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A B S T R A C T

Significant advances have been made in the last years trying to identify regulatory pathways that control plant
responses to boron (B) deficiency. Still, there is a lack of a deep understanding of how they act regulating growth
and development under B limiting conditions. Here, we analyzed the impact of B deficit on cell division leading
to root apical meristem (RAM) disorganization. Our results reveal that inhibition of cell proliferation under the
regulatory control of cytokinins (CKs) is an early event contributing to root growth arrest under B deficiency. An
early recovery of QC46:GUS expression after transferring B-deficient seedlings to control conditions revealed a
role of B in the maintenance of QC identity whose loss under deficiency occurred at later stages of the stress.
Additionally, the D-type cyclin CYCD3 overexpressor and triple mutant cycd3;1-3 were used to evaluate the
effect on mitosis inhibition at the G1-S boundary. Overall, this study supports the hypothesis that meristem
activity is inhibited by B deficiency at early stages of the stress as it does cell elongation. Likewise, distinct
regulatory mechanisms seem to take place depending on the severity of the stress. The results presented here are
key to better understand early signaling responses under B deficiency.

1. Introduction

Boron (B) is an essential micronutrient for vascular plants limiting
crop productivity worldwide [1,2]. The tolerance of plants to B defi-
ciency varies significantly depending on the plant species, genotype,
and growing conditions [3] and relies, at least partially, on the capacity
of B (as boric acid (H3BO3) or borate (BO4

−)) to form complexes with
polyhydroxyl compounds such as the apiose residues present in the
rhamnogalacturonan II polymers of the cell wall [4,5] and on the
abundance of these cell wall complexes which greatly varies among
plant species [6]. Besides the demonstrated structural role of B as an
assembly element in the cell wall, many biological functions of B in
plants have been proposed including membrane stabilization [7–10]
and the functioning of plant cell metabolism [11–14]. However, there is
still a very limited knowledge of the signaling and regulatory me-
chanisms that act controlling B stress response in plants.

In plants, B deficiency symptoms include a drastic shortening of
primary root growth and an altered root morphology accompanied by
an increased number of root hairs (hairy phenotype), root swelling and

the disorganization of the root apical meristem (RAM) [15]. The Ara-
bidopsis thaliana RAM is the source of undifferentiated cells that leads
and sustains root growth [16]. The maintenance of an organized RAM is
necessary to ensure an appropriate root growth and development and
depends on the fine tune regulation of the balance between cell division
and differentiation rates which are controlled by hormone signaling and
transcriptional networks that consequently act directing growth
[17–21]. Despite the importance of RAM contributing to root growth
providing newly dividing cells, previous studies performed in Arabi-
dopsis have been exclusively associated the root growth inhibition ob-
served under B deficiency with defects in cell elongation discarding a
primary role of cell division in this response [22].

Phenotypical and molecular evidences suggests that ethylene is in-
volved in the response of the primary root to short term B deprivation
[23]. The phenotypic similarities found between 1-aminocyclopropane-
1-carboxylic acid (ACC) treated plants and B deficient plants suggested
that ethylene could be part of the B-deficiency response [24]. This
hypothesis was later supported by the increased expression of ethylene
GUS reporter lines (EBS:GUS and ACS11:GUS) under B deficiency
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together with the improved B deficiency tolerance shown by the ethy-
lene insensitive (ein2-1) mutant or by Arabidopsis plants treated with
ethylene antagonists [23]. Additionally, the point mutation located in
the CONSTITUTIVE TRIPLE RESPONSE 1 (CTR1) gene, a negative reg-
ulator of ethylene response, was associated with a high B requirement
to recover root growth [25].

Auxins are involved in B stress response regulation. In Arabidopsis,
the use of the reporter line DR5:GUS showed a larger auxin accumu-
lation under B deficiency [24]. Other authors have shown similar auxin
responses [26]. Using the auxin sensor DII-VENUS [27], Li and cow-
orkers found an increased auxin content in Arabidopsis B deficient
meristems. This response was concomitant with the reduced accumu-
lation of PIN1-GFP in B deficient plants and was later supported by the
results of Li et al. that claimed defects in IAA synthesis and transport in
citrus roots subjected to B deficiency [28]. Further studies indicated
that the auxin transport inhibitor PEO-IAA rescued defects in cell
elongation linking auxin and ethylene cascades under B deficiency [22].

Cytokinins (CKs), together with auxin and ethylene, may also act
regulating B stress response in plants. Although their contribution has
been little explored, the altered expression patterns of the Arabidopsis
CRE1/WOL/AHK4 and the Citrus WOL and ARR12 (encoding proteins
involved in CK signal transduction) under B deficiency suggest a role of
this hormone in B stress that needs to be further explored [29,30].

To better understand the mechanisms mediating root growth in-
hibition under B deficiency and to identify signaling pathways med-
iating B stress response in plants, we have analyzed the effects of B
deficiency on root cell division by characterizing the response of the
Arabidopsis pCYCB1:GUS reporter line to a B gradient. The use of dif-
ferent reporter lines of quiescent center (QC) identity (QC46:GUS), CK
signaling (ARR5:GUS and TSCn:GFP) and cell proliferation control
(pCCS52A2:GUS) has allowed to stablish 1) that the loss of QC identity
not preceds cell division inhibition under B deficiency and the identity
is recovered early on time after B-deficient seedlings are transfer to
control conditions, 2) that cell division and elongation are inhibited in a
coordinated and simultaneous way contributing both to root growth
arrest and 3) to detect rapid changes in CK-signaling pathways in re-
sponse to B deficiency. Using the Arabidopsis pCYCB1:GUS line under a
CK agonist and antagonist treatments and mutants in the CK signaling
cascade (such as ahk2/3 or arr1arr10arr12) further probed the CK
regulatory mechanisms mediating cell division inhibition at the RAM in
response to B deficiency. The effects of B deficiency on mitosis at the
G1-S boundary through changes in CYCD3 driven by CKs were analyzed
using transgenic Arabidopsis plants overexpressing the D-type cyclin
CYCD3 and the cycd3;1-3 triple mutant.

2. Materials and methods

2.1. Plant material

The Arabidopsis thaliana ecotype Columbia (Col-0) seedlings were
used for root and meristem size measurements and qPCR analysis.
Histochemical analysis were performed using different β-glucuronidase
(GUS) reporter lines, including: pCYCB1.1:Dbox-GUS [31], QC46:GUS
[32], ARR5:GUS [33] and pCCS52A2:GUS [34]. TSCn:GFP was used as a
CK signaling reporter line [35].

Analysis of primary root growth and RAM was also performed in CK
mutants including the double mutant arr10-5/arr12-1, the triple mutant
arr1-3/arr10-5/arr12-1, cre1-12/wol/AHK4 (obtained from the
Nottingham Arabidopsis Stock Centre (NASC)), ahk2-2/3-3 [36], the
triple mutant cycd3;1-3 [37] and also in the line constitutively ex-
pressing the D-type cyclin CYCD3 under a CaMV 35S promoter (35S)
(CYCD3 OE) [38].

2.2. Growth conditions

Seeds were surface-sterilized using EtOH 96% for 2min, washed in

distilled water and finally stratified at 4 °C for 24 h in the dark prior to
each experiment. Stratified seeds were then transferred to a controlled
growth chamber set at 22 °C with a 16 h: 8 h, light: dark photoperiod
(with a light intensity of 120 μmol m−2 s−1).

Seedlings were grown vertically on half-strength Murashige and
Skoog (MS) medium [39] containing agarose (SERVA, Germany) 0.7%
(w/v). In order to achieve B deficient conditions, B was first removed
from the media using the B-binding specific resin Amberlite® IRA7-43
(Sigma) [40]. B, as H3BO3, was added into the media to a final con-
centration of 0.03 μM (low B conditions), 30 μM (B control conditions)
or not added to reach severe B deficiency. In direct growth experiments,
seedlings were grown in plates for 3 and 5 days after germination (3
DPG and 5 DPG, respectively). In transfer experiments, 5 days-old
seedlings (5 DPG) were transferred to the appropriate media and
measurements were taken 4 h post-transfer (HPT), 24 HPT and 48 HPT.

2.3. Root length and meristem size analysis

For primary root length measurements, plates were scanned and the
resulting images were analyzed using the ImageJ software available
online (https://imagej.nih.gov). Root length was measured from the
root tip to the hypocotyl boundary.

Root meristem size was measured following the protocol described
by Perilli & Sabatini, [41]. Images were taken with LAS v3.7 software
(Leica DFC300 FX camera) using an Olympus BH2-RFCA optical mi-
croscope and analyzed using ImageJ software.

2.4. Plant hormone treatments

For the CK/CK inhibitor treatments the treatments applied were:
5 μM t-zeatin as the CK agonist or 10 μM S-4893 (phenylquinazoline
compound, [42]) as a CK reception inhibitor. Chemicals were added to
the media before solidification.

2.5. Detection of β-glucuronidase (GUS) activity

Histochemical analysis of β-glucuronidase (GUS) activity in reporter
lines of Arabidopsis was performed as previously described [16]. Gly-
cerol 80% 4 °C was used to stop the reaction and plants were stored
under dark conditions at 4 °C till they were visualized.

GUS signal detection was performed by using an optical microscope
Olympus BH2-RFCA. Images were obtained using LAS v3.7 software
(Leica DFC300 FX camera) and analyzed using ImageJ software.

2.6. Lugol staining

The roots were firstly fixed in ethanol: acetic acid (3:1) and then
submerged in 1% Lugol solution for 30 s. The roots were then washed in
water and mounted onto microscopic slides using clearing buffer
(chloral hydrate:glycerol:water in 8:3:1 ratio). Lugol stained seedlings
were visualized using an optical microscope Olympus BX63.

2.7. RNA extraction and qRT-PCR

Root meristems of wild type Arabidopsis (2 mm from the RAM in
pools of 30–60 seedlings) were collected and immediately frozen in
liquid nitrogen at 3 and 5 days post-germination (DPG) to analyze the
expression patterns of arr1, cycb1.1 and cycd3 genes. Total RNA was
extracted using the RNeasy mini kit (Qiagen). RNA quality was de-
termined using Nanodrop ND-1000. cDNA was synthesized from 0.5 μg
total RNA using the QuantiTect Reverse Transcription kit (Qiagen).
qRT-PCRs were performed with gene-specific primers (Supporting in-
formation Table S1) using SYBR Green Master mix (Roche) on a Techne
Quantica apparatus. The 2−ΔΔCt method [43] was used to normalize
and calibrate transcript values relative to the endogenous TIP41—like
family protein (At4G34270) gene.
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2.8. Confocal microscopy

The reporter line TSCn:GFP was visualized and stack images
(9.99 μm Z stepsize) were obtained in a Leica TCS SP5 confocal mi-
croscope using an Ar excitation laser (488 nm) with the emission
maxima in the range 490–550 (520 max).

2.9. Statistical analysis

Each experiment was repeated, at least, 3 times. In each experiment,
3 plates containing 30–40 seedlings were used. Histochemical analysis
were performed using an average of 20 seedlings (n=15-35). The
JMP® (ver.11.0) statistical package (SAS Institute) and the Free
Software R (R-3.4.3; ScottKnott package [44]) were used for the sta-
tistical analyses. ANOVA was employed to test the effect of different
treatments. LSMeans Tukey, ScottKnott or Student’s t tests were used to
compare means at a probability level of 5%. Levels of significance are
represented by letters or asterisks in the graphs.

3. Results

3.1. B deficiency alters root growth modulating meristem activity

Primary root growth was monitored in Arabidopsis seedlings sub-
jected to B deficiency at 3 and 5 days post-germination (DPG).
Differences were found between severe deficiency (-B) and low B con-
ditions (0.03 μM H3BO3) (Fig. 1). Under severe B deficiency, primary
root growth was drastically inhibited at 3 DPG (approximately 80%
inhibition compared to control conditions) and no additional primary
root growth was detected 5 DPG (Fig. 1b). At low B conditions, primary
root growth was reduced at 3 and 5 DPG in a time dependent manner
(Fig. 1a and b).

Root meristem size was measured as the root proliferating zone
where division is the process responsible for root growth [41]. As
previously described, under control conditions (30 μM H3BO3) it was
observed that, although primary root growth predominantly ocurred at
5 DPG, the largest meristem growth increment occurred at 3 DPG
(Fig. 1c), when division has the highest rate of influence in primary root
growth [16]. At low B concentrations, root meristem growth was
mainly inhibited at 3 DPG whereas under severe B deficiency, the
length of the root meristem was reduced from 3 to 5 DPG (showing a
strong reduction of more than 80% at 5 DPG) (Fig. 1c).

Transfer experiments were carried out to assess early responses as-
sociated with B deficiency in primary root growth (Fig. 2a). When 5-
day-old seedlings were transferred from control conditions to severe B
deficient media, growth inhibition was observed at 24 HPT. No re-
covery was observed in primary root length within the first 48 HPT
when seedlings were transferred from severe B deficiency or low B to
control conditions.

RAM length was measured to evaluate meristem maintenance in
transfer experiments. Meristem length inhibition was observed as early
as 4 HPT when seedlings were transferred from control to severe B
deficiency (Fig. 2b). No recovery was observed when seedlings were
transferred from severe B deficiency to control conditions (probably
due to meristem exhaustion) but seedlings transferred from low B to
control conditions were able to partially recover meristem growth at 24
HPT (Fig. 2b).

3.2. Cell division is an early target of B deficiency stress response

Mitotic activity was evaluated visualizing GUS activity using the
reporter Arabidopsis line pCYCB1.1:Dbox-GUS (pCYCB1:GUS).
Arabidopsis pCYCB1:GUS seedlings showed a decrease of the mitotic
activity under B deficiency at 3 and 5 DPG (Fig. 3). At 3 DPG the in-
hibition of the mitotic activity was similar under low and severe B
deficiency conditions, however, at 5 DPG the mitotic activity almost

disappeared under severe B deficiency (Fig. 3b).
Relative expression of CYCB1.1 (At4G37490) was quantified by

using qPCR analysis. A down-regulation of CYCB1.1 under B deficiency
(low B or severe B deficiency) was observed at 5 DPG while no changes
at gene expression level were detected at 3 DPG (Fig. 3c).

In order to relate the early growth inhibition of root meristems and
primary root growth with the maintenance of the mitotic activity under
B deficiency, GUS activity analysis of pCYCB1:GUS was performed in
transfer experiments that combined three B treatments (Fig. 4). While
no recovery was observed in the mitotic activity of seedlings transferred
from severe B deficiency to control conditions, a recovery in cell divi-
sion occurred rapidly (4 HPT), when seedlings were transferred from
low B conditions to control media (Fig. 4b). A steep decrease in mitotic
activity was detected when seedlings were transferred from control to
severe B deficiency at 4 HPT or to low B at 24 HPT (Fig. 4b and Table
S2).

To temporally compare the defects observed on the mitotic activity
and on root cell elongation associated with B deficiency under our
experimental conditions, we determined the length of the first epi-
dermal cell with visible root hair bulge (LEH) as a parameter to eval-
uate root elongation as previously described [45]. No differences were
found in LEH between seedlings transferred to severe B deficiency and
those transferred to control conditions at 4 HPT (Fig. S1). However, a
significant inhibition of LEH was detected 24 HPT in seedlings trans-
ferred to severe B deficient conditions (Fig. S1), coinciding in time with
cell division inhibition (Fig. 4b).

3.3. Early recovery of a Quiescent Center (QC) reporter line expression
reveals a role of B in the maintenance of QC identity

The Quiescent Center (QC) of the RAM ensures post-embryonic root
growth providing stem cells that then will divide and elongate/differ-
entiate, leading to root growth [46,47]. The failure in root meristem
maintenance observed under B deficiency could be related to a rapid
cell differentiation of stem cell daughters or to the lack of QC activity.
In order to test this hypothesis, the Arabidopsis QC reporter line
QC46:GUS was used in direct growth (3 and 5 DPG) and transfer ex-
periments using two different B conditions: severe B deficiency (-B) and
control conditions (30 μM) (Fig. 5). Three and 5 days-old seedlings
growing under severe B deficiency showed a reduced GUS expression of
the quiescent center (QC) marker QC46 (Fig. 5a).

Aiming to analyze short term effects of B on QC identity, transfer
experiments were performed. QC signal was maintained 48 HPT after
transferring the seedlings to a B deficient media. On the contrary,
seedlings growing under B deficiency for 5 DPG and later transferred to
control media, were able to rapidly recover QC signal as soon as 24 HPT
(Fig. 5c).

To further determine if B can affect stem cell differentiation we
analyzed Lugol-stained root tips and starch granules present in the
columella cells. The results revealed that seedlings growing under B
deficiency reduced the number of starch-containing elongated colu-
mella cells (three compared to four found under B control conditions)
supporting that B deficiency influences in the maintenance of stem cell
fate (Fig. 5b and d).

CCS52A2, an activator of the anaphase promoting complex/cyclo-
some (APC/C), plays an essential role controlling the identity and
maintenance of the QC and stem cells, respectively, favoring low mi-
totic state in certain cell types of the root meristem [34]. To assess
whether the reduction in meristem size could be caused by changes in
QC activity we examine the effects of B nutrition on CCS52A2 expres-
sion by GUS expression analysis. As shown in Fig. S2, a characteristic
GUS signal was localized in the columella and QC cells of Arabidopsis
roots growing under control conditions (Fig. S2a). On the contrary,
when seedlings were growing under severe B deficiency,
pCCS52A2:GUS expression appeared mislocalized along the root with a
higher GUS signal localized in the vascular tissue of the root maturation
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zone and a decrease in the GUS intensity in the apical meristem in-
dicating that the mitotic stage of QC and stem cells could be altered in
response to B deprivation (Fig. S2b).

3.4. Cytokinin treatment led to the increase of root meristem size by
promoting cell division under severe B deficiency

The role of CKs in the control of root meristem growth and cell
division under B deficiency was first evaluated carrying out experi-
ments applying hormone or hormone inhibitor treatments using 5-day-
old pCYCB1:GUS Arabidopsis seedlings.

CKs might play relevant roles in the regulation of plant response to
B deficiency [29]. t-Zeatin, used as CK treatment, caused a significant
increment of the mitotic activity of Arabidopsis RAM transferred from
control conditions to severe B deficiency (Fig. 6b). This effect that was
concomitant with the increase of root meristem size (Fig. 6c). On the
contrary, under this B condition, the application of S-4893 (as CK in-
hibitor) was not associated with changes in GUS activity but resulted
still in the increase of root meristem size at 48 HPT (Fig. 6c).

When seedlings were transferred to control or low B conditions
combined with CK treatment, a reduction in the mitotic activity of
pCYCB1:GUS reporter line was observed (Fig. 6b). In addition, this

Fig. 1. Arabidopsis thaliana Col-0 seedling phenotype growing under B deficiency. (a) Phenotype of 3-day-old and 5-day-old wild-type Col-0 seedlings growing in a B gradient. From left to
right: control conditions (30 μM), low B (0.03 μM) and absence of B (-B). (b) Primary root length (mm) and (c) root meristem size (μm) of Arabidopsis seedlings after 3 and 5 days post
germination (DPG) growing in a B gradient (-B, 0.03 μM and 30 μM). Values shown in (b) and (c) represent the mean of 30 seedlings ± StdDev. Different letters indicate statistical
differences at P < 0.05 (Tukey t-test). Scale bar= 2 cm.
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inhibition was well correlated with a decrease in root meristem size
(Fig. 6c). The CK inhibitor S-4893 resulted as well in the inhibition of
pCYCB1:GUS activity, although no significant differences were ob-
served in RAM length (Fig. 6c).

3.5. CK signaling is altered under B deficiency

The Arabidopsis reporter line ARR5:GUS was used in order to report
changes in CK signaling in seedlings subjected to B deficiency (Fig. 7).
An increased GUS signal appeared localized in the root vascular cy-
linder and root meristematic zone 5 DPG when seedlings were grown
under B deficiency (low B or severe B deficiency) (Fig. 7a) with a higher
intensity localized in the meristematic zone under severe B deficiency.
Increments of GUS activity appear soon after transferring the seedlings
from control conditions to B deficient media (at 4 HPT). The transfer to
B deficiency led to changes in GUS activity that increased progressively
and was localized extended along the root at 48 HPT in seedlings
growing under severe B deficiency. Seedlings initially growing under B
deficiency (low or severe B deficiency) were able to restore GUS signal
to control conditions at 48 HPT, with an early reduced signal detected
as soon as 4HPT. The hairy phenotype and the abnormal root meristem
thickening that appear as morphological and cellular symptoms of B
deficiency, accompanied GUS increments and disappeared when the
GUS activity was reduced (Fig. 7b).

A complementary analysis was performed as well using the reporter

line TSCn:GFP [35], which showed a very similar pattern to what was
observed in ARR5:GUS seedlings (Fig. S3). When TSCn:GFP seedlings
were transferred from control conditions to B deficiency, a rapid in-
crease of GFP signal in the RAM was detected. Moreover, the root ex-
tended GFP signal observed in B deficient seedlings was diminished
progressively along the root when seedlings were transferred from B
deficient media to control conditions (Fig. S3).

To further analyze the implication of CKs in B deficiency stress re-
sponse, meristem size and primary root length of mutants affected in CK
perception and signaling were determined at 3 and 5 DPG when
growing under a B gradient (Figs. 8 and S4). Increments in meristem
size of seedlings growing under low B conditions were observed in
meristems of all the mutants tested at 3 DPG (Fig. 8a). Under severe B
deficiency, only the CK-signaling mutants arr1/arr12 and arr1/arr10/
arr12 showed meristem size increments at 3 DPG. At 5 DPG, the mu-
tants affected in CK perception (wol and ahk2/3) showed an increased
meristem size compared to Wt under all the conditions tested. Under
severe deficiency (at 5 DPG) the double mutant arr1/arr12 presented
longer meristems when compared to Wt meristems (Fig. 8b). Positive,
negative or no correlation were found between meristem size and pri-
mary root length (Fig. S4).

3.6. Effect on mitosis inhibition at the G1-S boundary

The use of Arabidopsis plants overexpressing the D-type cyclin

Fig. 2. Short-term effects of B deficiency on primary root growth and meristem size of Arabidopsis thaliana wild-type Col-0 seedlings. Transfer experiments using a B gradient (absence of B
(-B), low B (0.03 μM) and control conditions (30 μM)) were performed to calculate (a) primary root length (mm) and (b) root apical meristem length (μm) using 5-day-old wild-type Col-0
(WT) seedlings after 4 h post transfer (HPT), 24HPT and 48HPT. Root/meristem length values show total length of seedlings at different time after transfer. Values represent the mean of
30 seedlings ± StdDev. Different letters indicate statistical differences at P < 0.05 (Tukey t-test).
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CYCD3 and the cycd3;1-3 triple mutant aimed to assess, on one hand, if
B deficiency responses were associated with an effect on cell division at
the G1-S transition and also to analyze if the changes observed in CK
signaling were causing cell division inhibition through changes in
CYCD3. As shown in Fig. 9, increments in meristem size appeared in the
cycd3 triple mutant when plants were subjected to severe B deficiency.
Meristem size remained unchanged in plants overexpressing CYCD3

(CYCD3-OE) under both control and severe B deficiency. While a de-
crease in primary root length of these lines compared to Wt was de-
tected under control conditions, no changes were detected in the root
length of plants subjected to severe B deficiency (Fig. S6).

Fig. 3. Effects of B deficiency on the mitotic activity of Arabidopsis
thaliana roots. Images show β-glucuronidase (GUS) activity of
pCYCB1:GUS reporter A. thaliana line growing in a B gradient.
Images shown are representative of at least 30 seedlings analysed
from three different B conditions: absence of B (-B), low B
(0.03 μM) and control conditions (30 μM), (a) 3 days post germi-
nation, 3 DPG, and 5 days post germination, 5 DPG. (b)Activity of
the reporter gene was calculated as the blue stained area that
appear at the proximal meristem zone at 3 DPG (light grey col-
umns) and 5 DPG (dark grey columns). Values shown in (b) re-
present the mean of 30 seedlings ± StdDev. (c) Relative expres-
sion of cycb1.1 (AT4G37490) in A. thaliana root meristems of 3-
and 5-day-old seedlings growing under B deficiency (-B), low B
(0.03 μM) and B control conditions (30 μM). RNA was extracted
from root meristems collected from seedlings 3 (light grey col-
umns) or 5 days (dark grey columns) post germination (DPG).
Values represent the mean of 3 pools of at least 35 root
meristems ± StdDev. Different letters indicate statistical differ-
ences at P < 0.05 (Tukey t-test). Scale bar= 200 μm.
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4. Discussion

B deficiency causes root growth inhibition accompanied by an al-
tered root system architecture [24,28,29,48]. Still, the sensing and
signaling pathways controlling plant response to B stress are not yet
well characterized nor are fully understood. The growth arrest and al-
tered development observed in Arabidopsis roots under B deprivation
have been related to defects in cell elongation due to the role of B in cell
wall assembly [4,22,23]. However, cell division inhibition may act
parallel to elongation contributing to root growth arrest in Arabidopsis
as has been claimed for different plant species [49–51].

4.1. Boron regulates cell proliferation in Arabidopsis contributing to root
growth inhibition under deficiency

When analyzing B deficiency responses it is important to consider
the exceptional B requirement in developing tissues and organogenesis

processes, which could be related with the role of this micronutrient in
the meristem maintenance [26,52,53]. RAM growth inhibition (mea-
sured as total meristem size reduction) under two different B deficient
conditions (severe B deficiency and low B conditions) was evaluated.
RAM growth impairment was detected earlier on time than primary
root growth arrest under B scarcity, suggesting that the inhibition of
root meristem growth (as a source of newly dividing cells) precedes and
contributes to primary root growth inhibition under B starvation. These
results would support recent findings that have shown that maximum B
contents are located at the root tip (coinciding with the QC and cell
division zone) while lower amounts of B are found in the elongated/
differentiated zones of the root [53] and would fit as well with the
notion that higher B contents are required for the growth of newly
formed tissues. Alternatively, these findings might merely be a con-
sequence of differences in the abundance of B binding ligands [6].

According to Perilli et al., the Arabidopsis RAM could be divided into
four different parts: the stem cell niche, the proximal meristem, the

Fig. 4. Short-term effects of B deficiency on the mitotic activity of Arabidopsis thaliana roots. GUS staining patterns of pCYCB1:GUS A. thaliana 5-day-old seedlings in transfer experiments
under a B gradient 4 h post transfer (HPT), 24HPT and 48HPT. Transfer experiments were performed combining three different B conditions: absence of B (-B), low B (0.03 μM) and
control conditions (30 μM). Upper labels indicate the previous growing condition and the condition after transference (i.e. −B/30 μM from absence of B to control conditions). (a)
Representative images of GUS staining area for each transfer condition. (b) GUS staining area quantification where values represent the mean of 15–20 seedlings ± StdDev. Statistics
were performed per group (separated by dashed lines in the graph) considering the final media and the time post transfer. Different letters indicate statistical differences at P < 0.05
(ScottKnott test). Scale bar=200 μm.
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transition zone and the elongation/differentiation zone. Root growth is
supported by a balanced rate between cell division and cell elongation
occurring at the proximal meristem and elongation/differentiation
zones, respectively [16,54]. In order to determine how B interferes in
these processes and to define the developmental basis of plant response
(s) to B deficiency, cell proliferation was monitored. Our results showed
that cell division inhibition occurs rapidly under B deficiency. Inter-
estingly, despite an inhibition of cell division as early as 3 DPG, gene
expression of cycb1 transcript remained unchanged till 5 DPG, sug-
gesting that posttranscriptional regulation may be the early target to
control cell proliferation under B deficiency.

A reduction of cell division (accompanying the decrease in meristem
size and primary root growth arrest) was especially noticeable when
seedlings were transferred to severe B deficiency and appeared as soon
as 4 HPT, preceding in time cell elongation inhibition observed under
our experimental conditions at 24 HPT (Fig. 4 and Fig. S1). Supporting
what was previously suggested by Abreu and coworkers [29], this result
would confirm that B deprivation would prevent primary root growth
by the simultaneous inhibition of division and elongation contrary to
what has previously reported in Arabidopsis [22,24]. Even moe, based
on our data, severe B defiency may lead to cell division inhibition be-
fore elongation is affected. Nevertheless, it is important to highlight
that different experimental conditions may lead to differences in the
response observed between this and previous works. While in the pre-
sent study no B or low B at 0.03 μM H3BO3 concentration were used,
previous studies applied higher H3BO3 concentrations (0.4 μM) to
achieve deficiency [24].

4.2. B influences the maintenance and rapid recovery of QC identity

Quiescent center (QC) maintenance is needed to ensure a proper
RAM structure and spatial organization to sustain root growth after
germination [18,47]. A role of the QC as an environmental sensor
controlling growth has been previously proposed. For example, phos-
phate starvation causes changes in QC activity that ends modulating
cell division and differentiation [55]. To determine if B deficiency af-
fects meristem activity by altering QC identity, we used the QC46:GUS
reporter line growing under a B gradient in direct growth and transfer
experiments. We observed that QC46:GUS signal diminished at 3 and 5
DPG under B deficiency. However, in transfer experiments from control
to B deficient conditions did not reveal a shutdown of the signal 48 HPT
indicating that QC loss was not an early response associated to B defi-
ciency confirming that cell division inhibition in the meristematic zone
preceded this event. This effect of QC maintenance could be related to
the role of the QC sustaining growth, ensuring nonexhaustion of stem
cells under stress conditions [56].

On one hand, QC fate depends on the local increment of auxins
mediated by PIN1 efflux transporters [32]. On the other, B deficiency
causes reduced PIN1 protein accumulation resulting in an altered auxin
transport and distribution [28,26]. The effect on QC identity observed
under B deficiency might then be a consequence of the disturbance of
the auxin homestasis. Also, CCS52A2 has been implicated in QC
maintenance by inactivating mitosis. The addition of the polar auxin
transport inhibitor 1-N-naphthylphthalamic acid (NPA) or the auxin
agonists 2,4-dichlorophenoxyacetic acid (2,4-D) led to an accumulation

Fig. 5. Quiescent center (QC) identity under B defi-
ciency. B deficiency effect on QC identity main-
tenance was evaluated based on the expression ana-
lysis of the QC-specific marker QC46:GUS in A.
thaliana seedlings grown under control (30 μM) and
B deficiency (-B) conditions at (a) 3 and 5 days post
germination (3 DPG and 5 DPG) and (b) by analyzing
the double labelling of QC and differentiated colu-
mella cells (Lugol staining). (c) QC46:GUS expression
was also examined in transfer experiments using 5-
day old seedlings at 4 h post transfer (HPT), 24 HPT
and 48 HPT and (d) double QC and Lugol staining
was used in seedlings 48HPT. Transfer experiments
were performed combining two different B condi-
tions: absence of B (-B) and control conditions
(30 μM). Labels in the Figure are indicating previous
condition and the condition after transfer (i.e. −B/
30 μM from absence of B to control conditions).
Representative images are shown among n=15–20
for each condition. Scale bar=40 μm.
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of auxin signal spreading pCCS52A2:GUS signal along the meristem
[34] similarly to the expression patterns observed under severe B de-
ficiency (Fig. S2). Altogether, our findings would support the notion
that B deficiency could result in a non-rapid QC identity loss through

the down-regulation of pCCS52A2 mediated by auxin accumulation.
Interestingly, a fast recovery of QC signal was achieved just 24 HPT.

QC cells are infrequently divided and act regulating the differentiation
of neighboring cells by complex signaling cascades driven by hormones

Fig. 6. Cytokinins, cell division and root meristem length under B
deficiency. pCYCB1:GUS relative activity in root meristems and
root meristem length of Arabidopsis thaliana cytokinin/cytokinin
(CK) inhibitor-treated seedlings in transfer experiments. Transfer
experiments were performed using 5-day-old seedlings growing
under B control conditions (30 μM B). Seedlings were transferred
to three different B conditions (control (30 μM), low B (0.03 μM)
and severe B deficiency (-B)) combining three different hormone
treatments (no treatment (used as control), CK treatment (5 μM t-
zeatin) and a CK inhibitor treatment (10 μM S-4893)). Image pic-
tures and measurements were taken at 48 HPT. (a) Representative
images of transfer experiments (48HPT) to CK/CK inhibitor treat-
ment; (b) Blue stained area as the pCYCB1:GUS relative activity
and (c) root meristem lengths of Arabidopsis seedlings growing
under different hormone and B treatments. Values represent the
mean of 10–15 seedlings ± StdDev. Different letters indicate sta-
tistical differences at P < 0.05 (Tukey t-test). Scale bar= 200 μm.
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Fig. 7. Cytokinin signaling in response to B deficiency. GUS activity of ARR5:GUS root meristems in direct growth (a) and transfer experiments (b). (a) Direct growth assays were
performed using 5-day-old seedlings growing under different boron concentrations: severe boron deficiency, −B; low boron, 0.03 μM, and control conditions, 30 μM. (b) In transfer
experiments, GUS activity was determined 4, 24 and 48 h post-transfer (HPT) using 5-day-old ARR5:GUS seedlings. Different B conditions were used in transfer experiments as indicated
by the top labels that show the condition before transfer/the condition after transfer. Scale bar in (a)= 50 μm. Scale bar in (b)= 100 μm.

Fig. 8. Meristem size of CK-related mutants under B deficiency.
The ratios of mutant meristems (μm) compared to Wt were cal-
culated under boron deficiency (-B), low boron (0.03 μM) and
control boron conditions (30 μM) at (a) 3 days-after-germination
(3 DPG) and (b) 5 DPG to report changes associated with cyto-
kinin response. CK-related mutants included mutants affected in
CK perception (wol, ahk2/3) and signaling (arr1arr12 and ar-
r1arr10arr12). Columns represent the Mean of the ratios calcu-
lated from at least 15 seedlings ± StdDev (n=15–25). Asterisks
indicate statistical differences at P < 0.05 (Student t-test) com-
paring the meristem size of each mutant with the meristem size of
Wt Col.0.
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or specific transcription factors [57,58]. The rapid QC restoration after
B supply would ensure long-term growth after the stress episode as a
prerequisite to reconstitute the pool of dividing and differentiating
cells. Besides, QC recovery coincided in time with the CK signal re-
covery (to control conditions) observed in this study by using different
CK-signaling reporter lines. Taken into consideration the function of
CKs in controlling division of QC, it is suggested that this hormone is
playing important roles regulating QC identity under B deficiency [59].
Nonetheless, further studies are still needed to determine the factors
and implications of this fast QC recovery and the specific role of hor-
mones regulating the QC rescue.

4.3. Changes in cytokinin homeostasis are associated with root meristem
growth inhibition under B deficiency

Likewise, the maintenance of the meristematic activity of primary
roots in Arabidopsis responds to a fine-tune regulation driven by dif-
ferent factors including hormones, ROS and a transcriptional regulation
[16,19,60–62]. All these growth regulatory factors influence or are
potentially involved in the control of plant growth and development
when plants are subjected to B deficiency [22,23,26,29,63] and they
are expected to act controlling the sensing, transport and mobilization
of the micronutrient in the plant.

Cytokinins (CKs) influence on the control of cell division under B
deficiency response regulation was assessed by using t-zeatin and the
CK inhibitor S-4893 in transfer experiments of 5-day-old pCYCB1:GUS
seedlings together with the use of the CK-signaling reporter lines
ARR5:GUS (Fig. 7) and TSCn:GFP (Fig. S3). CKs are key hormones
regulating meristem size establishment and the meristem maintenance
during post-embryonic development [64]. Among their functions, CKs
are hormones able to regulate the transition from proliferation stage to
differentiation cooperating with auxins to induce endocycling events in
the root transition zone [19,60]. While under our experimental condi-
tions, control seedlings showed a characteristic response previously
described under t-zeatin treatments showing a reduced meristem sized
positively correlated with a decrease in the mitotic activity [60], the
addition of t-zeatin to seedlings transferred to severe B deficiency led to
the increase of root meristem size by promoting cell division. This result
is in agreement with previous works that revealed a role of CKs in the
induction of auxin synthesis in young and developing roots promoting
cell proliferation [65]. Besides, the addition of CKs to B deficient roots
could influence auxin redistribution leading to increments in division in
a concentration dependent manner [66,67]. Significant increments of
ARR5:GUS and TSCn:GFP signals were identified as early events that
occur after transferring the seedlings to B deficiency (just 4 HPT).
Under severe B deficiency a negative feedback driven by the type-A of
ARRs (such as ARR5) may trigger CK-deficit associated effects on cell
division at the RAM that are restored after CK application [68].

Furthermore, an increased root meristem size without changes in di-
vision were found after the CK inhibitor treatment under severe B de-
ficiency suggesting that different mechanisms other than division are
involved in root meristem growth inhibition (i.e. endoreduplication,
[69]). Therefore, changes in CK distribution along the root under severe
B deficiency might act deregulating (inhibiting) ploidity-dependent
elongation as well [70,71] and the increment in the meristem size ob-
served under severe B deficiency with the inhibitor treatment could be
related with a delay in elongation/differentiation rates at the RAM
[60,72].

The analysis of meristem and root growth in mutants affected in CK
perception or signaling were used in this study to further determine the
function(s) of this hormone in B deficiency stress response. Changes in
the meristem size under B deficiency (severe deficiency or low B con-
ditions) in CK perception (wol and ahk2/3) and signaling (arr1/arr12
and arr1/arr10/arr12) mutants would support the idea of a role of CKs
regulating cell division inhibition under B deficiency. Mutants affected
in CK perception lead to increments in the meristem size under all
conditions analyzed probably because of a general effect on the delay of
elongation/differentiation rates that would favour the augment of
meristem size [60]. Instead, the triple mutant arr1/arr10/arr12 at 3
DPG showed a specific increment of the meristem only under B defi-
ciency when compared to Wt (revealing positive effects of CKs signaling
suppression under severe B deficiency) but no differences were ob-
served at 5 DPG. The mode of action of the type-A ARRs should be
considered here [68]. If they act negatively regulating CK response in
Wt seedlings grown under B deficiency, the CK signaling pathway
would be suppressed and no differences could be observed when
compared with the triple mutant. Interestingly, the CK response and
signaling repression may be playing important roles coping with the
stress as previously observed in plants subjected to drought [72]. Also,
differences were detected between the double (arr1arr12) and triple
mutant (arr1ar10arr12) in the root meristem growth (Fig. 8). The ab-
sence of arr1 and arr12 but not arr10 has somehow a positive effect on
the meristematic growth under severe B deficiency. This result might
point to specific roles of the type-B ARRs in B stress response what can
be related to their regulatory role of auxin and ethylene signaling
controlling cell proliferation and elongation at the RAM [67].

Interestingly, the changes observed in CK-signaling under B defi-
ciency (Figs. 7 and S3) were rapidly restored after transferring the
seedlings to control conditions, what was accompanied by the dis-
appearance of the characteristic hairy phenotype of B deficient roots
and by a root swelling decrease. The hairy phenotype has been shown to
be associated with increments in ethylene and B deficiency [23,25].
Our results might suggest that CKs act together with ethylene leading to
the increment of root hairs that characteristically appear under B de-
privation and it is in agreement with recent published works that point
to a role of CK (together with auxin and ethylene) in root hair formation

Fig. 9. Meristem size of CYCD3 mutant and overexpressor line under B
deficiency. Ratios of meristem size comparing primary root meristem
length of cycd3 mutant and CYCD3 overexpressor line (OE) with Wt are
presented. Meristem size was measured in both cycd3;1-3 mutant and
CYCD3-overexpressor seedlings under severe boron deficiency (-B) and
control boron conditions (30 μM) at 5 DPG. Columns represent the
Mean ± StdDev of the ratios of meristem size in mutant or overexpressor
compared to the meristem size of Wt, of at least, 15 seedlings
(n=15–25). Asterisks indicate statistical differences at P < 0.05
(Student t-test) between Wt Col.0 A. thaliana and mutants or over-
expressor for each condition.
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[73]. Besides, the effect of B deficiency on root thickening could be also
related to CK increments and changes in the expression of CYCD3
[74–76].

The Arabidopsis CYCD3 D-type cyclins are involved in CK response
(s) and have been implicated in endocycling delay by prolonging the
mitotic stage of cells [37,77]. The increased RAM size observed under
severe B deficiency in the loss-of-function triple mutant cycd3 and the
unchanged RAM size in the CYCD3 OE together with the increased CK
signaling along the root detected under severe B deficiency suggest that
B deprivation induces changes in CYCD3 expression through the al-
teration in CK signaling that results in a reduced RAM and primary root
growth by inhibiting both endocycling and division [37]. The mutation
of the three CYCD3 cyclins would impair CK responses ameliorating the
defects found at the RAM under B deficiency. Due to the important roles
that play other types of D-cyclin regulating cell proliferation in roots
[78], further analyses should be performed to evaluate the role of B
deficiency response in cell cycle inhibition through the regulatory ac-
tion of CKs.

Altogether our results supports the notion that a coordinated and
simultaneous inhibition of cell division and elongation takes place
under B deficiency conditions under the regulatory control of CKs and
downstream pathways resulting in an altered root growth and devel-
opment. Nonetheless, the fact that several authors were able to pro-
pagate cell cultures under B deficiency suggests that the effect on cell
division is not primary [10,79,80]. We propose here that cell division
inhibition under B deficiency is more likely a consequence of the al-
teration in the signaling pathways that act balancing cell division and
differentiation/elongation at the RAM resulting in growth arrest. Be-
sides, although the transfer experiments carried out in this work aimed
to evaluate short-time responses to B deficiency (hours), still major
changes may occur within minutes in response to B deprivation. It is yet
to be elucidated then the sequence of primary and secondary events
that take place when B availability is limited. A deeper analysis of how
plants initially sense B availability and cell wall stress, changing hor-
mone homeostasis and triggering different signaling pathways reg-
ulating the root developmental program is key to advance in the un-
derstanding of how plants cope with B deficiency stress.
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