of HIFT3 contains more motifs to hormone response wher#&35 contains more

motifs to light response (Figure 4C).

Considering both strands of the 6,000 nt upstresgion ofHIFT3 we identified
thirty nine hormone responsive motifs, twenty fouotifs that respond to light, ten to
stress response, six to anaerobic response andymoveth and development motifs
(Figure 4C). The most represented hormone respemsotifs were the ones related to
jasmonic acid methyl ester (MeJA) TGACG-motif (imeturrences) and CGTCA-motif
(ten). Other hormone response motifs such as tihglese responsive maotifs,
represented by the ERE (eleven), the ABRE absearsid response motifs (four), the
salicylic acid responsive TCA-element (two), auxe@sponse by TGA-element (one)
and the P-box gibberellin response motif (one) wadse found within thédIFT3 cis-
regulatory elements. The light responsive elementdhe HIFT3 promoter were
represented by the Box-4 (seven), AE-box (fourd®-and GT1-motif (three each),
TCCC and TCT motifs (two each), and Spl, GTGGC;Ch\1la, and AT1 motifs
(one each). In the case of stress response elentieatmost represented was the LTR

(seven), a cis-acting element involved in low-terap&re responsiveness.

In contrast to the promoter region of tHE#-T3, the 6,000 nt upstream of HIFT5
is preferentially enriched for light responsiversénts instead of hormone responsive.
The most abundant light responsive elements wer8tx-4 motif (seven occurrences),
followed by the motifs TCT and GATA (four each)getelements I-box, E-box, GT1,
and G-box (three times each), the motifs GA, GABAd MRE were distributed (two
times each), while the motifs ATC, GARA, LAMP an&T had a single occurrence.
Regarding the hormone responsive elements, the abosidant in théllFTS promoter
was related to abscisic acid responsiveness, ABRE),(followed by the ERE motif
(four), the TGACG-motif (two) and CGTCA-motif (twp)whereas a gibberellin-
responsive element (P-box, two occurrences) watifagel, and an element responsive
to auxin was also found (TGA-element, two occurescThe others motifs identified
in the HIFTS promoter were these related to anaerobic respdARE, seven

occurrences), those that respond to stress like WHdNF (six), the TC-rich repeats
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motif (three), LTR (two), and MBS (one). Finallyegarding the plant growth and
development elements, it was possible to identié/rotif CAT (three), the CCGTCC-
box motif (one), the plant AP-2-like motif (onehet AC-I motif (one), and the AC-II

motif (one).

In order to explore the FT-regulatory pathways gldmop development and
correlate it with miR156 and miR172 expressionsgyfé 3), we analyzed the
expression oHIFT3 andHIFT5 in leaves of plants with different sizes (10, 28,and
25 nodes). In figure 4D it is observed that in stihges analyzed;lIFT3 is more
expressed thahllFT5 for almost 250 times (green bars). Comparing t@essions
between plant with different node number (blue Jatise expression oHIFT3 is
significantly higher (2 times, p < 0.05) in plamgh 10 nodes (10N) than in plants with
15 nodes. In plants with 20 nodes, the expresdid#il6T3 is significantly higher than
in plants with 10 nodes (2 times, p < 0.05), asw &igher than in plants with 15 nodes
(3.5 times, p < 0.001). In all cases, the expreseidHIFT3 is lower in plants with 25

nodes (p < 0.001), indicating that the peak of eggion occurs in plants with 20 nodes.

Meanwhile, although less expressed ti#RT3 in all considering conditions,
HIFT5 is more expressed in 15 nodes plants (8 timesQ®&l1) and in 20 nodes plants
(5 times, p < 0,001) than in plants with 10 nod€g.(4D, lilac bars). The expression of
HIFT5 is not different between 15 and 20 nodes planisil& to theHIFT3 expression
pattern, in plants with 25 nodes the expressiddlBiT5 decreased (Figure 4D).

The high expression of bothlFT3 andHIFT5 in the 20 nodes plants coincides
with the low expression of the miR156 and increais@iR172 (Figure 3) together with
the exact time of the observed floral transitionBirazilian conditions for NB plants
(Figure 1). From that, a model was depicted expigithe floral development and the
related miRNA156/172-FT pathway (Figure 5).

Moreover, the differences of expression betwk#RT3 (more expressed) and
HIFT5S suggest that in the evaluated conditions, HhET3 acts as the true florigen.
Many hypotheses can be raised for Hi&T5 homolog function, which could have
retained redundant functions tlFT3, sub functionalized or acquired a different
function, or be stimulated by different environnarues, or even lost the function as a
florigen. Supporting some of these hypotheses,different expression pattern of

HIFT3 andHIFT5 may be a consequence of the contrasting distobudi regulatory
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elements found in their promoters (Figure 4C) thaggests thaHIFT3 is primarily
responsive to hormones wherddd-T5 is primarily responsive to light. Thus, further

analysis at different growth conditions is necegsarespond to these questions.
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Figure 5. A model of the miIRNA156/172 aRd@ expression explaining the hops floral
transition. The high expression of bdt#hFT3 andHIFT5 occurs in the 20 nodes plants
(Figure 4D) which coincides with the low expressiminthe miR156 and increase of
miR172 (Figure 3) together with the exact time loé tobserved floral transition in

Brazilian conditions for NB plants (Figure 1A).
4. Discussion

Studies of the phenological cycles and phenotypichbnges can be
accompanied by molecular analysis to better elteitlde intricate routes that dictate
the stage transition between species. It is algmitant for the understanding of how
crops have evolved and adapted to different regionsresponse to particular
environmental changes. In other words, how cropsgdee environmental signals, such
as temperature and photoperiod, to trigger the dtovg development and achieve
reproductive success. Therefore, interpreting theterconnected abiotic and biotic
processes allows us to predict the behavior ofatph some conditions, and above all,
direct breeding programs towards crop productiomifferent regions, as for hop in

Brazilian subtropical conditions.

In this work, we combined phenologic, phenotypial amolecular biology

analyses to better understand hop developmenthimagical conditions. To do so, we
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first discriminated the different stages of hop elepment (Figure 1A) and evaluated
the interplay between expression patterns of orl&6, two miR172 and two putative
FT-like (HIFT3 and HIFT5) in four developmental stages of three hop gerestyp
cultivated in Minas Gerais/Brazil (Figure 1B). Ulyathe start of hop growth in
temperate regions begins with the shoot developfnemt buds in the rhizome after the
winter period known as endormancy or winter ar(@ifRbauer et al., 1995). In the
conditions studied here, when the rhizome budshréaeir maximum size, they enter a
stage of inactivation that ends with the removaltled aerial parts, triggering the
development of new aerial parts (Figure 1C). Thismqpmenon corresponds to a state
of paradormancy or dormancy by correlation, in \Wwhibe buds are inhibited by the
presence of other organs (Falavigna et al., 2Q#®)yeover, in the North hemisphere
the hop floral development starts 90 days aftessgireuting and the flowering occurs at
the end of summer (Fric et al., 1991; RofRbauel.etl895). Contrasting to this hop
developing pattern, in the subtropical condition® verified that vegetative growth
occurs at any time of year and flowering startseotie plants achieve a specific size

(more than 25 nodes) in a genotype-dependent méRigere 1A).

The flowering of hops is induced when day lengtkhsrtened from the 16.5 h
(critical point) and plants are competent to pesmeedhis stimulus, once a minimum
number of nodes are formed (Thomas and Schwab®).186cordingly, we observed
that the hops cultivated in Brazil are able to #ovat any time of the year, but it still
depends on plant size or maturity (Figure 1). Muegpit has been reported that
flowering time is genotype-dependent. Early flowgrigenotypes require a smaller
number of nodes to perceive the stimuli, as note@Homas and Schwabe in 1969. In
addition, Bauerle et al. (2019) also reported tilhigenotypes used in his study are
considered 'ripe to flower' when there are at I@&stisible nodes. Thus, it is plausible
to assume that in Brazil the photoperiod is alwiagsictive, since day length is always
below the critical point, and our phenological alvations suggest that the control of
hop flowering in subtropical regions mostly dependls endogenous cues, as

developmental stage.

Previous reports of hops cultivated in Florida, U% subtropical region)
observed that the Cascade genotype bloomed asa=af@lg days after sprouting when
the plants reached 15 node-stage (Acosta et &l)2@urthermore, together with the

extended flowering window, the senescence of aquats overlapped with the
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development of younger flowers ultimately causinge tunevenness in cone
development. It was also noted the absence oftmdatidateral shoot formation stage
(Acosta et al., 2021). Accordingly, in this workewbserved a similar behavior of the
three studied hop genotypes, which may be duegadmtinuous maintenance of the
inductive photoperiod. These results point to dlehge in producing hop flowers in
subtropical regions but also the endogenous fadseociated with the flowering

control that could direct breeding programs.

The hops age and developmental stage (measurée asimber of bine nodes)
seems to be the major factor that dictates thalfladuction in subtropical regions. The
physiological age of a plant can be endogenousigepeed by the accumulation
dynamics of miR156 and miR172 during plant develeptmWang, 2014; Wu et al.,
2009). Previously has been reported that the miaedunction of these conserved
mMiRNAs is the same between the land plants (Artiedll., 2007). Therefore, the targets
identified here (Table S1) are likely to participanh those developmental phases. In
agreement, we observed the decreasing of hlu-mi&3p6during hop development
(Figure 3A). This behavior coincides with an intediary stage between the transition
from juvenile to adult phase where we observed meafphology changes from heart
shaped to trilobed margins in the 7th or 8 nodé&gu(e 2), similarly toP. edulis (Silva
et al.,, 2019). InA. thaliana it was determined that leaf identity depends olarizze
between SPL/miR156 in the SAM (Fouracre and Poe®0d9). These investigators
also demonstrated that the decrease of SAM sizdues to an increase of SPL
transcription factors, making the SAM larger inpesse to a higher level of miR156.
Previously, reduction of SAM size was observedeimdle and male hop plants during
development (Shephard et al., 2000). Therefords iplausible that in hop, hlu-
miR156a-3p is associated to this process since tamjets are members of the SPL

transcription factor family (Table S1).

The down-expression observed for hlu-miR156a-3p dé&pends on the node’s
position, since the analysis was performed on keds@m 5th, 10th, 15th, and 20th
nodes, in plants with 10, 15, 20 and 25 nodes,ectsely (Figure 3A). This is in
agreement with the cell division of SAM iA. thaliana which triggers repressing
epigenetic marks in the MIR156 locus, showing ttheg apical parts of a plant are
physiologically older than the basal parts (Chehgle 2021). This statement is as

interesting as counterintuitive, since the apieatgpare developed latter (younger) from
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the SAM. Nevertheless, the logic lies in the numdiecell divisions in the SAM the
more divisions the more epigenetic marks are adthagsing additional molecular
markers of age in MIR156 locus. Thus, this phenameaxplains the preferential
flowering near to the tip in hop plants in contrsthe typical juvenile morphology in

the first leaves.

In Arabidopsis it has been demonstrated that theression of miR156 is
promoted by the AP2, which in turn is a miR172 ¢argyant et al., 2010), therefore the
mMiR172 acts in opposition to miR156, promoting tloeal transition (Teotia and Tang,
2015; Wang, 2014; Wu et al., 2009). In this worle, shhowin silico evidence that hlu-
miR172d-3p and hlu-miR172-3p are targeting sevembags of AP2 or AP2-like
(Table S1). High levels of hlu-miR172d-3p expressieas observed when NB plants
achieved 25 node stage (Figure 3B), while both reatiRNAs hlu-miR172d-3p and
hlu-miR172-3p were significantly expressed in pganith 25 nodes for Chinook and
Millenium. This could explain why NB plants flowetavhen 25 nodes were visible,
while both Chinook and Millenium cultivars flowerddter, once 30 nodes were
formed. Therefore, it is likely that the differescef flowering time between the
analyzed genotypes is due to differences of miRxfession. Perhaps the expression
of miR172 in plants with 20-25 nodes is neededrtonte the up-regulation of FT in
inductive conditions, since their targets in Aliduiaa, are AP2 or AP2-like transcription
factors known inhibitors of the FT transcriptionudt al., 2021; Mathieu et al., 2009).

In silico analyses revealed sixteen PEBP proteins beinghsaustered in the
FT-like clade (Figure 4A). From this, we selectd&F8 and HIFT5, that presented the
conserved amino acids tyrosine in the 85th positgdutamate in the 109th, tryptophan
in 138th, glutamine in 140th and asparagine in L5&igure 4B). Justifying this
selection, previous studies have demonstrated pbiatt mutations of some of these
amino acids can confer an TFL-repressor activitfFThprotein (Ahn et al., 2006; Ho

and Weigel, 2014), thus, in hop, these two genes tiee potential to act as florigen.

Cis-regulatory elements analysis of HIFT3 and HIFSfow several motifs
related to different environmental conditions ieitipromoter regions (Figure 4C). We
found seven Box-4 and three G-box distributed al6f@P0 nt upstream dfllFT3.
Which could be related to enhancing the FT trapsion in response to blue light
during the dusk. Meanwhile, the presence of cisHeggry elements related to Jasmonic
acid, ethylene, and ABA in the HIFT3 promoter coble related to the flowering of
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plants in response to senescence state as previasérved by Acosta et al (2021).
Moreover, the presence of cis regulatory elemegittad to low temperature in both
HIFT3 and HIFT5 promoters could also be related to cold respomsesphotoperiod

longer than 16,5 h light (Thomas and Schwabe, 1968%¢refore, future studies must
explore the functional redundancy of HIFT3 and HBFIh response to different

environmental conditions and its impact on the éawg.

The HIFT3 and HIFTS have their expression varying along the hop
developmental stages suggesting an induction winglowlants between 15 and 20
nodes in the NB genotype (a model is availableiguie 5). The statistical significant
up-regulation of theHIFT3 expression coincides with the higher accumulagbhlu-
miR172d-3p/hlu-miR172-3p and lower of hlu-miR156a-8igure 3) agreeing to
similar results in other species and pointing tbaservation of the regulatory motif
miR172/AP2/FT (Castillejo and Pelaz, 2008; Hu et2021; Mathieu et al., 2009). This
expression pattern of HIFT3 could explain the eraecg of inflorescences in the 20-
25th nodes of NB plants and the absence of newrédtences from the 26th node
when both HIFT3 expression abruptly decreases. ildisates that hop plants growing
in inductive conditions need to achieve a cultigapendent minimum size to perceive
the short-day stimuli, and once the size is achietleeHIFT3 expression is promoted.
In agreement, we found a cis regulatory elemenparsive to AP2-like at 5110 nt
upstream of th&llFT5 transcription start site, which suggest a trapsiomal regulation
by AP2-like proteins, probably a targeted of bolirmiR172-3p and hlu-miR172d-3p
(Table S1).

5. Conclusions

Our work indicates that, while considering the @iénces in hop phenology
depending on the cultivated region as subtropicaditions, the sequential stages of
development must be described in terms of phenotyipanges and not chronological
or season periods. The main conclusion is thdomalfinductive photoperiod, below the
16.5 hours in the tropical zones, the hop flowenggpends primarily on endogenous
signals. Thus, hop should be considered a shorplday and able to develop flowers at
any time of the year in such conditions. This featis corroborated by our molecular
results, in which, the highétlFT3 expression coincides with the down-accumulation of
mMiR156 and up-accumulation of miR172 along develepina regulatory motif largely

known to be involved in floral transition and consal in different species. On the
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other hand, this also means that in subtropicalitions, hops develop and produce
flowers dispersed throughout the year, which maglyntower production. Thus, our
work contributes to comprehension of hop develograed reproductive transition and
opening perspectives of managing practices touits/ation in tropical and subtropical

regions that will be different from traditional rheds applied in temperate regions.
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