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Original Paper 

 

ABSTRACT 

Dwarf mutants are useful to elucidate regulatory mechanisms of plant growth and development. A 

brachytic mutant, named lingering hope (linho), was recently isolated from sunflower (Helianthus 

annuus). The aim of this report is the characterization of the mutant through genetic, morphometric,  

physiological and gene expression analyses. The brachytic trait is controlled by a recessive gene. The 

reduction of plant height depends on shorter apical internodes. The mutant  shows an altered ratio 

length/width of the leaf blade,  chlorosis  and defects in inflorescence development. .   The brachytic 

trait is not associated to a specific hormonal deficiency, but an increased level of several gibberellins 

is detected in leaves. Notably, the endogenous SA content in young leaves of the mutant is very high 

despite a low level of SA 2-O--D-glucoside (SAG).  The CO2 assimilation rate significantly 

decreases in the second pair of leaves of linho, due to effects of both stomatal and non-stomatal 

constraints. In addition, the reduction of both actual and potential photochemical efficiency of 

photosystem II  is associated with a reduced content of chlorophylls and carotenoids, a lower 

chlorophyll a to chlorophyll b ratio and a higher SA content. In comparison to wild type, linho shows 

a different pattern of gene expression with respect two pathogenesis-related genes and two genes 

involved in SA biosynthesis and SA metabolism.  linho is the first mutant described in sunflower with 
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altered SA metabolism and this genotype could be  useful to improve information about the effects 

of high endogenous content of SA on plant development, reproductive growth and photosynthesis, in 

a major crop. 

 

Key words: Helianthus annuus, Gibberellins, Indole-3-acetic acid (IAA), Salicylic acid, Gas 

exchange, Chlorophyll fluorescence, Brachytic mutant. 

 

1. Introduction 

 

Internode elongation of crop stems is one of the most important agronomic traits to ensure 

lodging resistance and suitable plant architecture for optimising crop performance and yield (Mathan 

et al., 2016). The control of organ growth is a very complex phenomenon mediated by  a plethora of 

external and internal factors . Among internal factors,   gibberellins (GAs) play an essential role in 

the regulation of plant height . Mutants with a deficiency in GAs concentration or response are 

frequently dwarf or semi-dwarf, while elevated GAs concentration or increased signalling result in 

taller plants. Genes coding for proteins implicated in GA metabolic and response have provided the 

basis of the ‘Green Revolution’ (Hedden, 2003). However, other hormones as auxin (Multani et al., 

2003), brassinosteroid (Fujioka and Yokota, 2003), strigolactones (de Saint Germain et al., 2013) and 

salicylic acid (Rivas-San Vicente and Plasencia, 2011)  are involved in the regulation of plant height. 

The development of shorter genotypes is of interest in sunflower breeding because reduction in 

plant height can led to an improved harvest index and to enhanced lodging resistance under high 

nitrogen fertilization (Weiss, 2000; Hall et al., 2010).  In addition, sunflower varieties would be also 

used as potted plants for floriculture markets if height could be effectively controlled. 
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In sunflower, stem length is determined by number and length of internodes (Knowels, 1978). 

The elongation of internodes starts more rapidly at the base but, successively, it shifts progressively 

up, while ceased at the base when the internodes reached 60% of their final length. Internode 

elongation depends by both cell division and cell expansion.  More recently, in this crop, the 

interaction of both light quality and photosynthetically active radiation (PAR) irradiance with several 

hormones (GAs, cytokinins (CKs), auxin and ethylene) in controlling internodes growth has been 

established (Kurepin et al., 2007a; b; c). 111The nomenclature in literature about plants characterized 

by shortening of the internodes is frequently  inappropriate. As pointed out by Cook (1915), the word 

"brachysm" should be suggested as a name for abnormal variations of plants characterized by 

shortening of internodes, without corresponding reductions of other parts, while true dwarfing  

involves proportional diminutions of many parts, if not of all. On the other hand, this classification is 

not simple to use  because accurate analysis  can identify pleiotropic phenotypes. 

Dwarfism in sunflower is usually controlled by recessive genes but reduction of plant height 

can be controlled also by dominant or semi-dominant genes (reviewed in Ramos et al., 2013). To 

date, two mutations  that  reduce plant stature have been identified at molecular level: a deletion in 

the ent-kaurenoic acid oxidase1 (HaKAO1) gene sequence (Fambrini et al., 2011) and a point 

mutation converting a leucine residue in a proline within the conserved DELLA domain (Nelson and 

Steber, 2016) encoded by the HaDella1 gene (Ramos et al., 2013). Genetic defects in GA biosynthesis 

cause severe dwarfism (Fambrini et al., 2011) while t alteration of the DELLA protein constitutively 

blocks  GA signalling and reduces plant height (Ramos et al., 2013) . Therefore, in plant breeding 

programs, the semi-dominant allele Rht1 could be interesting to increase stem strength, stand-ability, 

and yields (Ramos et al., 2013); nevertheless, severe dwarf genotypes as dw2 mutant (Fambrini et al., 

2011) can be useful to investigate relevant biological aspects as recently demonstrated by Atamian 

and co-workers (2016) for solar tracking in sunflower.  
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A comprehensive understanding of the genetic control of plant architecture in crops can provide 

insight into crop domestication history, morphogenesis and development but also adds a foundation 

for designing efficient breeding strategies to improve crop yield (Busov et al., 2008).  

In this study, we report  genetic, morphometric,  physiological and gene expression analyses, 

of a spontaneous brachytic mutant in sunflower named lingering hope (linho). 

 

2. Materials and methods 

 

2.1. Plant material and growth conditions 

 

The sunflower (Helianthus annuus L.) mutant lingering hope (linho) was identified in the 

inbred line TURF (Department of Agriculture, Food and Environment, Genetic Section, University 

of Pisa,  Italy). Sunflower seeds [wild type (WT) and linho] were germinated in Petri dishes on 

distilled water. Germination took place in a growth chamber in the dark at 23 ± 1 °C. After 3 days, 

the germinated seeds were transplanted into small plastic pots (50 mL) containing a mixture of soil 

and sand. Two weeks later, the seedlings were transplanted into larger pots (3 L) containing the same 

substrate  plus a fertilizer (Osmocote14-14-14; Scotts, Marysville, OH, USA). Growth conditions 

were 25 ± 1 °C and 16 h photoperiod. Irradiation was 200 mol m−2 s−1 (photosynthetic photon flux 

density, PPFD) provided from a mixture of cool-white fluorescent (Philips TLD 30W/33, Philips, 

Eindhoven, The Netherlands) and mercury-vapour HPI-T 400 W (Philips) lamps. Chemical 

treatments for preventive plant protection were practised. Trials were carried out during the 

spring/summer seasons 2013-2014 in experimental fields at the Department of Agriculture, Food and 

Environment, Experimental Station of Pisa, on a medium fertility and high field capacity soil. 

Conventional management practices were used (Fambrini et al., 2006). The genetic analysis was 
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performed by self-pollination of heterozygous plants (LINHO/linho) because linho pollen was 

infertile and distribution of WT pollen on linho stigmas (by hand pollination) did not allow the 

production of achenes, suggesting the embryo sac sterility. 

 

2.2. In vitro culture 

 

Sunflower seeds of homozygous WT (LINHO/LINHO) and heterozygous (LINHO/linho) plants 

were surface-sterilized by immersion into a 70% (v/v) ethanol for 2 min. Successively, the seeds were 

immersed into a 2.5% (v/v) solution of sodium hypochlorite for 20 min and rinsed four times in sterile 

distilled water. Afterwards, they were placed in Petri dishes on 25 mL of fourth-strength MS medium 

(Murashige and Skoog, 1962; pH 5.7) containing 5 g L-1 sucrose and 8 g L-1 bacteriological agar 

(Oxoid LTD., Basingstoke, England). The plates were incubated for 7 days at 23 ± 1 °C for 

germination in a growth chamber under a 16 h light photoperiod with a light intensity of 30 mol m-

2 s-1. Each seedling was cut at hypocotyl level and explants were transferred in flask (100 mL) under 

a 16 h light photoperiod with a light intensity of 30 mol m-2 s-1 and grown for three weeks on half-

strength MS medium containing 5 g L-1 sucrose and 8 g L-1 agar. Rooted plants were then 

photographed. 

 

2.3. Morphological analyses 

 

The height of plants grown in the field was determined from ground to the receptacle, during 

reproductive stages R3 and R6 (according to Schneiter and Miller, 1981; Table S1). At R 5.6/R6 

stage, the total number of leaves was also determined. These observations were made on randomly 
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selected plants (n = 10) of three replicate progenies of both linho and WT. Time-dependent variations 

of plant height, internode length (from the base of one node to the base of the next node) and total 

leaf number were determined weekly in both WT and linho potted plants. Internodes were numbered 

from the hypocotyl to the last detectable unit below the inflorescence. Evaluation of these parameters 

was performed using 10 plants from each genotype. Over 500 leaves (from immature to mature, 

isolated from 20-30 plants of each genotype) were measured to collect length and width parameters; 

furthermore, the relative ratio (leaf index) was evaluated. Leaf index, namely, the ratio of leaf length 

to leaf width is rather stable for a given species (Tsukaya, 2002). Quantitative parameters such as 

epidermis cell area, palisade cell diameter (determined in a paradermal view), were measured by 

using digital images of cleared leaf disks (Fambrini et al., 2010) using image analysis software 

(ImageJ). 

 

2.4. Histological analysis 

 

Shoot tips, segments of leaves (immature and mature), internodes and inflorescence meristems 

of linho and WT plants were collected from potted plants. Explants were collected at different plant 

ages during both vegetative stages V4-V6 (Schneiter and Miller, 1981) and early reproductive stage 

R1 (Schneiter and Miller, 1981). Plant material was fixed for 24 h in FAA solution [5% (v/v) acetic 

acid, 50% (v/v) ethanol, 10% (v/v) formaldehyde, and 35% distilled water], dehydrated using a 

graded ethanol series, and then cleared in Noxil (Italscientifica S.p.A., Genova, Italy) in a five step-

process according to Ruzin (1999). Samples were embedded in Paraplast Plus (Sigma-Aldrich Co. 

LLC, St. Louis, USA) and sectioned at 8 m using a manual rotary microtome (Reichert, Vienna, 

Austria). The serial transverse sections were stained with a solution containing Alcian Blue 8GX, 

Bismarck Brown Y, and Safranin O according to Graham and Trentham (1998). Sections were 
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observed with a Leica DMRB light microscope (Leica Microsystems, Wetzlar, Germany) and images 

were recorded with a digital camera. To determine cell length (m) in cross and longitudinal sections 

of eighth-ninth internode of potted plants, slides were observed with a Leica DMRB light microscope 

(Leica Microsystems) and images were recorded with a digital camera. ImageJ was utilized to collect 

data. 

 

2.5. Pigment analysis 

 

Spectrophotometric analysis of pigments was performed as previously described (Fambrini et 

al., 2004). Samples were taken from the first and second pair leaves of 21-day-old WT and linho 

plants grown in a growth chamber. For each genotype ten samples were extracted.  The 

spectrophotometric determinations were made in parallel with two aliquots for each extract. 

 

2.6. Analysis of endogenous hormones 

 

Approximately 1,000 mg of WT and linho leaves were extracted and purified as described 

(Fambrini et al., 2011). To analyse hormonal content, leaves from 21-days-old and 70-days-old 

plants, were collected. The material was homogenized in cold 80% (v/v) methanol (1:5, w/v) using a 

microdevice. Deuterated GAs ([17,17-2H2]-GA19, [17,17-2H2]-GA20, [17,17-2H2]-GA29, [17,17-2H2]-

GA1, [17,17-2H2]-GA8, obtained from L. N. Mander, Australian National University, Canberra, 

Australia), [2H4]-SA, [2H5]-JA, [2H6]- ABA (CDN Isotopes Inc., Quebec, Canada) and [13C6]-IAA 

(Cambridge Isotopes Laboratories Inc., Andover, MA, USA) were added as internal standards to 

account for purification losses. Methanol was evaporated under vacuum at 35 °C and the aqueous 
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phase was partitioned against ethyl acetate, after adjusting the pH to 2.8. The extracts were dried and 

resuspended in 0.3-0.5 mL of water with 0.01% acetic acid and 10% methanol. HPLC analysis was 

performed with a Kontron instrument (Munich, Germany) equipped with a UV absorbance detector 

operating at 214 nm. The samples applied to an ODS Hypersil column (150 × 4.6 mm I.D. and 5 μm 

of a particle size; Thermo) were eluted at a flow rate of 1 mL min−1. The column held constant at 

10% MeOH for 5 min of the run, followed by a double gradient elution from 10% to 30% and 30% 

to 100% over 20 min. The fractions corresponding to the elution volumes of standard hormones were 

collected separately. The fractions were dried and silylated with N,Obis (trimethylsilyl) 

trifluoroacetamide containing 1% trimethylchlorosilane (Pierce, Rockford, IL, USA) at 70 °C for 1 

h. Chromatography-tandem mass spectrometry (GC-MS/MS) analysis was performed on a Saturn 

2200 quadrupole ion trap mass spectrometer coupled to a CP-3800 gas chromatograph (Varian 

Analytical Instruments, Walnut Creek, CA, USA) equipped with a MEGA 1MS capillary column (30 

m × 0.25 mm i.d., 0.25 m film thickness) (Mega, Milano, Italy). The carrier gas was helium, which 

was dried and air free, with a linear speed of 60 cm s-1. The oven temperature was maintained at 80 

°C for 2 min and increased to 300 °C at a rate of 10 °C min-1. Injector and transfer line were set at 250 

°C and the ion source temperature at 200 °C. Full scan mass spectra were obtained in EI+ mode with 

an emission current of 10 A and an axial modulation of 4 V. Data acquisitions were from 150 to 600 

Da at a speed of 1.4 scan s-1. Final data were the means of three biological replicates. Gibberellins 

were identified by comparison of full mass spectra with those of authentic compounds. Quantification 

was carried out by reference to standard plots of concentration ratios versus ion ratios, obtained by 

analysing known mixtures of unlabeled and labelled GAs. 

 

2.7. Gas exchange and chlorophyll (Chl) fluorescence measurements 
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Gas exchange and fluorescence measurements were performed using the LI-6400-40 portable 

photosynthesis system (LI-COR) equipped with the leaf chamber fluorometer (Scartazza et al., 2017). 

Measurements were carried out on the first and the second pair of leaves from five individual plants 

of both linho and WT. Instantaneous measurements of steady-state photosynthetic CO2 assimilation 

rate (A), stomatal conductance (gs), intercellular CO2 concentration (Ci), transpiration rate (E), actual 

photon yield of PSII photochemistry (PSII), Stern–Volmer non-photochemical quenching (NPQ) and 

potential efficiency of PSII photochemistry (Fv/Fm) were determined between 10:00 and 12:00 h 

under growing light conditions (200 μmol m−2 s−1), CO2 concentration of 400 μmol mol−1, leaf 

temperature of 25 °C and relative humidity of 45-55%. PSII was determined at steady state as PSII 

= (Fm - F’)/Fm, where Fm is the maximum fluorescence yield with all PSII reaction centres in the 

reduced state obtained superimposing a saturating light flash during exposition to actinic light and F’ 

is the fluorescence at the actual state of PSII reaction centres during actinic illumination. NPQ was 

calculated according to the Stern-Volmer equation as NPQ= (Fm/Fm’)-1, where Fm is the maximum 

fluorescence yield in the dark. Fv/Fm was determined on dark-adapted leaves (at least 30 min) as 

Fv/Fm= (Fm-F0)/Fm, where F0 is the minimal fluorescence yield emitted by the leaves in the dark-

adapted state (Scartazza et al., 2016). 

 

2.8. Gene expression analysis by reverse transcription-quantitative real-time polymerase chain 

reaction (RT-qPCR) 

 

Expression analysis by RT-qPCRs was performed for genes of sunflower implicated in the 

response to exogenous SA treatment as well to biotic stress [Pathogenesis-related 5-1 (PR5-1) and 

Defensin (PDF 1.2)], SA metabolism [UDP-glycosyltransferase 74G1-like (SA GTase)] or involved 

in SA biosynthesis [Isochorismate synthase 2 (ICS2)]. The GenBank accession numbers, the gene-

specific primers used for this analysis and the amplicon size are reported in Table S2. 
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Total RNA was extracted from young leaves (15th/18th) of WT and linho plants with the TriPure 

Isolation Reagent, according to the manufacturer’s instructions (Roche Diagnostics GmbH, 

Mannheim, Germany). Mutant leaves showed folded lamina. Total RNA was treated with DNase I-

RNase free (Dasit Sciences S.r.l., Cornaredo, Milan, Italy) as previously described (Fambrini et al., 

2018) and retrotranscribed with the iScriptTM cDNA synthesis kit, according to the manufacturer’s 

instructions (Bio-Rad Laboratories S.r.l., Segrate, Milan, Italy). 

Expression analysis was conducted using a Real-time Step One (Applied Biosystem, Thermo 

Fisher Scientific Inc., Waltham, MA, USA) and gene-specific primers (Table S2). Quantitative PCR 

was performed using 12.5 ng of cDNA and PowerUp SYBR Green Master Mix (Thermo Fisher 

Scientific Inc.), according to the manufacturer's instructions. The thermal cycling conditions of RT-

qPCR were as follows: 50 °C for 2 min; 95 °C for 2 min; 40 cycles (95 °C-15 sec, 56 or 57 °C-30 

sec, 72 °C 1 min); Melt curve: 95 °C-15s /60° C-15 s/ 95 °C-15s. Relative quantification of specific 

mRNA levels was performed using the comparative 2-CT method (Livak and Schmittgen, 2001). 

Briefly, the CT values of the amplified regions in all samples were normalized with the CT values of 

the reference housekeeping gene 18S mRNA to eliminate the variations caused by sample handling. 

In addition, mRNAs from WT were used as reference sample. Melt-curve analyses were performed after 

the PCR. A single distinct peak was observed for each target (PR5-1, PDF 1.2, SA GTase and ICS2) 

and control (18S) genes indicating the specific amplification of a single product. 18S was used as the 

reference gene based on preliminary data that revealed consistent expression levels regardless of these 

organ types. In particular, the 18S was preferred after comparison with other putative housekeeping 

genes (Fambrini et al., 2018). The data were the average from three-four biological replicates, with 

each including three technical replicates. The software Real-time Step One v2.3, provided with the 

instrument by which we carried out the RT-qPCR, was used. 

 

2.9. Statistical analysis 
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For the genetic analysis we used the chi-square (χ2) test to determine the goodness-of-fit of our 

experimental ratios to a 3:1 ratio expected for a trait controlled by a single recessive allele. A 

homogeneity χ2 test was used before progenies were pooled. In addition, a statistical analysis was 

carried out on morpho-physiological parameters. Reported values are means (± SE) from three 

independent experiments (progenies or plants), with 10-50 replicates each (leaves). Differences 

between means were tested using the Student’s t-test (P = 0.05 or 0.01). The data presented in Figures 

3C and 3D were treated using linear regression analysis. Statistical analyses on percentage data were 

performed after arcsine transformation. For RT-qPCR, the data ± SD were shown as an average 

expression value in the three or four biological replicates relative to that in the control sample that 

was set as one. Student’s t-test was performed to analyse the differences in gene expression between 

genotypes and was indicated with (* P < 0.05) or (** P < 0.01) in Figures. 

 

 

3. Results 

 

3.1 Genetic analysis 

 

Recently, a spontaneous mutant named lingering hope (linho) was isolated within the inbred 

line TURF of sunflower, which presents dwarf/brachytic phenotype. The genetic analysis suggested 

a monogenic control of the mutant phenotype because the segregation of heterozygous progenies, fits 

the hypothesized 3:1 ratio. The Chi-square test for heterogeneity was also not significant (Table 1). 

 

3.2. Developmental defects of the linho mutant 
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 At the cotyledonary stage, within heterozygous progenies, mutant plants were not easily 

identified. However, when seedlings differentiated the first three/four pairs of leaves, linho plantlets 

were recognizable in field due to smaller size of immature leaves and leaf chlorosis (Fig. 1A). 

Dwarfism of the mutant in the field became very evident after the transition of the vegetative meristem 

to the reproductive phase (phase change) (Fig. 1B); in fact, the mutant height at R3 and R6 growth 

stages (Schneiter and Miller, 1981; Table S1) was clearly reduced respect to WT (Table 2). At 

reproductive stage, the linho mutant also showed immature leaves with folded lamina essentially 

located underneath the capitulum (Fig. 1C). Moreover, the linho mutant developed a small 

inflorescence with abnormal flowering (Fig. 1D). 

To characterize the mutant phenotype, we grown WT and linho potted plants in a growth 

chamber. In a controlled environment, young linho plants showed the size of third and fourth leaf 

pairs like to WT but with chlorosis especially in the proximal end (Figs. 2A-B). After these early 

phases of vegetative development, the height of linho plants was progressively reduced in comparison 

to WT (Fig. 3A). In fact, during reproductive development, the  different height between WT and 

mutant was evident due to  shorter internodes as shown in Figure 3B where internode length was 

reported from the hypocotyl to the fourteenth internode (see also Figure 2F to compare internode 

elongation in defoliated plants at reproductive phase). To establish if the observed reduction in 

internode length of the linho mutant was due to differences in cell elongation, we sectioned 

developing internodes. Surprisingly, the linho mutant had no smaller cells than WT (Table S3). 

At the reproductive stage, a lower number of leaves was observed in linho in comparison to 

WT plants (Fig. 4A). In potted plants, at the end of life cycle, we observed  fewer roots in the mutant 

in comparison to WT (Fig. 2D); furthermore, the dwarfism of the linho mutant was also confirmed in 

vitro on a MS medium with sucrose (Fig. 2E). 
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From vegetative to reproductive stages, we conducted a wide and detailed analysis of leaf length 

and leaf width (leaf index) to evaluate the relationship of these morphometric parameters.  In linho 

plants, the leaf index was significantly different in comparison to WT (Figs. 3C-D). As previously 

observed in field conditions, also in potted plants, we confirmed the development of linho leaves with 

folded lamina after the vegetative stage ( 41.9% in 59-days-old plants), as well as the occasionally 

differentiation of leaf with a strong asymmetric lamina (Fig. 2C). Cytological analyses demonstrated 

smaller cells in adaxial and abaxial epidermis as well palisade layer of linho leaves in comparison to 

WT (Fig. 4B). Longitudinal sections of shoot apical meristem (SAM) at vegetative stage, and after 

vegetative-to-reproductive transition, showed that SAM organization was not impaired in the linho 

mutant (Figs. S1A and S1C). Furthermore, longitudinal sections of linho leaves with folded lamina 

revealed a very immature structure with absence of both palisade and spongy layers (Fig. S1E). 

However, cross sections through the blade of the fourth linho phytomer reveal four distinct tissue 

layers as well in WT (Fig. S1G). 

In the linho mutant, the time of phase transition was not significantly different with respect to 

WT (data not shown); nevertheless, the size of inflorescence was smaller than in WT (Fig. 2F) and 

exhibited an abnormal orientation (parallel to the ground plane;  compare Fig. 5A with Fig. 5B). 

Flowering process was obstructed by involucral bracts that remained strangely serrated (Figs. 5D-E) 

and time of start appeared delayed with respect to WT because ray corollas remained compressed 

below the involucral bracts (Fig. 5E). In the mutant, longitudinal free-hand sections of receptacle also 

showed the absence, of the medullary cavity (Fig. 5F). Finally, a histological analysis has been 

conducted to evaluate the development of disc florets in the linho in comparison to WT. The 

organogenesis in the mutant appeared normal (Figs. S2A, S2C, S2D and S2G) but pollen grains 

differentiation was reduced (Fig. S2I) and  ovule shape was abnormal (Fig. S2J). 

 

3.3. Pigments analysis 
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Pigments analysis were performed in linho leaves collected in plant at the vegetative stage.  

linho , especially in the second pair of leaves, were deficient in both chlorophylls and carotenoids 

content. A reduced ratio between chlorophyll a and chlorophyll b (Chla/Chlb) was also observed 

(Table 3). 

 

3.4. Gas exchange and Chl fluorescence measurements 

 

To evaluate the effects of the mutation on the photosynthetic performance, gas exchange and 

fluorescence measurements were performed on the first and second pair of leaves of 21-day-old 

plants. 

The gas exchange parameters determined at growth light intensity (200 μmol m−2 s−1)  were 

reported in Table 4. Results indicated the lack of significant differences in all the gas exchange 

parameters between WT and linho mutant in the first pair of leaves, while in the second pair, the linho 

mutant showed a lower A, gs, and E than WT. Conversely, Ci did not show any statistically significant 

difference in both pairs of leaves. Regards the fluorescence parameters a significant reduction of both 

PSII and Fv/Fm, in the second pair of leaves of linho was observed compared to WT, while the first 

pair of leaves did not show any significant difference. In addition, NPQ remained statistically 

unchanged between linho and WT in both the first and the second pair of leaves. 

 

3.5. Hormonal content 

 

The pleiotropic defects observed in linho development suggested that hormones are likely 

involved; hence, to test the hypothesis, we performed in leaves of WT and linho mutant, a preliminary 

ACCEPTED M
ANUSCRIP

T



16 
 

hormonal analysis of the following plant hormones: abscisic acid (ABA), IAA, jasmonic acid (JA), 

GAs and SA. The hormonal profile evidenced different endogenous amounts of IAA, GAs and SA 

(Fig. 6). We focused the analysis on these hormonal classes during vegetative stage on first and 

second pair of leaves (stage V6; Schneiter and Miller, 1981) or reproductive phase on  11th/12th leaves, 

numbered from cotyledons, and in the younger 15th/18th leaves (stage R5.3/R5.6; Schneiter and 

Miller, 1981). 

In 21-day-old plants, the SA content in the second pair of leaves of the mutant was near the 

double of that observed in WT even though, in first pair of leaves, the SA content was higher in the 

WT (Fig. 6A); moreover, linho mutant showed a slight increase of IAA content especially in the 

second pair of leaves (Fig. 6B). To assess the effect of mutation on endogenous GA content, GAs 

from the early 13-hydroxylation pathways (GA19, GA20, GA29, GA1, GA8) were quantified in the first 

and in the second pair of leaves. In the first and in the second pairs of leaves the most abundant GAs 

were GA19 and GA20 but with an opposite trend. The content of GA19 and GA20 was higher in WT 

compared to  linho . In contrast, in the second pair of leaves GA19 was higher in the mutant while the 

amount of GA20 was quite similar in both samples (Figs. 6 C-D). The second pair of linho leaves  

contained higher concentration of the bioactive GA1 compared to the WT. The contents of GA29 (a 

GA20 metabolite) and GA8 (a GA1 metabolite)  were also higher in  linho  than in WT (Fig. 6D). 

In 70-day-old plants, at reproductive stage, we analysed the endogenous content of SA and its 

predominant inactive conjugate, SA 2-O--D-glucoside (SAG), as well as,  IAA and  GAs using two 

groups of leaves:  11th/12th leaves and   15th/18th leaves. About the latter, mutant leaves showed folded 

lamina. During the reproductive stage, free SA content of mutant leaves was doubled up in the 

15th/18th leaves but also significantly higher than in WT, in 11th/12th leaves (Fig. 6E) while SAG 

levels in WT leaves were very high respect to the mutant (Fig. 6F). No significant difference in SA + 

SAG content was observed (Fig. 6G). In both leaf samples of the mutant predominant GAs were GA19 

ACCEPTED M
ANUSCRIP

T



17 
 

and GA8 in comparison with WT (Figs. 6H-I). At reproductive stage, in young and old leaves the 

level of free IAA was similar in WT and in the linho mutant (data not shown). 

 

3.6. Gene expression analysis in folded leaves of linho mutant and in coeval WT leaves  

 

To evaluate if the high free SA content of the mutant in the young 15th/18th leaves was correlated 

to a peculiar pattern of gene expression, we analysed by RT-qPCRs, two pathogenesis-related genes 

(PR5-1 and PDF 1.2), one gene implicated in SA biosynthesis (ICS2) and one gene related to SA 

metabolism (SA GTase). PR5-1 resulted down-regulated in linho leaves (Fig. 7A), by contrast, PDF 

1.2, ICS2 and SA GTase were up-regulated in linho leaves in comparison to WT (Figs. 7B-D).  

 

 

4. Discussion 

 

Here, we described a new recessive sunflower mutation that adversely affects several aspects 

of plant growth during both vegetative and reproductive stage. A prominent  trait of linho  was the 

reduced height due to very short internodes mainly at the reproductive stage. Below the inflorescence, 

the linho plants showed a cluster of several stem nodes, while in WT the apical internodes  were  

elongated. Origin of the internodes in sunflower, like in rice, depends on the SAM activity and 

transition of the SAM from the vegetative to the reproductive stage induces internodes elongation 

(Yamamuro et al., 2000). With regards to uppermost internode lengths, the linho mutant is very 

dissimilar to other sunflower mutants as dw2 and Rht1 (Fambrini et al., 2011; Ramos et al., 2013), 

while it seems more like ‘nl’ type of gramineous plants. In some gramineous plants, Takeda (1977) 

contemplated internode elongation mutants into six groups based on the elongation pattern of the 
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upper four or five internodes. The ‘nl’ type shows reduced length of the uppermost internode and 

increased length of basal internodes (Takeda, 1977).  

The reduced height of the linho plants also was influenced by a reduced number of phytomeres, 

evidenced during the reproductive stage but it is necessary to consider that the short uppermost 

internodes and the very small leaves bordering the inflorescence of the linho can hinder the count. 

Furthermore, in sections of eighth-ninth internodes, no defects in cellular length were observed. 

Hence, the reduction in internode length in the mutant could be due to a reduced cell proliferation. 

In addition to short and solid uppermost internodes, brachytic linho showed also defects in leaf 

and inflorescence development. In linho leaves, we observed an alteration of leaf width/length ratio, 

asymmetric shape and more frequently, undersized lamina curled downwards in uppermost nodes. 

Inflorescences of linho were sterile and smaller than in WT while the flowering process was 

obstructed by involucral bracts that remained strangely serrated. Developmental defects of the linho 

plants were quite complex and comparable, almost in part, with the phenotype of the Developmental 

disaster1 (Dvd1) mutant of maize (Phillips et al., 2009). However, Dvd1 mutants have fewer 

branches, spikelets, florets, and floral organs in the inflorescence due to defects in axillary meristems 

(AMs), while in  linho , AM development was normal (data not shown). 

The reduced size of the linho mutant could be partly due to the impaired photosynthetic activity 

evidenced by gas exchange and fluorescence analysis of young plants. The lower CO2 assimilation 

rate in linho mutant compared to WT was evident starting from the second pair of leaves and was 

partly attributable to a reduced stomatal conductance. However, despite the partial stomatal closure, 

linho plants did not show any statistical differences in intercellular CO2 concentration compared to 

WT, suggesting reduced carboxylation efficiency (Fiorini et al., 2016). Hence, our data highlight that 

both stomatal and non-stomatal constraints contributed to the reduced photosynthetic performance in 

the linho mutant. This was related to changes in the photosynthetic pigments, with a significant 

decrease in both chlorophylls and carotenoids in linho mutant with respect to WT. The reduction in 
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pigments concentration was more marked in the second pair of leaves, which showed also a decreased 

Chla/Chlb ratio. Changes in this ratio suggest a modification of the structure and functioning of the 

photosynthetic apparatus, being Chla mainly localized in the reaction centres and antennae of both 

photosystems, while Chlb is restricted to light harvesting systems (Croce, 2012; Esteban et al., 2015). 

Hence, a reduction of Chla/Chlb ratio could affect the light energy conversion processes at PSII level. 

In fact, linho showed a reduction of both potential (Fv/Fm) and actual (PSII) photochemical efficiency 

of PSII in the second pair of leaves.  

We suggest that hormonal imbalances could be involved in the origin of pleiotropic phenotype 

showed by the linho plants and to evaluate this hypothesis, we analysed the endogenous leaf content 

of several hormones: SA, GAs and IAA. 

SA is a key hormone that plays direct or indirect roles in regulating many aspects of plant 

growth and development, as well as thermogenesis and disease resistance (Vlot et al., 2009; Klessig 

et al., 2018). Furthermore, studies with SA-over-accumulating mutants of A. thaliana directly showed 

an influence of SA on plant growth (Janda et al., 2014). 

In the second pairs of leaves of the mutant, the endogenous SA content was higher with respect 

to WT. At reproductive stage, we found a very relevant increase of free SA content (>3000 ng g-1 

FW) in the mutant leaves with curled phenotype, also in absence of abiotic or biotic stress. However, 

the inactive conjugate SA 2-O--D-glucoside (SAG), in 11th/12th and 15th/18th leaves, was 

accumulated only in WT. Therefore, the sum of SA + SAG was not significantly different between 

WT and linho plants. With the aim to analyse molecular aspects of SA biosynthesis and metabolism 

in the linho 15th/18th leaves, we evaluated the expression level of ICS2 and SA GTase demonstrating 

that both genes were up-regulated.  

SA biosynthesis in plants occurs via two pathways: cinnamate (phenylpropanoid) and 

isochorismate. Genomic studies in Arabidopsis have revealed that the major portion of SA synthesis 
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befalls via isochorismate pathway (Dempsey et al., 2011). In fact, Arabidopsis ics1 mutants 

accumulate very few pathogenesis-induced SA and display decreased disease resistance (reviewed in 

Dempsey and Klessig, 2017). Null ics1 mutants still accumulate some SA, suggesting the existence 

of an enzymatic activity redundant with ICS1; in fact, ICS2 encodes a functional ICS enzyme targeted 

to the plastids (Garcion et al., 2008). To date, in the big family of Asteraceae, ICS genes have been 

studied only in safflower during abiotic stress, and SA treatments (Sadeghi et al., 2013). The authors 

demonstrated that SA treatments at 1 mM were inductive for Ct-ICS expression in leaves, while 0.1 

mM SA was ineffective (Sadeghi et al., 2013). Analogously, in 15th/18th leaves of linho the elevated 

SA endogenous content could be a promotive condition for ICS2 transcription. 

In silico analysis of the sunflower genome identified only two other incomplete sequences in 

the linkage group 1 and 15 encoding a putative ADC synthase, a chorismate binding enzyme 

(GenBank accession number, OTG36315.1) and an additional ICS2 isoform (GenBank accession 

number, NC_035447.19). However, we cannot exclude that other sequences encoding for ICS 

isoforms, not yet completely defined, could be present in the complex paleopolyploid genome of 

sunflower (Badouin et al., 2017).  

Glucosylation of SA at its hydroxyl group generates SAG that is transported to the vacuole 

where it serves as a non-toxic long-term storage form (Dempsey et al., 2011; Vaca et al., 2017). In 

Arabidopsis, SA glucose conjugates are formed by two homologous enzymes (UGT74F1 and 

UGT74F2) that transfer glucose from UDP-glucose to SA (Thompson et al., 2017). In silico analysis 

of Helianthus annuus genome identified two UDP-glycosyltransferase genes, 74G1 (SA GTase, 

Table S2) and 74B1 (GenBank accession NC_035447.1) located in the linkage group 9 and 15, 

respectively (Badouin et al., 2017). A bioinformatic analysis performed by Clustal Omega at the site 

https://www.ebi.ac.uk/Tools/msa/clustalo/ of the NCBI indicated that the SA GTase (74G1), here 

analysed, showed a higher amino acid identity to UGT74F1 with respect to UGT74F2 (data not 
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shown). It has been proposed that UGT74F1 forms SAG, while UGT74F2 forms primarily salicylic 

acid glucose ester (SGE) (Thompson et al., 2017).  

Levels of SAG increase in parallel with free SA levels during the development of systemic 

acquired resistance, suggesting that SAG may be associated with plant defence mechanisms (Chen et 

al., 1995; Enyedi et al., 1992). Moreover, a time-dependent increase of SAG content was observed in 

tobacco leaves SA-infiltrated (Lee and Raskin, 1998). Little is known about the control of genes 

encoding for UDP-glycosyltransferase. Leaves of Arabidopsis, treated with 0.1 mM SA showed an 

increase of UGT74F1 expression (Dean and Delaney, 2008). In rice, treatments with chemical 

inducers of acquired disease resistance or plant defense activators (i.e. probenazole), induce a 

significantly increase of OsSGT1 expression ratio, while RNAi-mediated silencing of the OsSGT1 

gene significantly reduced the probenazole-dependent development of resistance against blast disease 

suggesting that OsSGT1 is a key mediator of development of chemically induced disease resistance 

(Umemura et al., 2009). The high level of SA GTase expression observed in the folded leaves of linho 

mutant could be related to elevated SA content, possibly inducing a detoxification process. 

  

Interestingly, recent findings suggest that SA affects photosynthetic activity (for reviews see 

Rivas-San Vicente and Plasencia, 2011 and Janda et al., 2014). Our data indicated that the lower 

photosynthetic activity in the second pairs of leaves of linho mutant, during vegetative stage, was 

associated with higher SA and lower photosynthetic pigment (chlorophylls and carotenoids) contents 

with respect to WT. Accordingly, previous studies indicated that plants with constitutively high SA 

levels were characterized by reduced Fv/Fm, PSII and stomatal conductance (Mateo et al., 2006) and 

that exogenous treatments with high SA concentrations decreased leaf photosynthesis (Janda et al., 

2012), reduced both chlorophyll and carotenoid contents (Çag et al., 2009; Habibi and Vaziri, 2017) 

and changed chloroplast ultrastructure (Uzunova and Popova, 2000), suggesting that controlled SA 

levels are crucial for optimal photosynthetic performance and growth affecting thylakoid membranes 
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and the associated light-induced reactions (Rivas-San Vicente and Plasencia, 2011; Janda et al., 

2014). Notwithstanding the effects of SA on photosynthesis are still controversial, it has been 

proposed that above a threshold concentration SA can negatively affect the photosynthetic 

performance through both direct and indirect effects (Janda et al., 2012; Janda T. et al., 2014). Indeed, 

SA can have a direct effect on the photosynthetic electron chain by acting on structure and function 

of PSII centres (Maslenkova et al., 2009), on thylakoid cytochrome f554 level (Sahu et al., 2002) and 

on thylakoid membrane proteins (Chen et al., 2016); on the other hand, the majority of results suggest 

that the detrimental effect of high SA concentrations on photosynthesis could be indirect through its 

action on stomatal closure which may limit the Calvin cycle, leading to an over-reduction of PSII and 

formation of reactive oxygen species (Janda et al., 2012). However, more studies are needed to further 

elucidate the stomatal and non-stomatal limitations to photosynthesis in linho mutant. 

  

In Arabidopsis thaliana, several mutants characterized by abnormal levels of SA have been 

analysed (reviewed in Rivas-San Vicente and Plasencia, 2011; Ding et al., 2015; Janda and Ruelland, 

2015). In this species, is evident that mutations in different genes can induce, directly or indirectly, 

significant alteration of SA levels. In mutants with reduced SA levels, an increased leaf biomass  was 

frequently observed (Abreu and Munné-Bosch, 2009); by contrast, dwarfism was detected in mutants 

with SA accumulation in healthy conditions (Vanacker et al., 2001; Song et al., 2004; Janda M. et al., 

2014). Moreover, in few cases, dwarfed plants possessed also distorted and curled leaves (Weymann 

et al., 1995). Interestingly, in mutants such as constitutive expressor of PR genes (cpr 1, 5) and lesions 

simulating disease (lsd 6, 7) characterized by constitutive expression of systemic acquired resistance, 

the SA and SAG levels were ~30-fold higher than in the WT, like those found in Arabidopsis leaves 

after infection with a necrogenic pathogen (Bowling et al., 1994; Uknes et al., 1993; Weymann et al., 

1995).  In order to evaluate if linho mutant could be a genotype that display constitutive expression 

of pathogenesis-related genes  we detected expression level of PDF 1.2 and PR5-1 in 15th/18th leaves 
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characterized by high SA level and low SAG content. We demonstrated that PDF 1.2 was up-

regulated while PR5-1 was down-regulated. We focused our attention on these two genes because 

they have been studied in sunflower in some host-pathogen interactions and/or after exogenous SA 

treatments (Hu et al., 2003; Radwan et al., 2005; Letousey et al., 2007; Şestacova et al., 2016). 

Therefore, our data suggest that in the linho mutant with high SA content, pathogenesis-related genes 

were differentially expressed. 

The endogenous levels of GAs were determined in leaves of both genotypes during the 

vegetative and reproductive phases of sunflower plants. An increased concentration of several GAs 

was detected in linho mutant leaves. As mentioned above, linho leaves development was altered so 

we suggest that accumulation of GAs may overcome the restraint imposed by the mutation 

stimulating growth by promoting the destruction of DELLA proteins. In literature it has been clearly 

demonstrated that reduced GA accumulation causes increased accumulation of DELLAs and 

consequent growth inhibition while GAs induce their disappearance allowing plant growth (Archard 

et al., 2006). Evidence of a cross-talk between GAs and SA has been reported  in Arabidopsis 

quadruple DELLA mutants (Navarro et al., 2008). In these mutants infected with a biotrophs the SA 

content was approximately 2-fold higher than in WT. Moreover, several data supported a cross-talk 

of SA with ABA and GAs during germination (reviewed in Rivas-San Vicente and Plasencia, 2011). 

3Relationship between SA and GA in the regulation of source-sink relation under abiotic stress 

has been extensively studied (reviewed in Iqbal et al., 2011), while cross-talk between these hormones 

in flowering control is poorly investigated. GA is the best studied hormone in flowering but an 

important role in this key phase of plants is played also by other hormones as SA (reviewed in Rivas-

San Vicente and Plasencia, 2011; Takeno, 2016; Conti, 2017; Campos-Rivero et al., 2017). Several 

evidences suggested that the effect on flowering of SA is generally promotive especially under stress 

conditions (Rivas-San Vicente and Plasencia, 2011; Takeno, 2016); for example, in sunflower, SA 

treatment induces HELIANTHUS ANNUUS FLOWERING TIME (HAFT) a key gene that regulates 
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photoperiod-dependent flower development in different angiosperm species (Dezar et al., 2011; 

Turck et al., 2008). In the linho mutant, timing of floral transition was not influenced by the mutation, 

but rather, some abnormalities have been observed in inflorescence growth and flower fertility. 

However, the linho inflorescence remains to be characterized about hormonal content and expression 

profile of genes encoding for transcription factors with relevant roles in flowering process. 

In conclusion, the LINHO loss of function affects sunflower phenotype, photosynthetic 

performance and leaf hormonal content but we are aware that, in order to understand the primary 

effect of mutation, the isolation of the LINHO gene will be essential.  To the best of our knowledge, 

linho is the first mutant in sunflower with alteration of SA metabolism, in particular SA ratio SAG 

under non-stress conditions. This mutant could be useful for studying the role of SA in organ 

morphogenesis, plant growth and flower fertility in relationship with other hormones. Outstanding 

data on these aspects could be collected, in future investigation, through transcriptome analysis during 

vegetative and reproductive stage.   
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Appendix A. Supplementary data associated with this article can be found in Table S1, Table S2, 

Table S3, Fig. S1, and Fig. S2. 
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Fig. 1. Phenotypic traits showed by the lingering hope (linho) mutant of sunflower (Helianthus 

annuus) grown in field. (A) A young plant of linho (linho/linho) showing the first signals of 

developmental defects on younger leaf pairs. (B) Comparison of plant size between wild type 

(LINHO/LINHO; WT) (right) and linho (left) at early stage of the reproductive phase. (C) Lamina 

and petiole folded down in linho leaves in the reproductive phase. (D) Anthesis in a linho 

inflorescence. Flowering process in the mutant is obstructed by extremely tight involucral bracts. 

Note only few ray flower corollas that emerge from the centre of capitulum. 
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Fig. 2. Plants of the linho mutant grown in pots and/or in vitro. (A) Wild type (LINHO/LINHO; WT) 

during vegetative phase. (B) The linho mutant (linho/linho) during vegetative phase. Note interveinal 

chlorosis at proximal end of younger leaves. (C) Example of a linho leaf with asymmetric lamina. 

(D) Roots of WT (left) and linho (right) plants, developed in pots, at the end of life cycle. (E) A linho 

(left) and a WT (right) plantlet growth in vitro on solid medium with sucrose. (F) linho (left) and WT 

(right) plants defoliated at reproductive phase to compare internode elongation. Note the cluster of 

several short internodes just below the linho inflorescence. 
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Fig. 3. Morphometric analysis in wild type (LINHO/LINHO; WT) and linho (linho/linho) potted 

plants. (A) Time-dependent increase of plant height (cm) in potted plants of WT and linho. (B) 

Internode length (cm), numbered from cotyledons, in WT and linho potted plants measured at 60 days 

after germination. (C-D) Relationship between length and width (leaf index) of linho (C) and WT (D) 

potted plants. In A and B the data are means of three-four independent experiments (progenies), each 

with 10 replicate (plants). * Significantly different from WT at the P < 0.05 level and ** significantly 

different from WT at the P < 0.01 level, according to a Student’s t-test. Data presented in C and D, 

were treated using linear regression analysis with 10-20 replicate (plants). 
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Fig. 4. Time-depending increase of leaf number and leaf cell area in wild type (LINHO/LINHO; WT) 

and lingering hope (linho/linho) mutant. (A) Number of leaves potted plants at different days after 

germination. The data are means of three-four independent experiments (progenies), each with 50 

replicate (plants). ns: Not significant. ** Significantly different from WT at the P < 0.01 level 

according to a Student’s t-test. (B) Leaf cell area analysed in clarified disc lamina of leaves from fifth 

node. Data are means of 5 leaves from 5 potted plants. ** Significantly different from WT at the P < 

0.01 level according to a Student’s t-test. 
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Fig. 5. Phenotypic traits of linho (linho/linho) and wild type (LINHO/LINHO; WT) potted plants at 

reproductive stage. (A) Vertical orientation of WT inflorescence in growth chamber. (B) Horizontal 

orientation of the linho inflorescence in growth chamber. (C-D) Inflorescence of WT (C) and linho 

(D) at anthesis. (E) Longitudinal free-hand section of the linho inflorescence to show the severe 

compression of ray flower corollas under involucral bracts. (F) Longitudinal free-hand section of WT 

receptacle with medullary cavity. (G) Longitudinal free-hand section of solid linho receptacle. 
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Fig. 6. Hormonal analysis in leaves of wild type (LINHO/LINHO; WT) (white column) and linho 

(linho/linho) (black column) at different stage of development. 1st and 2nd pair of leaves were analysed 

from 21-day-old plants, while 11th/12th or 15th/18th leaves, were analysed from 70-day-old plants. Data 

are endogenous levels (ng g-1 fresh weight). (A) Salicylic acid (SA) content in 1st and 2nd pair of 

leaves of WT and linho. (B) Indolacetic acid (IAA) content in 1st and 2nd pair of leaves of WT and 

linho. (C-D) Various gibberellins (GAs) in 1st pair of WT and linho (C), or in 2nd pair of leaves (D). 

(E) SA content in 11th/12th or 15th/18th leaves of WT and linho. (F) SA 2-O--D-glucoside (SAG) 

content in 11th/12th or 15th/18th leaves of WT and linho. (G) SA + SAG content in 11th/12th or 15th/18th 

leaves of WT and linho. (H) Various GAs in 11th/12th leaves of WT and linho. (I) Various GAs in 

15th/18th leaves of WT and linho. Data are the mean of three pooled replicates ± SD. Asterisks indicate 

significant differences between wild type and linho mutant (Student’t test, *P< 0.05, **P<0.01 or 

***P<0.001). 
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Fig. 7. Expression level for genes of sunflower implicated in the response to exogenous SA treatment 

as well to biotic stress [Pathogenesis-related 5-1 (PR5-1) Defensin (PDF 1.2)], involved in SA 

biosynthesis [Isochorismate synthase 2 (ICS2)] or in SA metabolism [UDP-glycosyltransferase 

74G1-like (SA GTase)], in young leaves (15th/18th) of wild type (LINHO/LINHO; WT) and linho 

(linho/linho) plants. The mRNA level was measured by RT-qPCR and data are expressed as relative 

to the WT samples. Data are mean ± SD of three-four biological replicates (Student’t test, *P<0.05; 

**P<0.01). 
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Fig. S1. Anatomical analysis in different explants of linho (linho/linho) and wild type 

(LINHO/LINHO; WT) plants during vegetative stage and at phase transition. (A) Longitudinal section 

of the linho shoot apical meristem (SAM) at vegetative stage. (B) Longitudinal section of the WT 

SAM at vegetative stage. (C) Longitudinal section of the linho SAM after vegetative-to-reproductive 

transition. (D) Longitudinal section of the WT SAM after vegetative-to-reproductive transition. (E) 

Longitudinal section of the linho leaf of phytomer below the inflorescence (with lamina folded down). 

(F) Longitudinal section of the WT leaf of phytomer below the inflorescence. (G) Longitudinal 

section of the linho leaf of fourth phytomer above cotyledons (with bullate lamina). (H) Longitudinal 

section of the WT leaf of fourth phytomer above cotyledons. Scale bar = 106 m (A), 109 m (B), 

177 m (C), 300 m (D), 58 m (E), 74 m (F), 84 m (G), 72 m (H). 

  

ACCEPTED M
ANUSCRIP

T



46 
 

 

 

Fig. S2. Anatomical analysis in different explants of linho (linho/linho) and wild type 

(LINHO/LINHO; WT) plants during reproductive stage. (A-B) Longitudinal section of the linho (A) 

and WT (B) capitulum during early stage of development (diameter 1-1.5 cm). (C-F) Longitudinal 

sections of tubular flowers with progressive stages of development in the linho mutant. (G-H) 

Longitudinal section of the linho (G) and WT (H) inflorescence at later stage of development 

(diameter of 3-4 cm). (I) Longitudinal section of anthers in the linho inflorescence with 3-4 cm of 

diameter. (J) Longitudinal section of ovary in the linho inflorescence with 3-4 cm of diameter. (L) 

Longitudinal section of anthers in WT inflorescence with 3-4 cm of diameter. (M) Longitudinal 
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section of ovary in WT inflorescence with 3-4 cm of diameter. Scale bar = 1.440 mm (A), 1.251 mm 

(B), 139 m (C), 193 m (D), 245 m (E), 303 m (F), 1.812 mm (G), 2.40 mm (H), 92 m (I), 379 

m (J), 99 m (L), 395 m (M). 
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Table 1 

Inheritance of the lingering hope (linho) mutant of sunflower (Helianthus annuus L.). The mutant is  

sterile; therefore, the genetic analysis was conducted for three years, on heterozygous progenies. 

Number of 

progenies 

Phenotype and No. of plants. Genotypes are 

indicated in brackets 

2 

(3:1) 

P Heterogeneity 

Normal (LINHO/LINHO; 

LINHO/linho) 

Mutant 

(linho/linho) 

2 P 

10 738 269 1.572 0.20 - 

0.30 

6.168 0.70 - 

0.80 
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Table 2 

Plant height (cm) of wild type 

(LINHO/LINHO; WT) and lingering 

hope (linho/linho) mutant field-grown 

plants in two different reproductive 

stages. The data are means ± SE of 

three-four independent experiments 

(progenies), each with 50 replicates 

(plants). R3 and R6 stages according 

to Schneiter and Miller (1981). ** 

Significantly different from WT at the 

P < 0.01 level according to a Student’s 

t-test. 

Stage WT linho 

R3 84.75 ± 0.970 33.57 ± 0.830 ** 

R6 121.73 ± 1.470 38.00 ± 1.120 ** 
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Table 3 

Pigment contents (g mg−1 FW) of wild type (LINHO/LINHO: WT) and lingering 

hope (linho/linho) mutant potted plants grown under 200 mol m−2 s−1. Pigments 

were extracted from first and second pair of leaves. Data are means ± SE from three 

independent experiments, with samples run in triplicates (plants). ns: Not significant. 

*, ** Significantly different from WT at the P < 0.05 and P < 0.01 level according to 

a Student’s t-test, respectively. 

Pair of leaves 1st 2nd 

Genotype WT linho WT linho 

Chl a 1.492 ± 0.022 1.079 ± 0.078 ** 1.028 ± 0.058 0.629 ± 0.028 ** 

Chl b 0.436 ± 0.011 0.301 ± 0.014 ** 0.346 ± 0.028 0.262 ± 0.017 * 

Chl a+b 1.928 ± 0.032 1.379 ± 0.092 ** 1.374 ± 0.085 0.892 ± 0.044 ** 

Car 0.391 ± 0.005 0.298 ± 0.011 ** 0.356 ± 0.016 0.220 ± 0.006 ** 

Chl tot/Car 4.936 ± 0.073 4.608 ± 0.129 ns 3.845 ± 0.136 4.039 ± 0.137 ns 

a/b 3.427 ± 0.038 3.574 ± 0.092 ns 3.019 ± 0.107 2.422 ± 0.068 ** 
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Table 4 

Gas exchange and fluorescence parameters of wild type (LINHO/LINHO: WT) and 

lingering hope (linho/linho) mutant potted plants grown under 200 mol m−2 s−1 for three 

weeks. Values were obtained from first and second pair of leaves. Data are means ± SE 

from three independent experiments, with samples run in triplicates (plants). ns: Not 

significant. *, ** Significantly different from WT at the P < 0.05 and P < 0.01 level 

according to a Student’s t-test, respectively. 

Pair of leaves First (1st) Second (2nd) 

Genotypes WT linho WT linho 

Gas exchange 

Parameters 

A (μmol m−2 s−1) 9.070 ± 0.650 8.070 ± 0.450 ns 9.060 ± 0.620 4.920 ± 0.450 ** 

gs (mol m−2 s−1) 0.369 ± 0.050 0.301 ± 0.018 ns 0.347 ± 0.051 0.208 ± 0.013 ns 

E (mmol m−2 s−1) 3.800 ± 0.400 3.250 ± 0.160 ns 4.320 ± 0.500 2.840 ± 0.110 * 

Ci (μmol mol−1) 344.7 ± 3.700 342.3 ± 4.500 ns 344.3 ± 6.300 355.3 ± 5.400 ns 

Fluorescence of Chl a 

Parameters 

PSII 0.723 ± 0.009 0.694 ± 0.026 ns 0.709 ± 0.011 0.555 ± 0.029 ** 

NPQ 0.087 ± 0.018 0.127 ± 0.007 ns 0.150 ± 0.036 0.170 ± 0.050 ns 

Fv/Fm 0.788 ± 0.008 0.788 ± 0.007 ns 0.809 ± 0.006 0.705 ± 0.019 * 
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Table S1 

Description of sunflower growth stages modified from Schneiter and Miller (1981). 

Stage Description Note 

VE Seedling has emerged and the first leaf beyond the 

cotyledons is less than 4 cm long. 

Vegetative emergence 

V1, V2, V3 

etc. 

These are determined by counting the number of 

true leaves at least 4 cm in length beginning as 

V1, V2, V3, V4 etc. 

Vegetative stages 

R1 The terminal bud forms a miniature floral head 

rather than a cluster of leaves. When viewed from 

directly above the immature bracts form a many-

pointed star-like pattern. 

Reproductive stage 

R2 The immature bud elongates from 0.5 to 2.0 cm 

above the nearest leaf attached to the stem. 

Disregard leaves attached directly to the back of 

the bud. 

Reproductive stage 

R3 The immature bud elongates more than 2.0 cm 

above the nearest leaf. 

Reproductive stage 

R4 The inflorescence begins to open. When viewed 

from directly above immature ray flowers are 

visible. 

Reproductive stage 

R5 (decimal) This stage is the beginning of flowering. The stage 

can be divided into substages dependent upon the 

percent of the head area (disc flowers) that has 

completed or is in flowering. Ex. R5.3 (30%). 

Reproductive stages 

R6 Flowering is complete and the ray flowers are 

wilting. 

Reproductive stage 

R7 The back of the head has started to turn a pale 

yellow colour. 

Reproductive stage 

R8 The back of the head is yellow but the bracts 

remain green. 

Reproductive stage 
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R9 The bracts become yellow and brown. This stage 

is regarded as physiological maturity. 

Reproductive stage 

References 

Schneiter, A.A., Miller, J.F., 1981. Description of sunflower growth stages. Crop Sci. 21, 901-903 
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Table S2 

List of genes analysed and gene-specific primers used for real-time RT-PCR (RT-qPCR). In square brackets are indicated the linkage groups of 

sunflower genome (Bodouin et al., 2017). 

Gene GenBank accession 

number 

Primer Primer sequence 5’-3’ Amplicon 

size (bp) 

18S rRNA (18S) [1, 6, 12, 13, 14] KF767534.1 18F 

18R 

Forward: TGACTCAACACGGGGAAAC 

Reverse: GACAAATCGCTCCACCAAC 

120 

Pathogenesis-related 5-1 (PR5-1) [17] AF364864.1 PR5F 

PR5R 

Forward: CCCTTCCCACTTTCCTTCTC 

Reverse: TGCGACGGTTAAAGACCAG 

158 

Defensin (PDF 1.2) [12] AF364865.1 DEFF 

DEFR 

Forward: CAATGCTTTTCTTCTGCTTCTC 

Reverse: TCACAGTGTTTTGTCTTGCC 

123 

UDP-glycosyltransferase 74G1-like (SA GTase) [9] XM_022125270 UDPF 

UDPR 

Forward: CCATCTACCTCAACTCTACCC 

Reverse: TATCTGCACTCGCGTAACC 

105 

Isochorismate synthase 2 (ICS2) [14] OTF99857.1 ICSF 

ICSR 

Forward: AGCAACATTTTCAGCATCTTCC 

Reverse: AAGACAGCAGAACCCAGACC 

145 
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Table S3 

Cell length (m) in cross and longitudinal sections of eighth-ninth internode 

of wild type (LINHO/LINHO; WT) and lingering hope (linho/linho) mutant 

potted plants. Data are means ± SE of 5 internodes from 5 potted plants. ns: 

Not significant. * Significantly different from WT at the P < 0.05 level 

according to a Student’s t-test. 

Genotype Cross sections Longitudinal sections 

Parenchymal cells Medullary cells Parenchymal cells 

WT 34.79 ± 4.04 62.76 ± 6.01 30.40 ± 2.30 

linho 41.14 ± 1.30 * 65.31 ± 8.09 ns 31.28 ± 3.10 ns 
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