
Arabidopsis and sunflower plants with increased xylem area
show enhanced seed yield

Julieta V. Cabello and Raquel L. Chan*

Instituto de Agrobiotecnolog�ıa del Litoral, Universidad Nacional del Litoral, CONICET, Centro Cient�ıfico Tecnol�ogico

CONICET Santa Fe, Colectora Ruta Nacional N� 168 km. 0, Paraje El Pozo, (3000) Santa Fe, Argentina

Received 31 January 2019; revised 9 April 2019; accepted 17 April 2019; published online 22 April 2019.

*For correspondence (e-mail rchan@fbcb.unl.edu.ar).

SUMMARY

Plant architecture plasticity determines the efficiency at harvesting and plays a major role defining biomass

and seed yield. We observed that several previously described transgenic genotypes exhibiting increased

seed yield also show wider stems and more vascular bundles than wild-type plants. Here, the relationship

between these characteristics and seed yield was investigated. Hanging weight on the main stem of Ara-

bidopsis plants provoked significant stem widening. Such widening was accompanied by an increase in the

number of vascular bundles and about 100% of yield increase. In parallel, lignin deposition diminished. Vas-

cular bundle formation started in the upper internode and continued downstream. AUX/LAX carriers were

essential for this response. The increase of vascular bundles was reverted 3 weeks after the treatment lead-

ing to an enlarged xylem area. Aux1, lax1, and lax3 mutant plants were also able to enlarge their stems after

the treatment, whereas lax2 plants did not. However, none of these mutants exhibited more vascular bun-

dles or seed yield compared with untreated plants. Weight-induced xylem area enhancement and increased

seed yield were also observed in sunflower plants. Altogether these results showed a strong correlation

between the number of vascular bundles and enhanced seed yield under a long-day photoperiod. Further-

more, changes in the levels of auxin carriers affected both these processes in the same manner, suggesting

that there may be an underlying causality.

Keywords: vascular bundles, xylem area, auxin carriers, seed yield, LAX2, mechanical treatment, Arabidop-

sis thaliana, Helianthus annuus.

INTRODUCTION

Developmental plasticity allows higher plants to modulate

their phenotype depending on environmental conditions.

In contrast with animals, plants exhibit a remarkable flexi-

bility in their architecture and growth patterns, due to the

continuously active shoot and root meristems and their

potential to generate organs after embryogenesis (Wolters

and Jurgens, 2009). The environment influences plant

growth by modulating hormone levels and signaling. The

resulting plant architecture is defined as a three-dimen-

sional organization of the plant body and it has major

agronomic importance, strongly influencing the efficiency

of harvesting and finally plant yield (Reinhardt and Kuhle-

meier, 2002). During crops domestication and improve-

ment, plant architecture was considered to be the main

trait for obtaining high-yielding varieties. A paradigmatic

example of the importance of plant architecture is the

Green Revolution, particularly based on architecture modi-

fication, choosing wheat varieties with shorter and sturdier

stems. This selection led to dramatic increases in world-

wide agricultural productivity (Peng et al., 1999). Architec-

tural and physiological traits, such as wider stems and

increased number of vascular bundles, have been

observed in rice and Arabidopsis transgenic plants exhibit-

ing high-yielding phenotypes (Zhao et al., 2015; Cabello

et al., 2016). Rice plants overexpressing the PLANT ARCHI-

TECTURE AND YIELD 1 (PAY1) gene produced around 38%

more grain yield than controls significantly changing their

plant architecture; particularly increasing stem width (Zhao

et al., 2015). Arabidopsis plants transformed with con-

structs able to express the sunflower transcription factor

(TF) HaHB11 (driven by the 35S or the HaHB11 promoter)

yielded 50–100% more seeds than controls, depending on

the expression level, when grown in standard conditions

(Cabello et al., 2016). Such plants exhibited a marked

increase in stem width and biomass as well as enhanced

flooding and drought tolerance (Cabello et al., 2016, 2017).
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Shoot vascular bundles establishment is a complex pro-

cess in which several hormones are involved; auxins con-

trol vascular bundle spacing whereas brassinosteroids

modulate bundle number by promoting early procambial

divisions (Iba~nes et al., 2009). Auxins are essential phyto-

hormones, participating in plant growth control and devel-

opment. Their transport and distribution along the plant

generate several organized patterns including the periodic

shoot vascular patterning (Iba~nes et al., 2009). The polar

transport of auxin from cell to cell is coordinately achieved

by efflux and influx transporters encoded by PIN-FORMED

(PIN) and P-GLYCOPROTEIN (PGP) (Geisler et al., 2005;

Petr�asek et al., 2006; Cho et al., 2007) and AUXIN1/LIKE

AUX1 (AUX/LAX) genes, respectively (Bennett et al., 1996;

Swarup et al., 2008). In Arabidopsis thaliana, the AUX/LAX

family is represented by four genes (AUX1, LAX1, LAX2,

and LAX3) in which products are multimembrane-spanning

transmembrane proteins (P�eret et al., 2012). These four

proteins control periodic vascular patterning and differenti-

ation of xylem cells in plants (Yang et al., 2006; Swarup

et al., 2008; P�eret et al., 2012; F�abregas et al., 2015).

Among these carriers, AUX1 regulates root gravitropism,

lateral root emergence, root hair development, leaf phyl-

lotaxy, and expansion of the apical hook (Marchant et al.,

1999, 2002; Swarup et al., 2008) whereas LAX2 regulates

vascular patterning in cotyledons (P�eret et al., 2012) and

leaf venation patterning (Moreno-Piovano et al., 2017).

LAX3 has been associated with lateral root (LR) emergence

as well as to the development of the apical hook (Swarup

et al., 2008) and LAX1 is required for leaf phyllotactic pat-

terning (Sahlin et al., 2009). Despite the important roles

exerted by these carriers in Arabidopsis, they are not

essential for this species’ life; i.e., quadruple aux1/lax1/

lax2/lax3 mutant plants are viable and fertile. Interestingly,

this is not the case in Brachypodium distachyon, a species

in which the loss-of-function Bdaux1 mutant is dwarf and

infertile (van der Schuren et al., 2018).

Aiming at revealing the molecular mechanisms involved

in Arabidopsis secondary growth, a creative technique con-

sisting of applying weight to the main stem for a few days

at the early developmental stages was used by Ko et al.

(2004). Such treatment induced the expression of AUX/LAX

carriers in stem tissues of plants grown in short-day condi-

tions. Briefly, after the treatment, the expression of LAX2

was highest in intermediate stems, whereas AUX1 peaked

in mature stems, suggesting that these genes were impli-

cated in the induction and development of secondary

xylem (Ko et al., 2004). Moreover, the weight added on the

main stem induced cambium differentiation, facilitating

auxin transport and promoting secondary xylem develop-

ment (Ko et al., 2004). When considering the formation of

vascular bundles or a relationship between these struc-

tures, stem width, and high-yielding phenotypes, little or

no information is available so far.

Many research groups worldwide have obtained trans-

genic or mutant plants exhibiting higher yields than con-

trols (Zhao et al., 2015; Cabello et al., 2017; Wang et al.,

2017; Jiang et al., 2018; Lim et al., 2018). However, the

evaluation of stems width and the number of vascular bun-

dles in these plants was not investigated or associated

with seed yield. The detailed observation of several high-

yielding transgenic genotypes obtained in our laboratory

led us to investigate this putative relationship. We stated

the hypothesis that the inventive technique described by

Ko et al. (2004) could induce the widening of the stems

when applied to plants grown under long-day conditions.

Here we report that hanging weight applied during discrete

periods of time at particular stages of development pro-

voked an increase of stem width and, transiently, the num-

ber of vascular bundles. Such events led to dramatic

changes in plant architecture and increased seed yield.

This process was controlled by auxin transport and

up�down polar distribution. Weight-induced xylem area

enhancement and increased seed yield also occurred in

sunflower plants.

RESULTS

Transient weight treatment on the main stem triggers a

reprogramming of the Arabidopsis vascular system

A detailed observation of Arabidopsis plants transformed

with the construct 35S:HaHB11 (able to express a

Figure 1. Plant architecture undergoes significant variations after applying weight to the main stem.

(a) From left to right: illustrative stem cross-sections of the first internode of Arabidopsis WT and transgenic HaHB11 plants (independent line B) stained with

toluidine blue; stem width of the same plants measured with a caliper; number of vascular bundles measured in these sections (three independent lines named

A�C; H11 indicates HaHB11 transgenic plants). Samples were taken from the first internode of 40-day-old plants. For each point, three plants/stems were evalu-

ated. Black bars represent 0.25 mm.

(b) From left to right: stem cross-sections of the first internode of Arabidopsis plants treated for 4 days with weight (1.6 g) and immediately cut; stem width of

control and weight-treated (1 and 3 days) plants measured with a caliper; number of vascular bundles measured in stem sections of control and 3-day-treated

plants. For each point, three plants/stems were evaluated. Black bars represent 0.04 mm.

(c�k) Architectural parameters assessed in Arabidopsis wild-type plants treated (T) or not (C) with 1.6 g during 2 days. Before and after the treatment, plants

were grown under standard conditions.. Stem length (c) and width (d) measures were taken 30 and 40 days after sawing. (e) Number of branches from the main

stem. (f) Number of secondary stems/plant. (g) Width of secondary stems. (h) Number of siliques/main stem. (i) Number of siliques/secondary stem. (j) Total sili-

ques. (k) Seed yield evaluated at the end of the life cycle expressed as g/plant. For each point, 16 plants/stems were evaluated.

(l) Illustrative drawing representing the parameters shown in (a�k) forming the architecture of a weight-treated plant compared with its untreated control.

In (a�k) bars represent SE and different letters indicate significant differences between means (P < 0.01, Tukey test).
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sunflower homeodomain-leucine zipper TF), grown under

long-day conditions, indicated that besides the previously

informed increased biomass and seed yield (Cabello et al.,

2016), a significant widening of stems together with an

increase in the number of vascular bundles (Figure 1a).

Similarly, transgenic plants overexpressing one of the

HaHB11-closest Arabidopsis member (AtHB7), which exhi-

bit increased yield compared with WT (Re et al., 2014), also

had wider stems and more vascular bundles (Figure S1).

To determine if yield improvement was directly associated

with stem width and number of vascular bundles, we

looked for a non-transgenic technique able to induce such

traits. Previously, studying stems’ secondary growth under

short-day conditions, it has been reported that the applica-

tion of particular and limited quantities of weight on the

main stem triggered cambium differentiation and lignifica-

tion (Ko et al., 2004). We decided to test a similar method-

ology on plants grown under long-day conditions. With

this purpose, individual Arabidopsis plants at different

developmental stages (exhibiting each one stems having

from 4 to 15 cm height) were treated with 1.6 and 2.5 g

agar-caps over 1 to 4 days (Figure S2a). After these peri-

ods, agar-caps were discarded and plants continued to

grow in standard conditions until harvest. Immediately

after the hanging weight treatment (from this point called

weight treatment), histological cuts were carried out show-

ing a similar increase in the number of vascular bundles as

that observed in HaHB11 plants (Figure 1b). Seed yield

positively varied after different combinations of time,

weight, and stem height indicating that the methodology

was useful to induce stem widening under long-day condi-

tions (Figure S2a). The best yield improvement resulted

from applying 1.6 g during 3 days to 4.5 cm stem height

plants (Figure S2b).

To discard hypoxia (produced by agar-caps) as the factor

triggering the described changes, weight on the stems was

applied with a different technique, by hanging a piece of

wood, and the results were similar (Figure S3a). Moreover,

bending stems as the source of the changes was discarded

by artificially bending the stems without applying weight

and which did not trigger stem widening, increased vascu-

lar bundle number or yield (Figure S3b). Considering that

Ko et al. (2004) carried out experiments with decapitated

plants, a third control was performed to test whether the

observed effects were the consequence of apical domi-

nance. Decapitated plants were evaluated for seed yield at

the end of the life cycle and they did not show significant

differences with controls for this trait (Figure S3c). During

the same period (24 and 48 h) and until 4 days of treat-

ment, stem width, the number of vascular bundles and

stem cross-sections of untreated plants did not signifi-

cantly vary (Figure 2a,b, upper panel).

Different plant architecture parameters were scored

including main stem height and width, number of sec-

ondary branches, number of secondary stems, silique

number on main and secondary stems, seed number per

silique, and seed yield (Figure 1c–k). At 30 and 40 days,

stems of treated plants were wider and shorter compared

with those of untreated plants and continued to exhibit

these characteristics until harvesting. Notably, secondary

stems were also wider than controls and the number of

siliques per secondary stem was larger. Moreover, not only

the number of siliques augmented in treated plants but

also the number of seeds per silique (Figure 1i–j). All these
altered parameters influenced seed yield that was almost

twice in treated plants than in controls (Figure 1k). Con-

versely, the number of secondary stems, number of sili-

ques on the main stem and number of branches did not

present significant differences between treated and

untreated plants (Figure 1e,f,h). Altogether, these results

indicated that applying weight could generate similar traits

as those conferred by HaHB11 or AtHB7 as transgenes.

Such shared characteristics were stem width and increased

vascular bundle number at a particular developmental

stage, which seem to correlate with final seed yield.

Weight-induced formation of vascular bundles influences

lignin deposition in Arabidopsis

To reveal which signals mediated the observed effect on

architectural parameters, lignin deposition and auxin role

were assessed during the formation of vascular bundles

induced by weight application. Arabidopsis plants with

stems of 4–5 cm in height were treated with weight appli-

cation over 1, 2, 3, and 4 days (Figure 2). After treatment,

the first internode was cross-sectioned and stained (Fig-

ure 2b(lower panel),c). Untreated plants were used as

Figure 2. The formation of vascular bundles, induced by weight application, exhibit an opposite behavior with lignification.

(a) Stem width and number of vascular bundles (VBs) quantified in cross-sections of the first internode from untreated Arabidopsis plants used as controls. Mea-

surements started when plant (30-day-old) stems reached 4–5 cm and continued 1, 3 and 4 days after that. Right: Illustrative picture of control and weight-trea-

ted plants.

(b) Stem cross-sections obtained from the first internode of control plants (upper panel) or weight-treated plants (1.6 g/each; lower panel) over 1, 3 and 4 days.

(c) Amplification of sections shown in (b) (signalled with red circles in the lower panel) illustrating the division of vascular bundles. Red arrows indicate division

of bundles from weight-treated plants.

(d) Upper panel: Illustrative picture of lignin content visualized by fluorescence in the same plants shown in (a). Scale bars represent 0.3 mm. Quantification of

lignified area of the same cross-sections carried out with ImageJ software. Data are shown as lignified area/stem cross (left) or lignified area/total stem area

(right) .

In (a) and (d) asterisks indicate P-value < 0.05.
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controls over the same time period as treated ones and no

differences were detected in stem width or the number of

vascular bundles (Figure 2a, b(upper panel)). Deposited lig-

nin in the xylem was identifiable by lignin autofluores-

cence (Van de Mortel et al., 2006; Zhang et al., 2012;

Gallego-Giraldo et al., 2015), whereas toluidine-blue stain-

ing allowed visualization of vascular bundles (Figure 2d).

Interestingly, lignin deposition and vascular bundle forma-

tion followed almost opposite directions. One day after

starting the treatment, lignin deposition diminished and

after 4 days the initial condition was recovered (Figure 2d).

While lignin deposition decreased, additional vascular bun-

dles appeared by division of the pre-existing ones (Fig-

ure 2c). At the end of treatment, treated plants exhibited

more vascular bundles than controls and detectable lignin

was re-established (Figure 2d). Untreated plants did not

show significant changes during this time period.

As several previous studies have shown that auxin stim-

ulates cambial cell growth (Elo et al., 2009; Johnsson and

Fischer, 2016; Bhalerao and Fischer, 2017), we investigated

a putative role for auxin in the formation of vascular bun-

dles by applying external weight to plants transformed

with DR5:GUS. DR5 was reported as a synthetic promoter

inducible by the presence of auxin (Ulmasov et al., 1997a,

b). Plants were treated for 6, 12, 24, 48 or 72 h and b-glu-
curonidase (GUS) activity was assessed by histochemistry;

after which, stems were visualized on paraffin cross-sec-

tions. GUS expression reached a maximum after 12 h,

slowly declining after this time. Untreated plants used as

controls did not show significant changes during the treat-

ment period. Two days after starting the treatment, GUS

expression was clearly detected in vascular bundles of

treated plants and then disappeared (Figure S4).

Weight-induced vascular bundle formation started in the

upper internode and continued downstream until the first

internode in Arabidopsis

In all the above reported assays, vascular bundles were

evaluated in the first internode of 4 cm height plants. To

determine where and when the formation of weight-

induced vascular bundles initiated, plants (same height)

were treated with weight for 6, 7, 8, 9, 12, and 18 h. For

each time point, the first, second, and third internodes

were cross-sectioned every 1 mm and stained with tolu-

idine blue dye. Figures 3(a), S5, S6, S7, and S8 show the

obtained results; after 6 h of treatment, the number of vas-

cular bundles in stems of treated or untreated plants was

eight, independently of the treatment. At 1 h later (7 h of

treatment), the first internode exhibited eight vascular bun-

dles (as control conditions plants do), the second internode

augmented to nine, whereas the third internode had 11

vascular bundles (Figure 3b). These observations indicated

that vascular bundle formation, induced by weight, starts

7 h after treatment initiation and that this process began at

the third internode in the direction up�down (Figure 3a,b).

At 9 h of treatment the first internode had already 10 vas-

cular bundles and this number was maintained at least

until 12 h (Figure S9).

To investigate the role of auxin in this process, a similar

assay was carried out with DR5:GUS plants, but samples

were harvested at 2, 4, and 6 h. This evaluation started

early, aiming to detect the moment of weight-induced vas-

cular bundle formation considering that hormone signaling

precedes vascular bundle formation. In agreement with the

previous observation, GUS staining was evident after 2 h

treatment in the second and third internodes but not in the

first one, whereas after 4 h GUS was clearly expressed in

all the internodes (Figure 3c). Taken together, these results

indicated that additional vascular bundle formation is a

process starting at the third internode.

The increase of the number of vascular bundles provoked

by weight in Arabidopsis is reverted after 2 weeks, leading

to an enlarged xylem area

To date, the vascular bundle process induced by weight

was evaluated immediately after the treatments. To test if

the effect on stem width and vascular bundles was perma-

nent until plant harvest, cross-sections were cut from first,

second, and third internodes of treated and untreated

plants at 3 weeks after the treatment. Surprisingly, we

observed that the process reverted and the number of vas-

cular bundles in treated plants was equal to those of con-

trols. However, xylem area increased more in treated

plants than in the controls (Figure 4a, b(upper panel)).

Both treated and untreated plants had wider stems after

3 weeks as expected for normal growth, but the proportion

of xylem area/whole stem area was larger in treated plants

than in the controls; 25% compared with 20% in untreated

plants (Figure 4b). In view of these results, histological

cuts (first, second, and third internode) of HaHB11 plants

were performed in 10 cm or 20 cm high plants. Notably,

such cuts showed the same plasticity observed in weight-

treated plants. In younger plants, the number of vascular

bundles was increased, whereas in older plants this differ-

ence disappeared leading to the enlarged xylem area

observed (Figure S10).

Arabidopsis auxin influx carriers are crucial for additional

induced vascular bundle formation

It is already known that auxin influx carriers belonging to

AUX/LAX family regulate vascular patterning and differen-

tiation in plants (F�abregas et al., 2015). To investigate

which among these carriers played a role in the induced

formation of additional bundles, 4–5 cm stem height

mutant plants (aux1, lax1, lax2.1, lax2.2, and lax3) were

treated with weight. Stem diameter was assessed both

after 24 and 48 h of treatment. The results indicated that

aux1, lax1, and lax3 genotypes did not increase their stem
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width in a similar manner to the controls after 24 h of

treatment (Figure 5a). However, after 48 h, all mutants

increased their stem width similarly to found in WT plants.

The exception was lax2 mutant (both independent alleles);

these plants were insensitive to treatment after 24 or 48 h

(Figure 5a), suggesting that the effect of weight is abso-

lutely dependent on LAX2. Surprisingly, and although

wider stems were clearly visualized after 48 h treatment in

aux1, lax1, and lax3 mutants by cross-sections performed

on the first internode, none of the mutants showed an

increased number of vascular bundles (Figure 5b). To

investigate which cell type caused stem widening, the

areas of cortex, epidermis, vascular bundles, and pith were

evaluated in these cross-sections (0, 24 and 48 h after

Figure 3. Weight-induced vascular bundle forma-

tion starts in the upper internode.

(a) Left: illustrative photograph of Arabidopsis

plants signaling first, second and third internodes.

Stem cross-sections were obtained from the three

internodes of untreated (left) or weight-treated

plants (right) and stained with toluidine blue. Scale

bars represent 0.5 mm.

(b) Quantification of the number of vascular bun-

dles in each section of Arabidopsis control (C) and

weight-treated (T) plants for 7 h with 1.6 g. For

each point, four plants/stems were evaluated. Dif-

ferences were considered significant and indicated

with one asterisk when the P-value was <0.05 and

with two asterisks when the P-value was <0.01 (Stu-

dent’s t-test).

(c) Illustrative pictures of transgenic Arabidopsis

pDR5:GUS plants revealed by b-glucuronidase
(GUS) histochemistry. From left to right, untreated

plants and weight-treated plants (1.6 g) for 2 and

4 h.

© 2019 The Authors
The Plant Journal © 2019 John Wiley & Sons Ltd, The Plant Journal, (2019), 99, 717–732

Xylem area controls seed yield 723



weight treatment). This survey indicated that all these cell

types increased, but the increase was similar to that

observed in the untreated control plants (Figure S11). Alto-

gether, these results indicated that stem widening and

increase in the number of vascular bundles were indepen-

dent events, even though both effects could be triggered

by the same weight treatment. Moreover, it can be said

that all auxin carriers analyzed were necessary for the for-

mation of vascular bundles in response to weight.

To determine if seed yield was dependent on both

traits (stem widening and number of vascular bundles)

or if it resulted from only one of these characteristics,

stem diameter, the number of vascular bundles and

seed yield were assessed in the mutant genotypes

(aux1, lax1, lax2.1, lax2.2, and lax3) as well as in WT

plants treated for 24 or 48 h and in untreated controls

(Figure 5a). As expected, WT plants increased for the

three parameters, whereas lax1 and lax3 mutants

increased their stem diameter but not the number of

vascular bundles, and lax2-1 plants did not show any

change in any of the parameters (Figure 5a). Interest-

ingly, only the WT plant increased its yield in response

to weight application, indicating that stem width as

unique trait does not govern seed yield, and was more

likely to be associated with an increase in the number

of vascular bundles. However, it cannot be ruled out

that these mutants had additional effects on seed sets

that are independent of the vascular tissues, as the

number of genes associated with auxin transport or

response has been shown to be pleiotropic.

Figure 4. The number of vascular bundles provoked by weight application is restored after 2 weeks, leading to an increased xylem area.

(a) Illustrative pictures of Arabidopsis stem cross-sections stained with Safranin-Fast green dye in untreated or treated plants (1.6 g over 2 days). Cross-sections

(1 cm height), taken from the middle of each internode, were stained and photographed 3 weeks after treatment. White bars represent 0.5 mm.

(b) Upper panel: Quantification of vascular bundle number. Middle panel: Xylem and total stem area in the cross-sections of the first internode shown in (a).

Lower panel: Xylem area/total stem area ratio. For each point, four plants/stems were evaluated. Differences were considered significant and indicated with

asterisks when the P-values were <0.05 (Student’s t-test).

© 2019 The Authors
The Plant Journal © 2019 John Wiley & Sons Ltd, The Plant Journal, (2019), 99, 717–732

724 Julieta V. Cabello and Raquel L. Chan



To further investigate the role of LAX2 in the formation

of vascular bundles, 35S:LAX2 plants (4–5 cm stem height)

were cross-sectioned at the first internode. These plants

exhibited wider stems, more vascular bundles and also

yielded more seeds than the WT. Overexpressors were

crossed with lax2 mutant plants (lax2 9 35S:LAX2) and

Figure 5. Auxin influx carriers are crucial for

weight-induced vascular bundle formation.

(a) Diameter of the first internode, number of vascu-

lar bundles and seed yield of Arabidopsis WT and

mutant plants untreated or treated 1.6 g weight for

24 or 48 h). Mutant genotypes used were aux1,

lax1, lax2 and lax3. For each point, four plants/

stems were evaluated. Bars represent SE and differ-

ent letters indicate significant differences between

means (P < 0.01, Tukey test).

(b) Illustrative pictures of Arabidopsis stem cross-

sections of the same plants as in (a) stained with

toluidine-blue. Scale bars represent 0.5 mm.

© 2019 The Authors
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these resulting plants recovered a WT phenotype regard-

ing weight treatment effect (wider stems, more vascular

bundles and increased yield; Figure S12). This latter result

indicated that LAX2 is essential for the formation of

weight-induced vascular bundles in response to weight

treatment, in agreement with the observations carried out

for lax2 mutants (Figure 5a).

Arabidopsis genes encoding auxin influx carriers are

transcriptionally regulated by weight treatment in the

Arabidopsis shoot inflorescence stem

Due to the role of auxin influx carriers in the formation of

weight-induced vascular bundles as described above, we

decided to investigate the expression patterns of AUX/LAX

encoding genes as well as their response after weight

treatment. Arabidopsis plants transformed with constructs

in which the GUS reporter gene expression was driven by

AUX/LAX promoters were analyzed in standard growth

conditions and in plants treated with weight for 24 or 48 h.

Figure S13 shows the obtained results: pAUX1:GUS plants

did not show any detectable expression under normal con-

ditions or after 24 or 48 h of treatment (upper panel).

pLAX1:GUS expression was noticeable in the vascular tis-

sues of control plants and was induced after treatment;

GUS activity was localized on xylem vessels after 48 h of

treatment. pLAX2:GUS plants did not show any detectable

expression under at normal conditions or after 24 h, but

GUS activity was slightly induced after 48 h and noticeable

on vascular bundles. pLAX3:GUS stems showed expres-

sion on the vascular tissue and on the interfascicular

region in normal conditions, but this expression was sig-

nificantly diminished after treatment (Figure S13). These

results indicated that, although all these carriers were

shown as important for stem widening in response to

weight, only LAX1, LAX2, and LAX3 were detected as

responsive to the treatment, suggesting a cooperative, but

not essential, function of the other transporters. Quantifica-

tion of the corresponding transcripts by real-time qPCR

indicated similar results (Figure S13b).

Auxin carrier-mediated induction of vascular bundle

formation is dependent on the photoperiod

Arabidopsis plants grown under short-day conditions (8 h

light/16 h darkness) naturally had wider stems and more

vascular bundles compared with plants grown under long-

day conditions (Ko et al., 2004). To investigate the role of

auxin influx carriers in the formation of vascular bundles

and increase of stem width under short-day photoperiod,

aux/lax mutant plants were grown and assessed under

such conditions. Phenological stage instead plant age was

taken into account for comparison. Cross-sections of the

first internode were taken when the stems were 5 and

10 cm in height and the first internode diameter was eval-

uated in the same plants/developmental stage. Only the

quadruple mutant, aux1/lax1/lax2/lax3, and lax1 and lax2

single mutants had narrower stems than WT, whereas

aux1 and lax3 mutants did not differ from the controls,

suggesting that not all these carriers were necessary for

this process (Figure 6a). Considering vascular bundles, no

significant differences between genotypes were detected,

indicating that the events occurring under short-day con-

ditions and those provoked by applying weight under

long-day photoperiod, were different. Moreover short-day

conditions were not able to emulate weight treatment

(Figure 6b).

Sunflower plants also increased their vascular bundle

number after weight treatment, boosting seed yield

To determine if the mechanism of weight-induced vascular

bundles formation was conserved between species, sun-

flower plants were treated with weight when they were 7

days old (Figure 7a). After treatment, both hypocotyls and

epicotyls (3 cm high hypocotyls and 1.5 cm high epicotyls)

were cross-sectioned and stained. Figure 7(b) shows that,

after the treatment, both organs significantly increased

their width, number of vascular bundles and xylem rows

compared with organs from untreated plants. Plants were

grown until harvest and seed yield evaluated, indicating a

40% increment in treated plants (Figure 7c). These obser-

vations indicated that, at least in these two species, Ara-

bidopsis and sunflower, treatment with weight is capable

of initiating the formation of vascular bundles and this

event positively affected final seed yield.

DISCUSSION

Plant scientists and biotechnologists devote enormous

effort to obtain crop varieties with improved behavior in

front of broad stressing factors, both biotic and abiotic.

Frequently, the evaluated traits of improved varieties

include wet and dry biomass, number of grains, seed

weight, flower, and root architecture and, particularly, seed

yield. However, stem width and morphology have been

rarely assessed. Observing in detail several transgenic

genotypes obtained by our and other research groups, we

noticed that among these, many plants exhibiting high

yield also had wider stems. Firstly, we directly associated

stem width with yield but the analysis of stem morphol-

ogy, particularly regarding vascular bundles, evidenced

that transport tissues were clearly altered in those trans-

genic plants. The first question was which of these traits

(stem width or number of vascular bundles) was responsi-

ble for yield increase. How could we obtain plants with

one of these characteristics modified to test the hypothe-

sis? The technique applied by Ko et al. (2004) to study sec-

ondary growth under short-day conditions was a good

candidate for this investigation. Application of discrete

weight on the main stem resulted in an increase in stem

width, but also in the number of vascular bundles. Without
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transgenic strategies, we achieved high-yielding Arabidop-

sis plants. Notably, such yield increase was associated not

only with wider and shorter stems but also with augmenta-

tion of the number of siliques in secondary stems, but not

in the main stem.

The response to weight application was clearly fast com-

pared with other plasticity traits provoked by external stim-

uli. For example, it was informed that grafted (grafting

being the process by which plants were cut) phloem recon-

nected after 3 days and xylem after 7 days (K€umpers and

Bishopp, 2015), whereas initiation of weight-induced vas-

cular bundle formation took only 7 h.

The plasticity of plant tissues was also evidenced by

restoring the number of vascular bundles 2 weeks after

treatment. However, such treatment left a mark, the

enlargement of xylem area. It is tempting to suggest that

such enlargement of xylem area was related to more effi-

cient water transport. In accordance with this suggestion,

transgenic Arabidopsis plants expressing HaHB4 and yield-

ing more than their controls (Chan and Gonz�alez, 2012)

exhibited a clear increase in xylem area but not in the

number of vascular bundles (Moreno-Piovano et al., 2017).

The plasticity showed by weight-treated plants also tem-

porally affected lignin deposition. It was notable how visi-

ble lignin diminished when vascular bundles and stem

width increase occurred and, then, once these events fin-

ished, lignin accumulation was equal in treated or

untreated plants. A similar scenario was observed applying

brassinosteroids (24-epi brassinolide) to the vascular cam-

bium of a vertical stem of the woody plant Liriodendron

tulipifera that produced the down-regulation of lignin

biosynthesis and significant modifications in the cell wall

carbohydrates (Jin et al., 2014).

Ko et al. (2004) reported that auxins were an integral

part of weight signaling, inducing the transition from pri-

mary to secondary growth in Arabidopsis. Hence, we

Figure 6. Developmental events related to stem

width and formation of vascular bundles under

short-day conditions differ from those occurring

after weight treatments under long-day photope-

riod.

(a) Illustrative photographs of Arabidopsis stem

cross-sections of the first internode of WT, aux1,

lax1, lax2, lax3 and quad mutant plants when they

had 5 cm height. Staining was performed with

Safranin-Fast green dye. Scale bars represent

0.5 mm.

(b) First internode diameter and number of vascular

bundles of WT and mutant (aux1, lax1, lax2, lax3

and quad) plants at two growing stages: 5 and

10 cm stem height. Plants were grown under a

short-day regime. For each point, four plants/stems

were evaluated. Bars represent SE and different let-

ters indicate significant differences between means

(P < 0.01, Tukey test).
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investigated if such hormones were involved in setting

vascular bundles. Weight-treated plants transformed with

DR5:GUS indicated that auxins are implicated in the

increase of the number of vascular bundles in agreement

with previous reports in which it was demonstrated that

auxins stimulate cambial cell growth (Elo et al., 2009;

Johnsson and Fischer, 2016; Bhalerao and Fischer, 2017).

Arabidopsis auxin influx carriers were shown as

involved in the process of weight-induced vascular bun-

dles formation. Each one of these carriers was described

as implicated in a particular developmental event and all

these were regulated during secondary stem development;

AUX1 expression increased in mature compared with

immature stems, whereas LAX2 decreased. Both LAX1 and

LAX3 were slightly induced during stem maturation (Ko

et al., 2004). It was suggested that the photoperiod could

change the balance between passive and active influx

transport across the cell membrane, passive influx being

more relevant under long-day than under short-days condi-

tions (F�abregas et al., 2015). By combining experimental

and theoretical approaches, these authors proposed novel

roles for Arabidopsis auxin influx carriers in vascular pat-

terning and differentiation during plant development

(F�abregas et al., 2015).

Coming back to the question of whether stem diameter

or vascular bundles had a positive correlation with yield

increase, Arabidopsis AUX/LAX mutants helped to give a

partial response. After 48 h weight treatment aux1, lax1,

and lax3 increased their stem diameter, but did not gener-

ate additional vascular bundles and neither yielded more

than the untreated controls. Conversely, the lax2 mutant

did not respond to treatment by any of both traits, indicat-

ing that this gene is essential in these developmental

events. It would be interesting to determine if AUX/LAX

carriers have similar functions in other plant species, how-

ever such analyses will need the availability of mutants.

Considering the regulation of the expression of Ara-

bidopsis AUX/LAX genes studied here with transgenic

plants in which their promoters were fused to GUS, AUX1

was not detected in stems whereas LAX1 increased and

Figure 7. Sunflower plants treated with weight

increase the number of vascular bundles and seed

yield.

(a) Left: Illustrative picture of sunflower plants

untreated or treated with 12 g of weight (acrylic

box) during 24 h. Right: Cross-sections of epicotyls

(upper panel) and hypocotyls (lower panel) of the

same plants. White scale bars represent 1 mm.

(b) Hypocotyl width, numbers of vascular bundles

and xylem rows were quantified using ImageJ. Dif-

ferences were considered significant and indicated

with asterisks when P-values were <0.05 (Student’s

t-test).

(c) Illustrative picture of sunflower plants treated

with weight (12 g) for 3 days and then grown at

normal conditions. Seed yield of such plants

obtained at harvest and expressed in g/plant. Differ-

ences were considered significant and indicated

with asterisks when P-values were <0.05 (Student’s

t-test).
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LAX3 decreased in response to weight, particularly in vas-

cular bundles. Notably, LAX2 that was shown to be essen-

tial for weight response, slightly increased in vascular

bundles. We cannot rule out that the segment taken as the

promoter region is incomplete. LAX2 levels were also

assessed by RT-qPCR and, in accordance with histology

observations, transcripts did not show significant differ-

ences after the treatment. Due to the results obtained by

analysis of lax2 mutant plants, it is tempting to speculate

that there is possible post-transcriptional regulation of this

gene. Previous studies informed by other authors indicated

that LAX2 was particularly expressed in vascular tissue

during embryogenesis (P�eret et al., 2012). Considering the

regulation by auxin, LAX3 and LAX1 were reported as

induced by auxin (Swarup et al., 2008 and P�eret et al.,

2012), whereas neither AUX1 nor LAX2 expression seemed

to be altered by this hormone (P�eret et al., 2012).

Finally, we demonstrated that weight treatment was also

effective on sunflower plants and that, in both species, this

treatment influenced seed yield. It is important to note that

even when stem width did not result in a good parameter

to be associated with yield, the increment in the number of

vascular bundles at early stages that led later to an

increase in xylem area and improved yield, were accompa-

nied by wider stems. Further work is needed to examine

the correlation between seed yield and xylem area in a

broader range of plants.

It is important to note that in all the assays shown here,

plants were grown under standard conditions and were not

subject to any stress. In this regard, Richards and Passioura

(1989) informed that in water-deficit stressing conditions,

wheat plants tested in the field over 5 years, and exhibiting

a reduced diameter of the major xylem vessel in seminal

roots, yielded more than those plants with wider vessels

(Richards and Passioura, 1989). The authors assigned such

a positive effect to better water use after anthesis producing

a higher harvest index. Even though it is difficult to com-

pare root xylem vessels from a monocot such as wheat with

the stem xylem of a dicot, the key different point between

the mentioned work and this one is not the species, but

more likely the water-deficit condition of the first species.

According to Richards and Passioura when the top soil is

dry and the subsoil is wet, wheat plants are able to effi-

ciently use water after anthesis, increasing harvest index,

whereas with wider vessels they did not observe significant

differences between genotypes. In this regard, it is tempting

to speculate that an increase in the number of vascular bun-

dles or xylem area will not produce higher yields under any

conditions. HaHB11 transgenic plants, which originated the

present study, exhibited stem narrowing under water-defi-

cit conditions (Cabello et al., 2017). Notably, these stressed

plants exhibited a lower yield than the controls, although

they demonstrated better survival to drought. Further inves-

tigations, including treating plants with weight under

stress, will be needed to answer interesting questions about

the correlation between stem width, vascular bundles,

stress survival and seed yield.

CONCLUSION

We can conclude that an increased number of vascular

bundles or xylem area in stems could be indicative of

high-yielding lines in different species. These traits are

dependent on AUX/LAX carriers and, among these, LAX2

has a key role. At this time, it is difficult to imagine a prac-

tical application of these findings to increase crop yield on

a large scale, however it is certain that a better understand-

ing of the pathways underlying the control of vascular bun-

dle development and its effect on crop yield would allow a

more efficient design of innovative strategies for sustain-

able agriculture.

EXPERIMENTAL PROCEDURES

Plant material, growth conditions and plant treatments

Arabidopsis thaliana plants (Col-0 ecotype) were grown on Klas-
mann Substrate No. 1 compost (Klasmann-Deilmann GmbH, Ger-
many) in a growth chamber at 22–24°C under long-day (16/8 h
light/dark cycles) or short-day (8/16 h light/dark cycles) conditions,
indicated in each figure, with a light intensity of approximately
120 lmol m�2 sec�1 in 8 9 7 cm pots. Four plants were planted
per pot, unless stated differently.

Experiments performed under short-day conditions were per-
formed with one plant per pot in a growth chamber with a pho-
toperiod of 8 h light/16 h dark at 22–24°C until stem length
reached 5 or 10 cm. The first internode was cut and imbibed in
70% ethanol for paraffin inclusion as explained below.

The mutant alleles lax2-1, lax2-2, lax1, lax3, aux1-21, and
quadruple aux1/lax1/lax2/lax3, all on the Col-0 background have
been previously described (Swarup et al., 2005, 2008; Bainbridge
et al., 2008). Arabidopsis null mutant lines lax2-1 (dSpm line) and
lax2-2 (GK_345D11), as well as overexpressor plants bearing either
the HaHB11 cDNA or the AtHB7 cDNA driven by the 35S cauli-
flower mosaic virus, have been previously described (P�eret et al.,
2012; Re et al., 2014; Cabello et al., 2016).

Transgenic plants carrying AUX/LAX promoters fused to GUS
have been previously described (ProAUX1:GUS: Marchant et al.,
2002; ProLAX1:GUS and ProLAX2:GUS: Bainbridge et al., 2008 and
ProLAX3:GUS: Swarup et al., 2008). DR5:GUS transgenic plants were
obtained from the Arabidopsis Biological Resource Center (ABRC).

Helianthus annuus seeds (HA89 public line) were germinated
on wet filter paper for 7 days and then transferred to 8 9 7 cm
pots each with equal amounts of Klasmann Substrat No. 1 com-
post (Klasmann-Deilmann GmbH, Germany) and placed in a
growth chamber at 22–24°C under long-day conditions (16/8 h
light/dark cycles) with a light intensity of approximately 120 lmol
m�2 sec�1. Plants were sown one per pot in a 45 cm plastic square
tray and then transferred to larger pots (40 litre) and placed in a
greenhouse until harvest.

Weight treatments

Weight treatment was carried out essentially as described by Ko
et al. (2004) with some modifications. Briefly, a cap tube contain-
ing 2% agar (1.6 g) was placed on the top of 5 cm high non-
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decapitated Arabidopsis inflorescence stems, both for WT or
mutant plants. Weight was applied for the periods of time indi-
cated in each figure legend and observations were usually per-
formed immediately after removing the weight, with the
exception of the experiment shown in Figure 4 in which observa-
tions were performed 2 weeks after treatment. Controls were per-
formed with untreated plants of the same age and height. Each
experiment included at least three to six plants for treatment and
was repeated at least three times, with similar results.

For sunflowers, weight treatment was applied with 11–12 g acrylic
empty boxes when epicotyls reached a height of 1.5 cm and hypo-
cotyls reached 3 cm. For yield evaluation, the treatment was applied
for 3 days, whereas for evaluation of the number of vascular bun-
dles and stemwidth, extension of the treatment was 1–2 days.

Histology and microscopy

Arabidopsis inflorescence sections (1 cm height) were harvested
from the middle of the first internode of 5 cm height stems. In all
cases, 0.5–1.0 cm length sections were fixed at 24°C for 1 h in a
solution containing 3.7% formaldehyde, 5% acetic acid, and 47.5%
ethanol, and then dehydrated through a graded series of ethanol
solutions (70, 80, 90, 96, and 100%; 30 min each one) followed by
1 h in 100% xylene. The samples were placed into plastic molds
and finally embedded with 100% Histoplast (BiopackTM, Argentina).
Each block was incubated overnight at room temperature to
ensure solidification. Transverse stem sections (10 lm thick) were
obtained using a Leica microtome (Microtome RM2125, Leica).
Cross-sections were mounted on slides coated with 50 mg/ml
poly-D-Lys (Sigma Chemical Co., St. Louis, MO, USA) in 10 mM

Tris�HCl pH 8.0 and dried for 16 h at 37°C. After removing the
paraffin with 100% xylene for 15 min at room temperature, sec-
tions were rehydrated using a graded series of ethanol (100, 96,
90, 80, 70, and 50%; 1 min each one) to finish in distilled water.
Samples were then stained with 0.1% toluidine blue, rinsed, and
mounted on Canadian balsam (BiopackTM, Argentina) for micro-
scopic visualization in an Eclipse E200 microscope (Nikon, Tokyo,
Japan) equipped with a Nikon Coolpix L810 camera.

Safranin-Fast green dye was used for xylem/phloem differential
detection. After removing paraffin with 100% xylene for 15 min at
room temperature, sections were imbibed in ethanol (100, 96, and
90%), then the slices were transferred to Safranin (in ethanol 80%)
for 4 h. After this step, slices were put in ethanol (90, 96, and
100%) to finally be imbibed on Fast green dye (in ethanol 100%)
over several seconds. Slices were mounted on Canadian balsam.

For lignin auto-florescence, paraffin from slices was removed
using xylene 100%. Then slices were dehydrated in ethanol 100%
and rapidly mounted on Canadian balsam. Lignin was visualized
using microscopy by autofluorescence, as previously described,
to detect lignin deposition on walls of xylem cells and interfascicu-
lar fiber cells (Van de Mortel et al., 2006; Zhang et al., 2012; Gal-
lego-Giraldo et al., 2015).

When the intensity of expression in certain tissues was difficult
to visualize on 10 lM cross-sections, photographs were initially
taken from whole paraffin inclusions.

Histochemical GUS staining

In situ assays of GUS activity were performed as described by Jef-
ferson et al. (1987). Whole plants were immersed in a 1 mM 5-
bromo-4-chloro-3-indolyl-b-glucuronic acid solution in 100 mM

sodium phosphate pH 7.0 and 0.1% Triton X-100 and, after apply-
ing three times vacuum for 5 min, they were incubated at 37°C
overnight. Chlorophyll was cleared from green plant tissues by

immersing them in 70% ethanol. Paraffin inclusions were per-
formed after chlorophyll was totally cleared.

Plant phenotyping

Different plant architecture parameters were scored on control
and weight-treated Arabidopsis plants including: main stem
height and width, number of secondary branches, number of sec-
ondary stems, silique number on main and on secondary stems,
seed number per silique and seed yield. Measurements were per-
formed manually or with the aid of a ruler or gauge. All experi-
ments were performed with 16 plants per treatment and repeated
at least four times.

RNA isolation and expression analyses by real-time RT-

PCR

Total RNA for real-time RT-PCR was isolated from Arabidopsis
stems using TRIzol� reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. Total RNA (1 lg)
was reverse-transcribed using oligo(dT)18 and M-MLV reverse
transcriptase II (Promega, Fitchburg, WI, USA).

Quantitative real-time PCR (qPCR) was performed using a
Mx3000P Multiplex qPCR system (Stratagene, La Jolla, CA, USA)
as described before (Cabello et al., 2016) and using the primers
listed in Table S1. Transcript levels were normalized by applying
the DDCt method. Actin transcripts (ACTIN2 and ACTIN8) were
used as internal standards to normalize differences in template
amounts. Three biological replicates, obtained by pooling tissue
from three to four individual plants and tested by duplicate, were
used to calculate the standard deviation.

Statistical analysis

The evaluation of yield, stem width and number of vascular bun-
dles, shown in Figures 1, 6 and 7, was performed using one-way
analysis of variance (ANOVA) considering genotype or treatment as
main factors. Significant differences (P < 0.01) between means
were analyzed using post hoc Tukey comparison. Data shown in
Figure 5 were analyzed using a two-way ANOVA considering weight
treatment and genotype as factors. When interaction terms were
significant (P < 0.01), differences between means were analyzed
using Tukey comparison and indicated by different letters.

Data shown in Figure 4 represent the three replicates used to
calculate the SE. Differences were considered significant and indi-
cated with asterisks when P-values were <0.05 (Student’s t-test).
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article.
Figure S1. 35S:AtHB7 plants exhibit increased yield and more vas-
cular bundles than WT.

Figure S2. Combinations of applied weight and stem height on
Arabidopsis plants affect seed yield at harvest.

Figure S3. Stem architecture and seed yield resulted from weight
application and not from bending or hypoxia.

Figure S4. The number of vascular bundles in 4.5 cm stem height
untreated Arabidopsis plants is eight and does not vary along the
stem.

Figure S5. The number of vascular bundles in 4.5 cm stem height
untreated Arabidopsis plants is eight and does not vary along the
stem.

Figure S6. The number of vascular bundles remains constant
between internodes and within each internode even after 6 h of
weight treatment

Figure S7. The number of vascular bundles increased after 7 h of
weight treatment.

Figure S8. The number of vascular bundles continues to increase
until 9 h of weight.

Figure S9. The number of vascular bundles was still 10, 12 h after
the weight treatment.

Figure S10. HaHB11 plants show the same plasticity as do weight-
treated plants.

Figure S11. AUX/LAX mutants increased the area of their cortex,
epidermis, vascular bundles and pith similarly to control plants
after 48 h weight treatment.

Figure S12. LAX2 overexpressors both on Col-0 or lax2.1 back-
grounds increased stem diameter and vascular bundle number
after weight treatment.

Figure S13. Genes encoding auxin influx carriers are regulated by
weight treatment.

Table S1. Oligonucleotides used for real-time qPCR.
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