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ABSTRACT 

 

Adventitious roots (ARs) are produced from non-root tissues in response to 

different environmental signals, such as abiotic stresses, or after wounding, 

in a complex developmental process that requires hormonal crosstalk. Here, 

we characterized AR formation in young seedlings of Solanum lycopersicum 

cv. óMicro-Tomô after whole root excision by means of physiological, genetic 

and molecular approaches. We found that a regulated basipetal auxin 

transport from the shoot and local auxin biosynthesis triggered by wounding 

are both required for the re-establishment of internal auxin gradients within 

the vasculature. This promotes cell proliferation at the distal cambium near 

the wound in well-defined positions of the basal hypocotyl and during a 

narrow developmental window. In addition, a pre-established pattern of 

differential auxin responses along the apical-basal axis of the hypocotyl and 

an as of yet unknown cell-autonomous inhibitory pathway contribute to the 

temporal and spatial patterning of the newly formed ARs on isolated 

hypocotyl explants. Our work provides an experimental outline for the 

dissection of wound-induced AR formation in tomato, a species that is 

suitable for molecular identification of gene regulatory networks via forward 

and reverse genetics approaches. 
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INTRODUCTION  

 

Adventitious roots (ARs) develop post-embryonically from non-root 

tissues, such as stems and leaves, usually in response to challenging 

environmental conditions; they may also be induced by mechanical damage 

or during in vitro tissue culture (Bellini et al., 2014; Druege et al., 2019; 

Gonin et al., 2019). During normal development though, many plant species 

develop ARs to perform specialized functions, such as increasing soil 

foraging and water absorption (Mhimdi and Pérez-Pérez, 2020). AR 

formation involves several developmental stages (de Klerk et al., 1999), and 

the key regulatory events occurring during the induction phase result in the 

molecular reprogramming of some vascular-associated cells (Lakehal and 

Bellini, 2019). In Arabidopsis leaf explants, wounding induces jasmonic acid 

(JA) production that indirectly upregulates auxin biosynthesis in the whole 

leaf (Chen et al., 2016; Zhang et al., 2019). Auxin is then actively transported 

to the wounded site where it promotes the fate change from regeneration-

competent cells to root founder cells in the vasculature through WUSCHEL-

RELATED HOMEOBOX 11 (WOX11) expression (Liu et al., 2014). In turn, 

WOX11 (and the partially redundant WOX12) along with other auxin 

responsive factors, upregulate the expression of WOX5 and LATERAL 

ORGAN BOUNDARIES DOMAIN 16 (LBD16), which trigger the 

development of the AR primordia (Hu and Xu 2016). 

The rooting of stem cuttings is a common vegetative propagation 

practice in many ornamental plants. Petunia (Petunia × hybrida) has been 

proposed as an adequate experimental system to analyze the relationship 

between plant hormones and excision-induced AR formation in stem cuttings 

(Druege et al., 2016; Druege and Franken, 2019). Upon excision, wounding 

triggers the early accumulation of JA and ethylene in the stem base, while 

subsequent accumulation of the active auxin, indole-3-acetic acid (IAA) , in 

the basal end of the cutting is dependent on the pre-established polar auxin 
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transport from the shoot (Ahkami et al., 2013; 2014; Druege et al., 2014; 

Lischweski et al., 2015). Additional studies in this species have contributed 

to the understanding of the effects of the nutritional status of whole cuttings 

on AR formation (Ahkami et al., 2009; Klopotek et al., 2016), as well as the 

specialized functions of specific nutrients, such as nitrogen (Zerche et al., 

2016; Yang et al., 2019) and iron (Hilo et al., 2017). However, the lack of 

functional genomics tools complicates the identification of the molecular 

players involved in AR initiation in these and other non-model crops. 

Among the Solanaceae, cultivated tomato (Solanum lycopersicum L.) 

has been used as a model species for research in genetics, fruit development 

and biotic and abiotic stress resistance (Rothan et al., 2016, 2019). Soil 

flooding induces AR formation in tomato hypocotyls via crosstalk between 

ethylene signaling and polar auxin transport regulation (Negi et al., 2010; 

Vidoz et al., 2010). The AR overproducing phenotype of the aerial roots 

(aer) tomato mutant seems strictly linked to an altered distribution of active 

auxin along the stem because of auxin transport deregulation, but the causal 

mutation is still unknown (Mignolli et al., 2017). The key role of polar auxin 

transport during adventitious rooting was established in Arabidopsis thaliana 

early through physiological studies (Ludwig-Müller et al., 2005), and was 

later confirmed by the study of mutants affected in efflux carrier proteins of 

the ATP-binding cassette (ABC) and PIN-FORMED (PIN) families (Della 

Rovere et al., 2013; Sukumar et al., 2013). In these and other studies, the 

wound-induced signal subsequently modulated auxin content by affecting the 

expression of auxin biosynthesis and polar auxin transport genes, thereby 

stimulating AR induction (Huang et al., 2020). However, a systematic 

analysis of the factors that regulate wound-induced AR formation in tomato 

is missing. Due to its small size and short life cycle, the óMicro-Tomô cultivar 

has been proposed as a model for functional genomics in this species 

(Emmanuel and Levy, 2002). Since then, a wealth of genetic resources has 

been developed for this tomato cultivar (Kobayashi et al., 2014; Shikata et 
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al., 2016). Therefore, we chose the óMicro-Tomô cultivar to investigate the 

relative contribution of polar auxin transport from the shoot and of local auxin 

biosynthesis during wound-induced AR formation. Our results showed that 

wound-induced AR formation in óMicro-Tomô hypocotyls occurred de novo 

through auxin-mediated activation of specialized cambial cells. We provide 

strong evidence that both regulated polar auxin transport from the shoot and 

local auxin biosynthesis near the wounded site cooperatively contribute to the 

build-up of endogenous auxin response gradients in a stereotyped pattern that, 

in turn, negatively regulates some Aux/IAA genes, such as ENTIRE (also 

known as SlIAA9). We also found that local auxin biosynthesis could partially 

overcome the requirement for shoot-derived auxin during AR formation; 

hence, a functional root system could be obtained from a hypocotyl explant. 
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MATERIALS AND METHODS  

 

Plant material and growth conditions 

 

Seeds of cultivated tomato (Solanum lycopersicum L.) lines 

(Supplementary Table S1) were obtained from the C.M. Rick Tomato 

Genetics Resource Center (http://tgrc.ucdavis.edu/). The tomato cultivar 

óMicro-Tomô, the DR5::GUS line and the near-isogenic lines (NILs) used in 

this study have been described previously (Supplementary Table S1). Seeds 

were surface-sterilized in 2% (w/v) NaClO for 10 min and rinsed thoroughly 

with sterile distilled water (four times). Seeds were then transferred to wet 

chambers at 28 °C in a dark growth cabinet for 96 h. Germinated seedlings 

with primary roots > 4 mm (0 days after sowing) were transferred to 65 × 120 

mm (diameter × height) glass jars containing 75 mL of sterile one-half-

Murashige and Skoog basal salt medium (Duchefa Biochemie, The 

Netherlands), 20 g Lī1 sucrose (Duchefa Biochemie), 2.5 g Lī1 Gelrite 

(Duchefa Biochemie), 0.5 g Lī1 2-(N-morpholino) ethanesulfonic acid 

(Duchefa Biochemie), and 2 mL Lī1 Gamborg B5 vitamin solution (Duchefa 

Biochemie), at pH 5.8. Glass jars were transferred to a growth cabinet during 

16 h light (average photosynthetic photon flux density of 50 µmol mī2 sī1) at 

26 ± 1 °C, and 8 h darkness at 23 ± 1 °C. The formation of ARs was then 

induced by removing with a sharp scalpel the whole root system 2-3 mm 

above the hypocotyl-root junction of young tomato seedlings at the 100-101 

growth stages (fully expanded cotyledons and first leaf ~0.5 cm; Feller et al., 

1995) [0 days after whole root excision; 0 dae]. The shoot explants were 

transferred to new glass jars with 75 mL of the standard growing medium 

(SGM) described above. Each jar contained six or seven seedlings of the same 

genotype and/or treatment. All experiments were performed in duplicate with 

a minimum of six biological replicates. 
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Macroscopic studies of wound-induced AR formation 

 

Shoot explants or hypocotyl explants (obtained by sectioning shoot 

explants just below the cotyledons) were incubated for 21 days in SGM glass 

jars supplemented with 0.25 µM 1-naphthalene acetic acid (NAA, Duchefa 

Biochemie). In another experiment, a 10-µL 0.5% (w/v) agarose drop with 

0.25 µM NAA was applied directly to the distal (apical) end of the hypocotyl 

explants. To evaluate the effect of the chemical inhibition of polar auxin 

transport, we performed three experiments using shoot explants (Fellerôs 

stages 100-101). In the first experiment, the explants were incubated for 21 

days in SGM glass jars supplemented with either 40 µM 2-naphthoxyacetic 

acid (2-NOA; Sigma-Aldrich, St. Louis, MO, USA; Lanková et al., 2010), or 

40 µM NȤ1Ȥnaphthylphthalamic acid (NPA; Sigma-Aldrich; Vidoz et al., 

2010). In the second experiment, a lanolin ring containing mock, 40 µM 2-

NOA or 40 µM NPA was applied directly below the cotyledons of the 

explants. In the third experiment, a 10-µL 0.5% (w/v) agarose drop with 40 

µM NPA was applied directly to the cotyledons. For gravitropism studies, 

shoot explants or hypocotyl explants grown on SGM were transferred to the 

growth chamber and reoriented relative to gravity by 0° or 180° for measuring 

several AR traits, as described below. Hypocotyl explants were excised into 

two or three fragments. These explants were then transferred to vertically 

oriented glass jars with 75 mL of SGM supplemented with 0 (mock) or 0.01 

µM NAA, as well as with 50 µM yucasin DF (YDF) for auxin biosynthesis 

inhibition (Tsugafune et al., 2017).  

In all these cases, ARs arising from the hypocotyl were visually scored 

and periodically annotated during 21 dae. AR emergence was estimated based 

on the day before the annotation of the first AR. Maximum AR length, 

hypocotyl length and maximum shoot length were measured at 21 dae, unless 

otherwise indicated; the length of the hypocotyl with emerged ARs was also 

measured. To study wound-induced AR formation in older tomato seedlings, 
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explants from the hypocotyl, the first node or the apex were obtained from 

16-day-old seedlings (Fellerôs stages 102-103). 

 

Phytohormone extraction and analysis 

 

Three biological replicates, each consisting of hypocotyl thin sections 

(~5 mm long) of several shoot explants, were collected from apical and basal 

ends of the shoot explants at 0, 1 and 3 dae. The shoot apical distal ends 

(including the meristem and the emerging leaves) and the cotyledons were 

also harvested at 3 dae. Phytohormones were extracted from frozen tissues 

and analyzed according to Großkinsky et al. (2014) and Villacorta-Martín et 

al. (2015). Auxin metabolites were identified according to their exact 

molecular masses and retention times as determined from total ion 

chromatograms generated by U-HPLC-HRMS (Accela-Exactive, 

ThermoFisher Scientific, Waltham, MA, USA) analysis. 

 

Light and laser confocal scanning microscopy 

 

Five-millimeter basal sections from shoot explants were obtained at 

different time points during adventitious rooting. Samples were fixed in a 

paraformaldehyde/Triton solution (1.85% volume/volume formaldehyde, 

45% ethanol, 5% acetic acid, and 1% Triton X-100) for 3 days at 4 °C. The 

fixed tissue was rinsed three times in 0.1 M sodium phosphate buffer (pH 7.2) 

before dehydration in a graded ethanol series (50%, 70%, 90%, and 96% 

ethanol, 30 min each). Dehydrated samples were then embedded in Technovit 

7100 resin (Heraeus Kulzer GmbH, Germany) according to the 

manufacturerôs instructions with slight modifications, as follows. Samples 

were immersed in the pre-infiltration solution (50% resin and 50% ethanol) 

for 2.5 h. The stem cutting samples remained for 4 h in the infiltration solution 

under a light vacuum at 25 °C and polymerized for 20 h at 4 °C. Thin sections 
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of 7 ɛm thickness were cut using a tungsten microtome knife (MICROM 

International GmbH, Germany) on an HS 350 S rotary microtome (MICROM 

International GmbH). Sections were stained either with 0.05% 

weight/volume (w/v) toluidine blue (Sigma-Aldrich) or 0.05% w/v ruthenium 

red (Sigma-Aldrich) in water and mounted in Eukitt (Chem-Lab NV, 

Belgium). Samples were observed using a bright-field Motic BA210 

microscope (Motic Spain, Spain) and selected images were captured with a 

built-in Moticam 580INT documentation station (Motic Spain) and processed 

with GIMP 2.10.12 (GIMP Development Team, http://www.gimp.org). For 

GUS staining, whole hypocotyl sections from shoot explants at 0, 1 and 3 dae 

were incubated at 37 °C for 24 h in multiwell plates in the presence of the 

GUS staining solution and processed as described by Bustillo-Avendaño et 

al. (2018). 

For laser scanning confocal microscopy (LCSM), a razor blade was 

used to make cuts of ~400 µm thickness on a Petri dish containing ice-cold 

0.1 M sodium phosphate buffer (pH 7.2), and then the cuts were fixed with 

4% w/v paraformaldehyde, which was dissolved in 0.1 M sodium phosphate 

buffer (pH 7.2). The fixed tissue was rinsed three times with 0.1 M sodium 

phosphate buffer and immersed in ClearSee solution (Kurihara et al., 2015). 

Before LCSM visualization, cleared samples were stained with 0.5% w/v 

calcofluor white on ClearSee solution for 2 h and then rinsed three times with 

ClearSee solution. Excitation of calcofluor white was achieved by using the 

405 nm wavelength diode, while the fluorescence emission was collected 

between 425 and 475 nm. Images of the vascular bundles were taken at 

different regions of the Z-position of the sample and cambium cells were 

counted on each bundle. 
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Immunolocalization of IAA  

 

The basal region of shoot explants was manually sectioned with a 

razor blade and immediately fixed in freshly prepared 3% 1-ethyl-3-

(dimethylaminopropyl)-carbodiimide hydrochloride (EDAC) (Sigma-

Aldrich) in 1× PBS containing 0.1% Triton X-100 (PBS-T) for 1 h on ice. 

The sample sections were post-fixed for 1-2 h in 4% paraformaldehyde in 

PBS-T and washed three times in PBS-T for 5 min. The sample sections were 

then dehydrated and rehydrated with 30%, 50%, 70%, 100%, 70%, 50%, and 

30% methanol in PBS-T (5 min each step) and incubated with 2% cellulase 

Onozuka R-10 (Duchefa Biochemie) for 30 min at 25 °C. After washing as 

above, sections were incubated overnight at 4 °C with a 1:100 dilution of the 

anti-IAA -C-monoclonal antibody (A0855; Sigma-Aldrich) in PBS-T. The 

sections were then rinsed three times for 10 min with PBS-T. Samples were 

incubated with 1:200 dilution of Alexa Fluor 647-conjugated donkey anti-

mouse IgG (ThermoFisher Scientific) antibody for 2 h at 25 °C. The prepared 

samples were observed with LCSM as described elsewhere (Bustillo-

Avendaño et al., 2018). 

 

RNA isolation and first-strand cDNA synthesis 

 

Total RNA from ~100 mg of powdered tomato hypocotyls from 3-6 

seedlings at 0, 1 and 4 days after whole root excision was extracted in 

triplicate using the Spectrum Plant Total RNA Kit (Sigma-Aldrich). 

Contaminating genomic DNA was removed via incubation for 20 min at 37 

°C with 4 units of DNase I (Thermo Fisher Scientific, Waltham, MA, USA). 

After DNase I inactivation at 70 °C for 15 min, RNA was used directly for 

downstream applications. First strand cDNA was synthesized with 1 ɛg of 

purified RNA using SuperScript IV Reverse Transcriptase (Thermo Fisher 
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Scientific), along with Oligo(dT)18 primers. The resulting cDNA was diluted 

by adding 40 ɛL of sterile distilled water, reaching a final volume of 60 ɛL. 

 

Gene expression analysis by real-time quantitative PCR 

 

Primers amplified 93-324 base pairs of the cDNA sequences 

(Supplementary Table S2). To avoid amplifying genomic DNA, forward and 

reverse primers were designed to bound to different exons and to hybridize 

across consecutive exons. For real-time quantitative PCR, 14 ɛL reactions 

were prepared with 7 ɛL of SsoAdvanced Universal SYBR Green Supermix 

(Bio-Rad, Hercules, CA; USA), 4 ɛM of specific primer pairs (5 ɛM each), 

1 ɛL of cDNA, and 2 ɛL of DNase-free water. PCR amplifications were 

carried out in 96-well optical reaction plates on a Step One Plus Real-Time 

PCR System (Thermo Fisher Scientific). Three biological and two technical 

replicates were performed for each gene. The thermal cycling program started 

with a step of 10 s at 95 °C, followed by 40 cycles (15 s at 95 °C and 60 s at 

60 °C), and the melt curve (from 60 to 95 °C, with increments of 0.3 °C every 

5 s). The dissociation kinetics of the amplified products confirmed their 

specificity. Primer validation was performed by the absolute quantification 

method (Lu et al., 2012) using a standard curve that comprised equal amounts 

from each cDNA sample. Gene expression analyses were carried out using 

the 2-ȹȹCt method (Livak and Schmittgen, 2001). The housekeeping 

SlACTIN2 (Solyc03g078400) gene was chosen to ensure reproducibility 

(Dekkers et al., 2012; Expósito-Rodríguez et al., 2008). For each gene, the 

mean fold-change values relative to the basal part of óMicro-Tomô hypocotyls 

at 0 dae were used for graphical representation. 
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Statistical analyses 

 

Descriptive statistics (e.g., average, standard deviation [SD], median, 

maximum, and minimum) were calculated using StatGraphics Centurion XV 

software (StatPoint Technologies, Inc. Warrenton, VA, USA) and SPSS 

21.0.0 (SPSS Inc., Chicago, IL, USA). Data outliers were identified based on 

the Grubbsô test and excluded for posterior analyses as described elsewhere 

(Grubbs, 1969). One-sample Kolmogorov-Smirnov tests were performed to 

analyze the goodness-of-fit between the distribution of the data and a 

theoretical normal distribution. We performed multiple testing analyses using 

the ANOVA F-test or Fisherôs least significant difference (LSD) methods (p-

value < 0.01, unless otherwise indicated). Non-parametric tests (Student t, 

Mann-Whitney or Kolmogorov-Smirnov) were used when necessary (i.e., 

AR emergence and AR number). 

 

RESULTS 

 

Environmental dependence of wound-induced AR formation in tomato 

shoot explants 

 

When whole-root excised shoot explants of the óMicro-Tomô cultivar 

were grown under different light regimes, ARs emerged significantly earlier 

(p-value=0.000) in continuous light than in the 16/8 h light/dark photoperiod 

or in continuous darkness, but rooting capacity at 14 dae was higher under 

standard 16/8 h light/dark conditions (Supplementary Fig. S1A). We found 

significant differences (p-value=0.000) in the rooting capacity of shoot 

explants at 10 days after whole-root excision (10 dae), with the highest values 

obtained in standard 16/8 h light/dark conditions (Supplementary Fig. S1B, 

C). We did not find significant differences (p-value=0.123) in any of the 

studied parameters with regard to the gelling agent concentration 
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(Supplementary Fig. S1D-F), and a slight decrease in AR emergence and 

rooting capacity at 14 dae without sucrose (Supplementary Fig. S1G-I). 

Hence, we selected 16/8 h light/dark, 2% sucrose and 0.25% w/v Gelrite as 

the standard conditions to study wound-induced AR formation in óMicro-

Tomô shoot explants. 

 

Cellular changes in the distal cambium anticipate the initiation of 

wound-induced Ars 

 

To understand the cellular events leading to wound-induced AR 

formation in óMicro-Tomô shoot explants, we studied transverse sections of 

the basal region of the hypocotyl between 0 and 4 dae (Fig. 1). Before 

wounding (0 dae), the hypocotyl contained four vascular bundles, which were 

orthogonally arranged (Fig. 1A, 0 dae). Each vascular bundle was radially 

composed of external phloem tissue, several layers (3-5) of isodiametric 

cambial cells and internal xylem vessels (Fig. 1A, 0 dae). Despite the clear 

discontinuity of the xylem, phloem tissues and cambial cells were also 

observed between the vascular bundles (Fig. 1A, 0 dae). AR primordia within 

the hypocotyl were visualized by DR5::GUS marker expression (Welander et 

al., 2014). We found one preformed AR primordia in the most basal region 

of the óMicro-Tomô shoot explants before whole root excision, and this 

number significantly increased afterwards (Fig. 1B, C). Interestingly, the 

newly formed AR primordia were regularly spaced along the apical-basal axis 

of the hypocotyl within a narrow region and at a certain distance from the 

wounded tissue (Fig. 1C, 3 dae). The earliest morphological event related to 

AR initiation [i.e., initiation phase (de Klerk et al., 1999)] occurred at 2 dae, 

when small clusters of dividing cells located at the edge of the vascular 

bundles were observed (Fig. 1A, 2 dae). These cells seemed to originate from 

the cambial rows facing towards the phloem (i.e., distal cambium). Even at 

these early stages, we confirmed that these presumptive AR initiation foci 
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expressed the auxin-responsive DR5::GUS marker at higher levels in the 

distal tip of the primordium (Fig. 1D, 2 dae), when some root-like internal 

anatomy was observed, such as the lateral root cap and the vascular initials 

(Fig. 1A, dotted section in 2 dae). These AR primordia eventually grew over 

the bundle sheath cells (Fig. 1D, 3 dae) and through the cortex [i.e., 

expression phase (de Klerk et al., 1999)], with an organized internal structure 

that fully resembled a mature root meristem, which later emerged through the 

epidermis (Fig. 1A, 4 dae). At this point, the internal vasculature of the ARs 

was connected to the xylem vessels of the hypocotyl bundles, and the 

continuity of the cambium was maintained through the pericycle cells of the 

emerging ARs (Fig. 1A, 4 dae). 

 

Auxin is required for AR induction in the hypocotyl upon wounding 

 

Auxin, which is routinely used to induce ARs in stem cuttings when 

applied exogenously (Druege et al., 2019), is a well-known endogenous 

player of AR formation in several species (Pacurar et al., 2014), including the 

óMicro-Tomô tomato cultivar (Guan et al., 2019). We detected endogenous 

IAA in some vascular cells near the xylem in the basal region of the explant 

at 2 dae by immunolocalization (Fig. 1E, white arrow). We measured the 

concentration of IAA  in both the apical and basal regions of the shoot 

explants during AR formation by HPLC-MS (Fig. 1F). IAA levels were 

similarly partitioned between the apical- and basal-half of the hypocotyl 

before wounding (Fig. 1G, 0 dae). Between 1 and 2 dae, IAA levels were 

much higher in the basal-half of the hypocotyl than in its apical region (Fig. 

1G), which is indicative of the generation of an internal auxin gradient within 

the hypocotyl after whole root excision. Interestingly, at 4 dae, and consistent 

with the expression phase of AR formation (see above), the internal auxin 

levels were similar in the apical-derived and basal-derived regions of the 

hypocotyl (Fig. 1G). 
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To confirm the functional relevance of the endogenous IAA gradient 

observed in the basal region of the hypocotyl at 1 dae, we studied the 

expression of two Aux/IAA genes, SlIAA11 and SlIAA12 (Supplementary 

Fig. S2A, D), which are known to be upregulated by auxin in tomato (Audran-

Delalande et al., 2012). SlIAA11 and SlIAA12 genes were differentially 

upregulated in the basal region of the hypocotyl at 1 dae (p-value=0.000; 

Fig.1H), mirroring the high IAA levels (Fig. 1G) and DR5::GUS expression 

in this region at 1 dae (Fig. 1C). In Arabidopsis leaf explants, wounding 

indirectly upregulates several YUCCA (YUC) genes involved in IAA 

biosynthesis in the whole mesophyll, which then enhances rooting by 

increasing auxin levels near the wounding via polar auxin transport (Chen et 

al., 2016). Hence, we studied the expression of some auxin biosynthesis 

genes, such as SlTAR2a and SlYUC2/6 (Supplementary Fig. S2B, C, E, F), in 

shoot explants during rooting, and we found a slight increase (p-value=0.000) 

in SlYUC2/6 expression at 1 dae as compared to their steady-state levels at 0 

dae (Fig. 1I).  

To determine the relevance of the endogenous auxin source for AR 

formation, we studied hypocotyl explants obtained by sectioning shoot 

explants just below the cotyledons. These hypocotyl explants lacked the IAA 

supply from the shoot apex and showed a significant delay (p-value=0.015) 

in AR emergence (8.3 ± 5.7 dae) in comparison with shoot explants with an 

intact auxin source (Fig. 2A). As a result, the rooting capacity at 14 dae was 

much lower (p-value=0.000) in hypocotyl explants than that in shoot explants 

(Fig. 2B). We observed that incubation of the explants with 0.25 µM NAA 

(NAAm) induced abundant tissue over proliferation (i.e., callus-like growth) 

at the basal end of the explants, even in the absence of the shoot apex (Fig. 

2C, D). Therefore, AR emergence was severely delayed (~3 dae) by NAAm 

treatment in shoot and hypocotyl explants (Fig. 2A). The NAAm treatment 

significantly increased (p-value=0.024) rooting capacity in shoot explants at 

14 dae by about 3-fold (Fig. 2B, C), but the emerging ARs were significantly 
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shorter (p-value=0.000; Fig. 2E). The basal region of the hypocotyl that 

produced ARs (hereinafter referred to as the AR formative region) enlarged 

upward by the NAAm treatment in both cases (Fig. 2F). To discard local 

inhibitory effects caused by high NAA concentration at the basal end of the 

explants, we directly applied 0.25 µM NAA on the distal end of the hypocotyl 

explants (NAAd), which might then be actively transported to the proximal 

region near the wound (Hoġek et al., 2012). Accordingly, the AR emergence 

delay caused by the excision of the shoot apex was fully rescued by the non-

cell-autonomous NAAd treatment (Fig. 2A) and their rooting capacity was 

also enhanced with respect to that of the hypocotyl explants without NAA 

(Fig. 2B, C). 

 

Auxin transport inhibition primarily affects wound-induced AR 

formation 

 

Our results suggest that auxin from the distal shoot is required for AR 

formation in the proximal (basal) hypocotyl region near the wound. To 

evaluate the role of basipetal auxin transport through the wounded hypocotyl, 

we applied 2-NOA or NPA, which respectively inhibit auxin influx (Lanková 

et al., 2010) or auxin efflux (Teale and Palme, 2018). AR emergence was 

completely blocked in shoot explants treated with NPA in the medium 

(NPAm) and there was a significant delay (p-value=0.000) in AR emergence 

in samples treated with 2-NOAm (12.3 ± 3.0 dae) with respect to the mock-

treated samples (4.8 ± 0.7 dae; Fig. 3A). Shoot explants treated with 2-NOA 

(2-NOAm) displayed profuse tissue proliferation (i.e., callus-like growth; Fig. 

3B, C) in their basal region, with numerous AR primordia that were unable 

to grow (Fig. 3C, E). Remarkably, 2-NOAm-treated shoot explants mirrored 

the NAA (0.25 µM) effect observed previously, with the only difference 

being an increased AR number on the latter (Fig. 2C). Furthermore, there was 
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no sign of tissue proliferation on the hypocotyl of NPAm-treated shoot 

explants, and their shoot growth was also severely delayed (Fig. 3C). 

To evaluate whether the local inhibition of auxin transport affected 

wound-induced AR formation, we applied a lanolin collar of 2-NOA (2-

NOAc) or NPA (NPAc) just below the cotyledons. We found that 2-NOAc or 

NPAc produced a mild but statistically significant delay (p-value=0.013) in 

AR initiation as compared with the control treatment (Fig. 3A). Therefore, 

the rooting capacity was significantly reduced (p-value=0.003) with regard to 

the control treatment, and these differences were higher in the NPAc-treated 

samples (Fig. 3D). In turn, the ARs produced from the NPAc-treated shoot 

explants were shorter than in mockc- or 2-NOAc-treated ones at 21 dae (Fig. 

3E). Interestingly, the length of the AR formative region was slightly 

increased in 2-NOAc, m-treated shoot explants (Fig. 3F). We next evaluated 

wound-induced AR formation in the diageotropica mutant, which was 

defective on a cyclophilin protein putatively required for auxin efflux 

regulation (Oh et al., 2006; Ivanchenko et al., 2015). AR emergence was 

delayed in the diageotropica shoot explants with regard to its óMicro-Tomô 

background, which also showed reduced rooting capacity at 14 dae (Fig. 3G), 

mirroring the mild effects caused by inhibiting polar auxin transport through 

the hypocotyl with local NPA application (NPAc; see above). 

 

Wound-induced AR initiation is independent of gravitropism 

 

Shoot or hypocotyl explants in vertically oriented jars or reoriented 

by 180° relative to the gravity vector (Fig. 4A) showed non-significant 

differences (p-value=0.748) in their wound-induced AR emergence (Fig. 4B) 

or in their rooting capacity at 14 dae (Fig. 4C). In addition, we did not find 

significant differences  in AR lengths (p-value=0.075) among the four 

conditions tested (Fig. 4D). In Arabidopsis, auxin accumulates at the lower 

side of hypocotyls during gravity stimulation, ultimately leading to 
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asymmetric growth and organ bending (Su et al., 2017). We did not observe 

bending of óMicro-Tomô hypocotyls (measured below the cotyledons) but we 

found bending against the gravity vector of the newly produced shoots (Fig. 

4E). The angle of emerging ARs relative to the hypocotyl was similar in the 

four experiments, although the growing roots later reoriented their growth 

towards the gravity vector (Fig. 4E). Intriguingly, we found that although 

vertically oriented shoot explants hardly produced additional ARs from 14 

dae onwards, the shoot explants that were reoriented by 180° produced ~1.5-

fold more ARs at 21 dae. This increase in AR numbers in reoriented shoot 

explants might be caused by the AR formative region expanding upward (Fig. 

4F). 

 

Endogenous IAA produced both in the shoot and the cotyledons are 

required for wound-induced AR emergence 

 

In stem cuttings of different species, the auxin produced in mature 

leaves accumulates in the stem region above the wound and triggers AR 

formation within the vasculature (Druege et al., 2019). In óMicro-Tomô shoot 

explants, both the shoot apex and the cotyledons might act as a direct source 

for the auxin required for wound-induced AR formation. Hence, we 

performed a series of experiments to address this hypothesis (Fig. 5A). 

Hypocotyl explants showed a significant delay (p-value=0.000) in AR 

emergence (7.8 ± 3.7 dae; Fig. 5B) as compared to that of shoot explants that 

included both the shoot apex and the cotyledons (4.6 ± 0.5 dae; Fig. 5B). We 

did not find significant differences in AR emergence between explants with 

deletions of either the shoot apex, or the shoot apex and one cotyledon, or 

both cotyledons but retaining the shoot apex (Fig. 5A-B), suggesting that the 

auxin signal required for wound-induced AR emergence was produced both 

in the cotyledons and in the shoot apex. 
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We observed striking differences in the rooting capacity for the assayed 

conditions. On the one hand, we did not find significant differences (p-

value=0.172) in rooting capacity at 14 dae between shoot, 1-cotyledon, and 

1-leaf explants (Fig. 5C). The 2-cotyledon explants (without the shoot apex) 

produced a significant increase (p-value=0.004) in rooting capacity at 14 dae 

(Fig. 5C, D), with ~1.5 more ARs at 21 dae on average than whole shoot 

explants containing both cotyledons and the shoot apex. However, hypocotyl 

explants showed a significant decrease (p-value=0.000) in their rooting 

capacity (1.7 ± 0.6 ARs at 14 dae; Fig. 5C, D). These results suggested that 

the cotyledons were the major source of auxin required for wound-induced 

AR emergence and that the shoot apex acted both as a source and a sink for 

auxin. To confirm this hypothesis, we locally applied the auxin efflux 

inhibitor NPA on cotyledons (referred to as shoot NPAcot explants), which 

resulted in a significant reduction (p-value=0.000) in the rooting capacity of 

the shoot explants at 14 dae (2.0 ± 0.6 ARs at 14 dae; Fig. 5C, D), mirroring 

the results found on the hypocotyl explants (see above). We measured the 

endogenous levels of the active auxin (IAA ) and of the inactive form of IAA 

conjugated to aspartic acid (IAA-Asp) in the shoot apex and the cotyledons 

of shoot explants at 3 dae, confirming a higher ratio of IAA  to IAA -Asp in 

the cotyledons than in the shoot apex (Fig. 5E). 

Intriguingly, AR emergence was not significantly altered (p-

value=0.471) in the shoot NPAcot explants, suggesting that auxin from the 

shoot apex was sufficient to trigger AR initiation. Following the differences 

in AR emergence described earlier, the shortest AR length was observed in 

hypocotyl explants (Fig. 5F). In addition, the size of the AR formative region 

in the basal hypocotyl was a direct read-out of endogenous auxin levels, as 

this domain was significantly expanded (p-value=0.00) upwards in explants 

without the shoot apex (Fig. 5G). 
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A pre-established auxin response gradient within the hypocotyl supports 

wound-induced AR development 

 

Our results thus far suggested that auxin levels within the hypocotyl 

were dynamically established by basipetal auxin transport from the shoot 

apex and cotyledons. However, in the absence of this endogenous auxin 

source, the hypocotyl explants were able to develop a few ARs, which might 

have been non-cell autonomously induced by the residual auxin within the 

explant or by an unknown cell-autonomous signal. We dissected the 

hypocotyl explants in three fragments (apical, central, and basal) of similar 

lengths (2.6 ± 0.7 mm; Fig. 6A). The central explants displayed an 

intermediate AR emergence response (6.8 ± 5.8 dae) compared to those of 

the apical-derived explants or of the basal-derived explants (Fig. 6B, solid 

lines). Consistent with these results, we found significant differences (p-

value=0.000) in the rooting capacity of the explants according to their initial 

position along the apical-basal axis of the hypocotyl, with the highest rooting 

capacity observed in the basal-derived explants (3.4 ± 0.8 ARs at 14 dae; Fig. 

6C, D). Indeed, the differences found in AR lengths at 21 dae between the 

different explants (Fig. 6E) might be explained by the earliest AR emergence 

observed in the basal-derived explants. The size of the AR formative region 

was slightly expanded upwards (p-value=0.056) according to the explant 

position along the apical-basal axis (Fig. 6F). The observed differences in AR 

formation might be caused by differences in endogenous auxin levels or in 

auxin responses of the explants along the apical-basal axis. Next, we assayed 

the sensitivity of the different hypocotyl regions to the exogenously applied 

synthetic auxin NAA. Exogenously applied NAA induced callus-like growth 

in the proximal (basal) end of the explants at similar levels, regardless of their 

position within the intact hypocotyl (Fig. 6G). AR emergence was 

significantly enhanced (p-value=0.002) by NAA only in the apical-derived 
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explants (Fig. 6B, dotted lines). However, NAA application did not 

significantly increase the rooting capacity of the explants (Fig. 6C). 

To discard the possibility that the observed differences in explants 

along the apical-basal axis were mirroring the circulating IAA  levels at the 

time of excision, we studied AR formation in explants obtained from 

sectioning hypocotyls in two fragments of different lengths (Fig. 7A). AR 

emergence was significantly delayed (p-value=0.000) in all three apical-

derived explants (11.6 ± 6.2 dae; Fig. 7B, apical) as compared with those of 

the basal-derived explants (2.0 ± 0.9 dae; Fig. 7B, basal), which occurred 

irrespective of their length in all cases (p-value=0.982). Interestingly, 

incubation of apical-derived explants with NAA almost fully complemented 

their AR emergence delay (5.0 ± 0.7 dae; Fig. 7B, apical), while it slightly 

delayed the AR emergence of the basal-derived explants (2.8 ± 0.8 dae; Fig. 

7B, basal). However, rooting capacity at 14 dae was only significantly higher 

in the basal-derived explants (p-value=0.000) irrespective of their length (p-

value=0.117; Fig. 7C). Callus-like tissue formation at the proximal (basal) 

end of the explants in response to NAA incubation depended on their apical-

basal polarity with respect to the intact hypocotyls (see above). Indeed, only 

the apical-derived explants containing a large portion of the hypocotyl 

(C3_DBC) displayed higher levels of callus-like formation in response to 

exogenously applied NAA (p-value=0.000; Fig. 7D). Additionally, NAA-

treatment increased callus-like formation in all basal-derived explants (i.e., 

containing the A region of the hypocotyl; Fig. 7D). These results support the 

hypothesis of an endogenous pre-established auxin response gradient within 

the hypocotyl before wounding, with higher auxin responses at the proximal 

(basal) end of the hypocotyl that determine wound-induced AR formation in 

response to endogenous auxin levels. 

To assess whether auxin biosynthesis was locally activated by the 

wounding signal prior to AR formation in these explants, we studied the 

expression of several auxin biosynthesis genes in the apical (D, B) and basal 
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(C, A) regions of the C2_DC and C2_BA explants (Fig. 7A). We found that 

SlTAR2a and SlTAR2b expression was significantly enhanced (p-

value=0.000) in the basal region of the explants at 2 dae (Fig. 7E). In addition, 

SlYUC2/6 expression was slightly induced at the basal region of the explants 

both before wounding and at 2 dae (Fig. 7E). We then evaluated the 

functionality of the endogenous auxin response gradient of the explants by 

studying Aux/IAA gene expression. SlIAA11 and SlIAA12 expression at 2 dae 

was significantly increased (p-value=0.000) in the basal region with respect 

to that of the basal region (Fig. 7F), mirroring the observed increase in auxin 

biosynthesis gene expression after wounding. Interestingly, while no 

expression gradient along the apical-basal axis was observed for these genes 

at 0 dae, a higher expression of SlIAA11 and SlIAA12 was found in the basal 

(C, A) region of the explants with respect to that of the apical (D, B) region 

(Fig. 7F). These results suggested that, in óMicro-Tomô hypocotyl explants, 

wounding acts locally to enhance auxin levels through the specific 

upregulation of SlTAR2 genes in the tissues near the wound, and that the 

newly synthesized IAA  is rapidly transported towards the most-basal region 

of the explants to activate specific target genes required for AR initiation. We 

then treated hypocotyl C2_DB and C2_BA explants with 50 µM yucasin DF 

(YDF) that specifically inhibits YUC activity and hence IAA biosynthesis 

(Tsugafune et al., 2017). YDF did not affect AR emergence (Fig. 7G) but 

rooting capacity at 14 dae was significantly reduced (p-value=0.016) 

compared with the control treatment, mainly in the C2_BA explants (Fig. 

7H). In addition, wound-induced ARs were much shorter in YDF-treated 

explants at 21 dae (Fig. 7I). We also found that the size of the AR formative 

region was reduced by YDF (Fig. 7J), and confirmed that the YDF treatment 

specifically reduced AR formation (Fig 9A). Taken together, these results 

confirmed that, in óMicro-Tomô hypocotyl explants, wounding regulates the 

formation of de novo auxin gradients near the basal region of the explants that 

are required for AR formation. 
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A functional auxin gradient in the basal region of the hypocotyl drives 

wound-induced AR formation in tomato shoot explants 

 

To gain additional insight into the relevance of the endogenous auxin 

response to wound-induced AR formation in tomato shoot explants, we 

studied the entire mutant, which is defective in the Aux/IAA auxin repressor 

SlIAA9 (Zhang et al., 2007). We used a NIL of the entire mutant on the 

óMicro-Tomô background with the characteristic simple leaf phenotype for 

our studies (Fig. 8A). AR emergence in the entire mutant was not 

significantly different (p-value=0.065) from that of the óMicro-Tomô genetic 

background (Fig. 8B). However, the rooting capacity at 14 dae was 

significantly higher (p-value=0.000) in the entire mutant compared to that of 

the wild type (Fig. 8C), with a net difference of approximately 4 more ARs 

in entire at 21 dae than in óMicro-Tomô (Fig. 8B), which nevertheless were 

of similar lengths in both genotypes (Fig. 8D). Interestingly, the AR 

formative region in the entire mutant was significantly expanded upward (p-

value=0.000)  as compared to that of the óMicro-Tomô background (Fig. 8E 

and 9B). Different from that found for the C2_DC and C2_BA hypocotyl 

explants (see the previous section), we only observed minor changes in auxin 

biosynthesis gene expression along the apical-basal axis of óMicro-Tomô 

shoot explants between 0 and 1 dae (Fig. 8F). However, we found that the 

entire mutant presented higher expression of the auxin biosynthesis genes 

SlTAR2b and SlYUC2/6 in the basal region of the shoot explants at 1 dae when 

compared to óMicro-Tomô (Fig. 8F), suggesting upregulation of auxin 

biosynthesis genes in the entire shoot explants after wounding. Besides, the 

rooting capacities at 14 dae of entire hypocotyl explants of different regions 

(C2_DC, C2_BA) were slightly higher (p-value=0.032) than those of the wild 

type (Fig. 8G). 
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In the entire hypocotyls, the ARs originated from the same vascular 

region as those in the óMicro-Tomô background (Fig. 8H, I). However, we 

observed a significant increase (p-value=0.000) in the number of rows of 

cambial cells in the entire mutant at 1 dae (Fig. 8J), which, together with the 

enhanced auxin biosynthesis after wounding, would contribute to the higher 

rooting capacities observed in the shoot explants and hypocotyl explants of 

the entire mutant. 

We wondered whether the wound-induced AR formation observed in 

the hypocotyl could also be elicited on higher nodes of young tomato 

seedlings. Hence, we studied wound-induced AR formation in three different 

regions of 16-day-old tomato seedlings (Fig. 9C). A high proportion (~65%) 

of explants from the first node did not produce any ARs even four weeks after 

excision, and the explants that had produced ARs were severely delayed in 

their initiation (Fig. 9C). Therefore, the rooting capacity of the explants from 

the first node was reduced (Fig. 9D), and their ARs were also shorter (Fig. 

9E). We observed profuse tissue proliferation in the basal region of the 

explants from the first node that did not produce ARs (Fig. 9F, G), resembling 

hypocotyl explants treated with NAA (Fig. 2C). However, the explants from 

the shoot apex were mostly unable to produce any response in the basal region 

near the wound (Fig. 9C). These results confirmed that a developmental 

gradient along the apical-basal axis of the plant restricts wound-induced AR 

formation to the most basal tissues in óMicro-Tomô seedlings. 

 

Variation of wound-induced AR formation in several tomato cultivars 

 

We previously studied several traits of the AR system in whole-root 

excised shoot explants in different tomato cultivars (Alaguero-Cordovilla et 

al., 2018). AR emergence was significantly delayed (p-value=0.000) in the 

óMicro-Tomô cultivar when compared to that of the other studied cultivars 

(Supplementary Fig. S3A). Consequently, the rooting capacity was 
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significantly reduced (p-value=0.000) in the óMicro-Tomô cultivar (4.0 ± 1.3 

ARs at 14 dae) as compared to those in óMoneymakerô, óUC-82ô or óHeinz 

1706-BGô (7.7 ± 2.8; Supplementary Fig. S3B). Interestingly, AR formation 

was restricted to the most basal region of the hypocotyl in óUC-82ô while it 

was expanded upward in óMoneymakerô and óHeinz 1706-BGô 

(Supplementary Fig. S3C, D), irrespective of their hypocotyl lengths 

(Supplementary Fig. S3E). Furthermore, despite the differences in AR 

emergence between the studied cultivars, the length of the AR system at the 

end of the experiment (18 dae) did not significantly change (p-value=0.462; 

Supplementary Fig. S3F). These results suggested that genetic variation 

within the tomato cultivars might contribute to variation in wound-induced 

AR system attributes and hence deserves further investigation. 

 

DISCUSSION 

 

AR formation is a critical developmental process in cutting propagation 

within the horticultural industry (Druege et al., 2019). Despite the key role of 

auxin in this process (Pacurar et al., 2014), our knowledge about the 

molecular determinants is still incomplete. In Arabidopsis hypocotyls, ARs 

are initiated from xylem pole pericycle cells (Sukumar et al., 2013) in a 

process resembling lateral root initiation (Bellini et al., 2014). However, ARs 

in adult tissues, such as excised leaves, originate from the proliferating 

lineage of some vascular-associated cells that express the WOX11 

transcription factor (Liu et al., 2014; Hu and Xu 2016; Bustillo-Avendaño et 

al., 2018). In contrast to Solanum dulcamara, where preformed AR primordia 

in the stem emerge in response to flooding (Dawood et al., 2014), we found 

that wound-induced AR primordia in young óMicro-Tomô hypocotyls were 

formed de novo after whole root excision (Fig. 9H). In our experimental 

system, AR initiation is temporally and spatially regulated by the stereotyped 

divisions of the distal cambium located at the edge of the vascular bundles. 
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In the earliest stage, a small cluster of dividing cambial cells expresses the 

auxin-responsive DR5::GUS marker (stage 1; Bustillo-Avendaño et al., 

2018), and in response, the root founder cells (RFCs) are then specified within 

this cluster (stage 2). In a recent report, Guan et al. (2019) localized the 

expression of the auxin reporter DR5pro:YFP in a subset of cambial cells 

during wound-induced AR formation in óMicro-Tomô shoot explants, which 

is consistent with our findings with regards to the exact site of AR initiation. 

The lack of suitable cell-autonomous markers of cambial stem cell identity 

(Smetana et al., 2019) make detailed lineage analyses during AR formation 

in óMicro-Tomô difficult . It has been reported that in petunia stem cuttings, 

several clusters of meristematic cells develop simultaneously within the same 

cambial ring in response to the auxin signal (Ahkami et al., 2014). In our 

study, however, consecutive ARs appeared to originate from opposite 

vascular rings and at a certain distance within the hypocotyl. This intriguing 

observation might be related to the internal vascular arrangement of the 

óMicro-Tomô hypocotyl (vascular bundles arranged in a cross shape instead 

of the continuous vascular ring observed in petunia stem cuttings) or to an 

unknown lateral inhibition mechanism that spatially restricts AR initiation in 

the óMicro-Tomô hypocotyl.  

Day length was among the environmental factors that positively 

regulated AR initiation in óMicro-Tomô hypocotyls, and sucrose exerted an 

additive effect on the rooting capacity of tomato shoot explants (this work). 

A previous study on tomato shoot explants found that the effect of light on 

AR formation was not directly related to photoreceptor-dependent light 

perception (Tyburski and Tretyn, 2004). Hence, the regulatory effect of light 

on adventitious rooting might result from its interaction with phytohormones, 

particularly auxin (Sorin et al., 2005; Gutierrez et al., 2009). Alternatively, 

light may influence AR formation due to its significant role in the synthesis 

of sugars. Studies on petunia cuttings highlighted the contribution of carbon 

allocation to AR formation sites in the basal region of the stem under different 
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light regimes (Klopotek et al., 2016). Additional experiments using the 

óMicro-Tomô model will enhance our understanding of the crosstalk between 

light, carbohydrate levels, and wound-induced AR formation. 

In the current model for AR formation in stem cuttings (Druege et al., 

2019), a pre-established polar auxin transport from mature leaves produced 

IAA accumulation in the basal region of the stem just above the wounding 

site, which triggered the de-differentiation and cell cycle reactivation of the 

neighboring cambial cells prior to AR initiation. We found that wound-

induced AR formation in óMicro-Tomô shoot explants resembled that of AR 

formation in stem cuttings. We observed the buildup of an internal IAA 

response gradient within the tomato hypocotyl shortly after whole root 

excision that reached its maximum levels at a defined position of the 

cambium, on a narrow proximal (basal) region of the hypocotyl just above 

the wound (Fig. 9I). In óMicro-Tomô shoot explants, auxin is mainly produced 

in the cotyledons, and the emerging leaves are both a source and a sink for 

auxin (Fig. 9H). We found a direct correlation between the amount of auxin-

producing tissues and the size of the AR-formative domain, which directly 

contributed to the rooting capacity of the explants (Fig. 9J). Indeed, local 

application of IAA  in the proximal (basal) region of the hypocotyl resulted in 

the AR formative region significantly expanded upwards and concomitantly 

increased the number of wound-induced ARs (this work).  

Using a combination of physiological and genetic approaches, we 

provided additional evidence of the key role of basipetal auxin transport in 

the regulation of wound-induced AR formation in óMicro-Tomô shoot 

explants (Guan et al., 2019). First, we demonstrated that actively transported 

and shoot-derived IAA was required to trigger AR formation in the proximal 

(basal) hypocotyl region as the AR reduction caused by shoot decapitation 

could be fully rescued via local auxin application through the apical (distal) 

region of the explants. Disruption of basipetal auxin transport with 2-NOA 

and NPA also reduced the initiation of ARs in the basal region of the 
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hypocotyl. In addition, the observation that local inhibition of auxin efflux in 

the basal hypocotyl domain blocked AR initiation suggested that transverse 

auxin flow, likely from the internal vasculature to the distal cambial cells, is 

also required for the formative divisions during AR initiation (Fig. 9I). 

Interestingly, the chemical inhibition of the auxin influx carriers AUX1/LAX 

by 2-NOA allowed the formation of callus-like tissue at the basal hypocotyl 

(resembling NAA-treated hypocotyl explants), which were severely delayed 

in AR formation. Indeed, in Arabidopsis hypocotyls, the activity of AUX1 is 

essential for AR initiation (da Costa et al., 2020), while other LAX members 

(such as LAX3) are required for AR emergence (Della Rovere et al., 2013; 

2015). Consequently, when the new ARs emerged during the expression 

phase (de Klerk et al., 1999), they acted as active sinks for the basipetal auxin 

transported from the shoot, limiting the auxin overflow effect observed in the 

most basal region of the hypocotyl at earlier time-points. The tomato 

diageotropica mutant lacks lateral roots due to abnormal polar auxin 

transport that prevents the buildup of the auxin maxima in the vascular 

pericycle cells (Ivanchenko et al., 2015). DIAGEOTROPICA encodes a 

cyclophyllin protein with peptidyl-prolyl isomerase activity (Oh et al., 2006) 

that has been proposed to regulate PIN-mediated IAA efflux (Ivanchenko et 

al., 2015). As expected from a defect in basipetal auxin transport, we 

observed a reduction in the rooting capacity in wound-induced shoot explants 

of diageotropica mutants, a phenotype that mirrors our results on the 

chemical inhibition of polar auxin transport through the hypocotyl in óMicro-

Tomô seedlings. We found that gravistimulation enhanced the AR formative 

region, which might be consistent with a reduced flow of basipetal auxin 

transport through the hypocotyl, likely though PIN3 repolarization upon 

gravistimulation, as it occurs in Arabidopsis (Rakusová et al., 2011; 2016). 

Together, these results indicate that tightly regulated polar auxin transport 

through the hypocotyl is required to set up the AR formative region during 

wound-induced AR formation. 
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We previously determined that the stabilization of the Aux/IAA 

repressor SOLITARY ROOT (SLR), also named IAA14, in Arabidopsis leaf 

explants reduced de novo root initiation downstream of the IAA28 module 

that regulates RFC specification (Bustillo-Avendano et al., 2018). The 

tomato ENTIRE gene encodes SlIAA9, a close SLR homolog (Wu et al., 

2012), and the entire loss-of-function mutant displayed simple leaves instead 

of compound leaves but normal lateral root development (Zhang et al., 2007). 

We found that reduced levels of the SlIAA9 repressor enhanced wound-

induced AR formation due to the apical expansion of the AR-formative 

domain. In addition, we found upregulation of two auxin biosynthesis genes 

in the basal region of the entire shoot explants after whole-root excision, 

which might directly contribute to the high endogenous auxin pool in this 

mutant. Our results suggest that reduced Aux/IAA levels in entire shoot 

explants lead to enhanced auxin responses that, in turn, lower the threshold 

for AR initiation at more distally located vascular bundles. Alternatively, the 

entire mutation might cause subtle developmental defects in the hypocotyl, 

which might alter the cellular interactions required for AR initiation. 

Downstream of the IAA14 repressor, the AUXIN RESPONSIVE FACTOR7 

(ARF7) and ARF19 are required to activate formative divisions of pericycle 

cells during AR formation in etiolated Arabidopsis hypocotyls upon transfer 

to light (Lee et al., 2019). Several tomato homologs of ARF7 and ARF9 genes 

are expressed during the early stages of fruit development and their 

inactivation using RNAi renders fruits with thick pericarp due to increased 

cell expansion (de Jong et al., 2015; 2008). Additional experiments are 

ongoing to determine whether ARF7 and ARF9 inactivation affects wound-

induced AR formation in tomato shoot explants. Since the tomato genome 

contains 25 Aux/IAA genes (Audran-Delalande et al., 2012) and 22 ARF 

genes (Zouine et al., 2014), multiple Aux/IAA and ARF genes might 

contribute to wound-induced AR formation and additional studies will be 

required to elucidate the Aux/IAA -ARF gene regulatory pathway(s) involved 
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in this process. During wound-induced AR formation in Arabidopsis leaf 

explants, two parallel pathways downstream of the auxin signal converge on 

the upregulation of several genes of the LATERAL ORGAN BOUNDARIES 

DOMAIN (LBD) gene family, such as LBD16, LBD18, and LBD29 (Liu et 

al., 2014; Lee et al., 2019). Indeed, we found that two tomato genes encoding 

LBD16 and LBD29 homologs (Solyc09g066260 and Solyc09g066270) were 

differentially upregulated in stages 2 and 3 of wound-induced AR formation 

in óMicro-Tomô hypocotyl explants suggesting a conserved developmental 

framework for de novo root formation in both species (E. Larriba and J.M. 

Pérez-Pérez, unpublished).  

Our results with óMicro-Tomô hypocotyl explants of different lengths 

provide a conceptual framework for the study of de novo organ formation in 

this species, as these explants were able to develop both ARs and adventitious 

shoots. We found striking differences in AR emergence and rooting capacity 

with respect to the position of the explants along the apical-basal axis of the 

hypocotyl, irrespective of the length of the explants used. Hence, an 

endogenous pre-pattern of auxin responses within the hypocotyl is already 

established during early development, which limits AR initiation to most 

basal tissues. Interestingly, the size of the AR formative region remained 

constant in all cases, suggesting their tight regulation. Our results also 

suggested that wound-induced AR formation in excised hypocotyl explants 

was independent of shoot-derived auxin but dependent on a short-range 

signal produced near the wounded tissue. In Arabidopsis, root meristem 

regeneration requires multiple auxin biosynthetic sources that are newly 

specified near the cut site and it has been suggested that regeneration 

competence relies on the ability to specify new local auxin sources in a 

precise temporal pattern (Matosevich et al., 2020). We found mild 

upregulation of some auxin biosynthesis genes in the excised hypocotyl 

explants upon wounding, while the auxin responses were subsequently 

localized to the most basal region of the explants, suggesting that polar auxin 
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transport might contribute to the buildup of new auxin maxima in the basal 

region triggering AR initiation. In our working model for wound-induced AR 

formation in excised hypocotyl explants, AR initiation is dependent on the 

extent of local auxin biosynthesis in the wounded tissue and the endogenous 

auxin response of the explants (Fig. 9J). We demonstrated that both factors 

varied according to the apical-basal position of the explant on the intact 

hypocotyl.  

During wound-induced AR formation in Arabidopsis leaf explants, 

wound-induced JA directly induces the expression of ETHYLENE 

RESPONSE FACTOR109 (ERF109), which functions directly upstream of a 

key gene in the auxin biosynthesis pathway (Zhang et al., 2019; Ye et al., 

2020). In addition, ERF109 activates ERF115 expression (Zhou et al., 2019), 

which in turn promotes stem cell renewal and grants regeneration competence 

after physical damage (Heyman et al., 2016). Two recent reports provide 

additional evidence of a mechanistic model for wound-induced stem cell 

regeneration that involves the sensing of damaged cells and the activation of 

local auxin signaling to coordinate downstream transcriptional responses near 

the wound through ERF115 activity (Canher et al., 2020; Hoermayer et al., 

2020). The tomato genome contains several ERF109 and ERF115 homologs, 

some of which are differentially upregulated after wounding (E. Larriba and 

J.M. Pérez-Pérez, unpublished); hence, a similar regulatory network might be 

involved in the fine-tuning of wound-induced AR formation in excised 

tomato explants. 
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FIGURES 

 

 
 

Fig. 1. A functional auxin gradient in the basal region of the hypocotyl 

correlates with wound-induced AR formation in tomato shoot explants. 

(A) Representative cross sections of the basal region of the hypocotyl during 
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AR formation. Dotted lines surround an early AR primordia arising from the 

cambium next to the vascular bundle; c, cambium; ifc, interfascicular 

cambium; ph, phloem; xl, xylem. (B) Wound-induced AR number expressing 

DR5::GUS after whole root excision. (C, D) Representative images of GUS 

expression in the AR primordia of DR5::GUS lines. Black lines indicate 

regular spacing between adjacent AR primordia. (E) Immunolocalization of 

IAA near the xylem pole (white arrow) of the basal region of the shoot 

explants at 2 dae. (F) Diagram showing the different regions studied in G-I. 

(G) Percentage of IAA levels in the different hypocotyl regions during AR 

formation. (H, I) Relative expression of Aux/IAA-related (H) and auxin 

biosynthesis (I) genes. Bars indicate normalized expression levels ± SD with 

regards to the expression at the basal region at 0 dae. Letters/Asterisks 

indicate significant differences (p-value<0.01) between regions. Scale bars: 

200 µM (A, D, E) and 1 mm (C).  
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Fig. 2. Auxin effect on wound-induced AR formation in tomato shoot 

explants. (A) AR emergence of the studied explants. (B) Rooting capacity of 

óMicro-Tomô shoot explants at 14 dae. (C) Representative images of rooted 

shoot explants. Arrow indicate the apical end of the hypocotyl explants; rs: 

regenerated shoot, NAAm: NAA added to the SGM; NAAd: NAA added to 

the distal end of the hypocotyl explants. (D) Fresh weight of the distal region 

of the shoot explants with ARs at 21 dae. (E) Maximum length of ARs at 21 

dae. (F) Percentage of hypocotyl length with ARs at 21 dae. Letters indicate 

significant differences (p-value<0.01) between the assayed conditions. Scale 

bars: 20 mm. 
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Fig. 3. Polar auxin transport is required for wound-induced AR 

formation in tomato shoot explants. (A) AR emergence of the studied 

explants. (B) Fresh weight of the AR formative region of the shoot explants 

at 21 dae. (C) Representative images of rooted shoot explants at 14 dae. The 

chemical treatments were applied on a lanolin collar (c; white arrow) or to 

the medium (m). (D, G left) Rooting capacity of shoot explants at 14 dae. (E) 

Maximum lengths of ARs at 14 dae. (F) Percentage of hypocotyl length with 

ARs at 14 dae. (G right) Representative images of rooted shoot explants at 14 

dae in diageotropica (dgt) and óMicro-Tomô (WT). Letters indicate 

significant differences (p-value<0.01) between treatments and genotypes. 

Scale bars: 20 mm. 
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Fig. 4. Wound-induced AR formation in tomato explants is independent 

of the gravity vector. (A) Shoot or hypocotyl explants were oriented with 

(0º) or opposite (180º) the gravity vector. (B) AR emergence of the explants 

in the studied conditions. (C) Rooting capacity of óMicro-Tomô explants at 

14 dae. (D) Maximum lengths of ARs at 21 dae. (E) Representative images 

of rooted shoot explants at 21 dae. Arrows indicate the apical end of the 

hypocotyl explants; rs: regenerated shoot. (F) Percentage of hypocotyl 

lengths with functional ARs at 21 dae. Letters indicate significant differences 

(p-value<0.01) between treatments. Scale bars: 20 mm. 
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Fig. 5. Source of active auxin required for wound-induced AR formation 

in tomato hypocotyl explants. (A) Diagram showing the different conditions 

assayed. (B) AR emergence of the studied explants. (C) Rooting capacity of 

óMicro-Tomô shoot explants at 14 dae. (D) Representative images of rooted 

shoot explants at 21 dae. Arrows indicate the apical end of the hypocotyl 

explants; rs: regenerated shoot. (E) IAA and IAA-Asp levels in the shoot apex 

or the cotyledons in shoot explants at 21 dae. (F) Maximum lengths of ARs 

at 21 dae. (G) Percentage of hypocotyl length with ARs at 21 dae. Letters 

indicate significant differences (p-value<0.01) between treatments. Scale 

bars: 20 mm.  



 

178 

 
 

Fig. 6. Apical-basal gradient of auxin signaling within the hypocotyl 

influences wound-induced AR formation. (A) Diagram showing the 

different conditions assayed. White arrow indicates the internal tissue 

polarity. (B) AR emergence of the studied explants. Dotted lines indicate 

hypocotyl explants incubated with 0.01 µM NAA. (C) Rooting capacity of 

óMicro-Tomô shoot explants at 14 dae in the different conditions assayed. (D) 

Representative images of rooted shoot explants at 21 dae in the studied 

regions without exogenous auxin treatment. Arrows indicated the apical end 

of the hypocotyl explants; rs: regenerated shoot. (E) Maximum lengths of 

ARs at 21 dae. (F) Percentage of hypocotyl length with ARs at 21 dae. (G) 

Fresh weight of the distal end of the explants with AR formative region. 

Letters indicate significant differences (p-value<0.01) between the 

experimental conditions tested. Scale bars: 20 mm.  
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Fig 7. Apical-basal polarity within the hypocotyl regulates wound-

induced AR formation. (A) Diagram showing the different conditions 

assayed. (B, G) AR emergence of the explants in the studied conditions. YDF: 

50 ÕM yucasin DF; m: mock. (C, H) Rooting capacity of óMicro-Tomô shoot 

explants at 14 dae. (C) Upper graph: apical; lower graph: basal. (D) Fresh 

weight of the distal end of the explants with ARs at 21 dae. (E, F) Relative 

expression of auxin biosynthesis (E) and auxin responsive (F) genes. Bars 

indicate normalized expression levels ± SD with regards to the apical region 

of the hypocotyl (C2_A) at a given time. (I) Maximum lengths of ARs at 21 

dae. (J) Hypocotyl length with ARs at 21 dae. Letters indicate significant 

differences (p-value<0.01) between the studied conditions. 



 

180 

 
 

Fig. 8. Auxin response in the basal region of the hypocotyl is required for 

wound-induced AR formation in tomato shoot explants. (A) 

Representative images of rooted shoot explants at 21 dae. (B) AR emergence 

of the studied explants. (C, G) Rooting capacity of wild-type (WT) and entire 

shoot and hypocotyl explants at 14 dae. (D) Maximum lengths of ARs at 21 

dae. (E) Percentage of hypocotyl lengths with ARs at 21 dae. (F) Relative 

expression of auxin biosynthesis genes. Bars indicate normalized expression 

levels ± SD with regards to the WT expression in the basal region at 0 dae. 

(H, I) Representative cross sections of shoot explants of entire (H) and WT 

(I) at 1 and 3 dae. (J) Number of cambial rows per vascular bundle in 

hypocotyl cross sections of WT and entire at 1 dae. Letters (C, G) or asterisks 

(E, F, J) indicate significant differences (p-value<0.01) between genotypes 

and/or conditions tested. Scale bars: 20 mm (A) and 100 µM (H, I). 
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Fig. 9. A developmental gradient of auxin response is required for 

wound-induced AR formation in tomato. (A) Number of AR primordia in 

different conditions; m: mock, YDF: 50 µM yucasin DF. (B) Length of the 

basal region of the hypocotyl with no AR formation (L0) or with AR 

formation (L1). (C) AR emergence of the studied explants, as indicated in the 

diagram. (D) Rooting capacity of hypoctyl and node 1 explants at 14 dae. (E) 

Maximum lengths of ARs. (F) Representative images of explants at 28 dae. 

Scale bars: 20 mm. (G) Fresh weight of the distal end of the explants at 14 

dae. Letters indicate significant differences (p-value<0.01) between the 

assayed conditions. (H-J) Model of wound-induced AR formation in tomato 

shoot explants. (H) IAA is produced in some shoot tissues (cotyledons and 

young leaves) and it is transported through the hypocotyl and into the primary 

root. Auxin produced in the cotyledons also contributes to the growth of 

young leaves. Immediately after whole root excision, wound-induced 

signaling is produced near the wound. RFCs: root founder cells. (I) In the AR 

formative region, the IAA levels in the vascular bundles increase due to 

basipetal auxin transport from the shoot and local auxin biosynthesis near the 

wound. AUX/LAX1 and PIN proteins actively contribute to the buildup of 

endogenous auxin gradients within the vascular bundles, where they activate 

RFCs within the cambium. (J) In hypocotyl explants, an internal pre-pattern 

of auxin sensitivity is already established, likely through regulation of 

Aux/IAA protein levels. The size of the AR formative region depends on a 

given threshold of IAA level, which is directly interpreted by the prepatterned 

auxin-response gradient. 
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SUPPORTING INFORMATION  

 

 
 

Fig. S1. Environmental dependence of wound-induced AR formation in 

tomato shoot explants. Effect of light regime (A-C), gelling agent (D-F) or 

sucrose (G-I) on wound-induced AR formation in tomato shoot explants. (A, 

D, G) AR emergence of the explants in the studied conditions; numbers 

indicate average ± SD of days for AR emergence. (B, E, H) Rooting capacity 

of óMicro-Tomô shoot explants in the studied conditions. (C, F, I) 

Representative images of rooted shoot explants in the different conditions 

assayed. Letters indicate significant differences (p-value<0.01) between 

treatments. Scale bars: 20 mm. 
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Fig. S2. Phylogenetic analysis of auxin biosynthesis genes in tomato and 

primer validation for real -time quantitative PCR. (A, B, C) Phylogenetic 

trees of a subset of Aux/IAA (A), TAA/TAR (B) and YUCCA (C) proteins. 

The trees were inferred from protein alignments by using the Maximum 

Likelihood method based on the Le Gascuel (2008) model. (D, E, F) Primer 

validation was performed for selected Aux/IAA (D), TAA/TAR (E) and YUC 

(F) genes. Each dot represents the relative expression data for a given sample. 
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Fig. S3. Wound-induced AR formation in tomato shoot explants is 

genotype-dependent. (A) AR emergence of the studied explants. (B) 

Rooting capacity of shoot explants in the studied cultivars at 14 dae. (C) 

Representative images of rooted shoot explants at 14 dae in the studied 

cultivars. Arrowheads indicate the position of the cotyledons. (D) Percentage 

of hypocotyl length with ARs and (E) hypocotyl lengths at 14 dae. Letters 

indicate significant differences (p-value<0.01) between cultivars and 

conditions assayed. Scale bars: 20 mm. 








