ol

x‘

\%f} HOKKAIDO UNIVERSITY
¥

Improved tolerance to boron deficiency by enhanced expression of the boron transporter BOR2

Title
Author(s) Takada, Shigeki; Miwa, Kyoko; Omori, Hiroyuki; Fujiwara, Toru; Naito, Satoshi; Takano, Junpei
Citation Soil _Scier]ce and Plant Nutrition, 60(3), 341-348
https://doi.org/10.1080/00380768.2014.881705
Issue Date 2014-06
Doc URL http://hdl.handle.net/2115/59477
Rights I\?Z;islle?f) ?enoﬁﬁ%eeptﬁ?t Manuscript of an article publighed by Taylor & Francis in Soil Science and Plant Nutrition on 2014,
: http://www.tandfonline.com/DOI:10.1080/00380768.2014.881705.
Type article (author version)

File Information

Improved tolerance to boron deficiency ....pdf

®

Instructions for use

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP


https://eprints.lib.hokudai.ac.jp/dspace/about.en.jsp

Title

Improved tolerance to boron deficiency by enharegaression of the boron transporter BOR2

Authors

Shigeki Takadh Kyoko Miwa?, Hiroyuki Omorf, Toru Fujiward, Satoshi Naitb®, Junpei Takano
'Graduate School of Agriculture, Hokkaido UniversBapporo 060-8589, Jap&freative Research
Institution, Hokkaido University, Sapporo 001-003apan’Graduate School of Agricultural and Life
Sciences, The University of Tokyo, Tokyo 113-86&4han; andGraduate School of Life Science,

Hokkaido University, Sapporo 060-8589, Japan

Correspondenceto:

Junpei Takano

Graduate School of Agriculture, Hokkaido Universi®-W9, Kita-ku, Sapporo 060-8589, Japan
Tel: +81-11(706)3888, FAX: +81-11(706)4932

Email: jtakano@abs.agr.hokudai.ac.jp

Type of contribution

Full-length Paper



Division of the manuscript.

4. Plant nutrition

Running title

Boron deficiency tolerance by BOR2 expression



Abstract

Boron (B) cross-links the pectin polysaccharidemhagalacturonan Il (RG-Il) and thus is importarnt fo

cell wall structure in plants. Boron deficiencyais agricultural problem that causes significanségsof

crop productivity worldwide. To address this, B4defncy-tolerant plants have been generated using

boron transporters. With the goal of further impngvplant tolerance to low-B conditions, we genedat

transgeniddrabidopsis plants with enhanced expression of BOR2, a B partsr that promotes

cross-linking of RG-Il and root elongation undew!8 supply. We generated a DNA construct containing

the cauliflower mosaic virus 35S RNA promoter, dveapromoter oBOR2, aBOR2 gene, and green

fluorescent protein (GFPP(035SBOR2: BOR2-GFP), and obtained three independent transgenic lines

with relatively high levels of BOR2-GFP expressibmthe transgenic lines, BOR2-GFP was expressed

mainly in the lateral root caps in the meristemezand in the epidermal cells in the elongation zone

similar to its expression when driven only by itgime promoter. In th€ro35S-BOR2: BOR2-GFP lines,

BOR2-GFP was also expressed in various cells imiiration zone of roots and epidermal cells of

shoots, where the expression was hardly detedtaBle®BOR2: BOR2-GFP lines. The transgenic lines

were cultured under various B concentrations oial snédia and it was found that root growth of three

lines and shoot growth of two lines were enhanaedpared to wild-type plants under low-B conditions.

This finding established that enhanced expresdi@0ir2 leads to improved root growth under low-B

conditions. We also examined growth of the transglmes under hydroponic conditions. One of the¢h

lines showed better growth and fertility underwa-B condition, while the wild type did not set ssed



under the same condition, suggesting the poteuiidal of BOR2 expression in agricultural applitats.
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Text

I ntroduction

Boron (B) is an essential element for higher plgMarschner, 1995). Boron, as borate, cross-lihles t

pectic polysaccharide rhamnogalacturonan Il (RGahjl is important for the structure of plant cedlli

(Ishii and Matsunaga, 1996; Kobayasdi al., 1996; O’'Neill et al., 1996). Boron deficiency is a

widespread agricultural problem reported in ovec80ntries and in 132 crop plants (Shorrocks, 19@i7)

general, B deficiency first appears in rapidly gimgvtissues and causes cessation of growth (Dell an

Huang, 1997). Even at concentrations that do nieicafvegetative growth, B deficiency often causes

sterility, suggesting that the requirement for Bhigher for reproductive growth. In contrast, exces

accumulation of B is toxic to plants, causing ns@®f leaves and inhibition of root elongation liNeet

al., 1997). Boron toxicity is also an agriculturaloplem, especially in semi-arid areas. The range of

concentration between B deficiency and toxicitpasrow and thus, careful management is neededhéor t

application of B fertilizers (Marschner, 1995) ardp plants with high B-use efficiency are required

In Arabidopsis thaliana, two types of transport protein are responsibieBfdransport under B

limitation. The boric acid channel NIP5;1, a majarinsic protein (MIP, the aquaporin family), furans

as a boric acid importer for B uptake from soilbimbots under low-B conditions (Takamebal., 2006).

NIP6;1, the most similar protein to NIP5;1, alsmdtions as a boric acid channel and is required for

efficient B distribution to young leaves (Tana#faal., 2008). The boric acid/borate exporter, BOR1, is

required for efficient translocation of B into xphein roots and for preferential translocation ofirBo



young growing parts of shoots under low-B condgidifakanoet al., 2001, 2002)A. thaliana has six

paralogs of BORL1 protein that play different role® transport (Miweet al., 2005). Among them, BOR4

is involved in B-toxicity tolerance by excluding o acid/borate from tissues; overexpression of BOR

conferred high-B tolerance tA. thaliana (Miwa et al., 2007, 2011). BOR2 is the closest homolog to

BOR1, and analysis of its loss-of-function mutaréggealed that BOR2 is required for root elongation

under low-B conditions (Miwat al., 2013). BOR?2 is also a boric acid/borate expddealized to plasma

membranes and provides boric acid/borate from ytesol to the cell wall or into secretion vesicfes

efficient cross-linking of RG-1l under low-B conitihs (Miwa et al., 2013).

Modulation of transporters is an attractive apphodor generating plants with improved

nutrient use efficiency. To generate plants that taterant to B deficiency, the B exporter BOR1 was

expressed under the control of the Cauliflower riwogaus (CaMV) 35S RNA promoter (35S promoter)

in A. thaliana (Miwa et al., 2006). Overexpression of BOR1 improved shoot gnoand fertility by

enhancing B transport toward shoots under low-Bdit@ms. In addition, enhanced expression of NIP5;1

by inserting the 35S promoter 1357 bp upstreanm®NtP5;1 gene was reported to improve root growth

under low B supply (Katet al., 2009). Katoet al. (2009) also demonstrated that the combination of

enhanced expression of BOR1 and NIP5;1 can coigeehtolerance to B deficiency.

Here, we attempted to generate B-deficiency-totepéants by enhancing expression of BOR2.

We constructed an artificial gene consisted of3® promoter, the promoter region of B@R2 gene, the

BOR2 gene (exon and intron), and green fluoresceneprlGFP). Introduction of this construct into



Arabidopsis plants led to expression of BOR2-GFRoots at relatively high levels. We found growth
improvement in roots, at a minimum, in the thredejpendent lines in solid media under B-limited

conditions.

Materials and Methods
Plant material and plasmid constructions
Arabidopsis thaliana (L.) Heynh. ecotype Col-0 was from our laboratorstocks. The
ProBOR2:BOR2-GFP transgenic plant was described (Miataal., 2013).Pro35S-BOR2: BOR2-GFP was
constructed as follows. The genomic fragment cairigi the 2805-bp region upstream of the start codon
of BOR2 and theBOR2 gene sequence without the stop codon was ampbfiedlCR and subcloned into a
pENTR™/D-TOPC vector by directional TOPO cloning (Life Technalesy Carlsbad, CA, USA; Miwa
et al., 2013). This entry vector was used for GateiwaRR reaction (Life Technologies) with pGWB505
(35S promoter/sGFP; Nakagaveh al., 2007). The pGWB505 vector was kindly provided Dy.
Nakagawa (Shimane University). The sequences d@R2 exon and gene-GFP junction were confirmed
by sequencing.

In planta transformation was performed using #grobacterium-mediatedfloral dip method (Clough

and Bent, 1998).

Plant growth conditions



Plant growth media were prepared according to Taleiral. (2005) and supplemented with various

concentrations of boric acid (0.03—100 uM B). Foservation of vegetative growtplants were grown on

vertically-placed solid media containing 2% (w/\)ceose and 1.5% (w/v) Gellan gum (Wako Pure

Chemicals, Osaka, Japan). Surface-sterilized sgedssown on the solid media and incubated at 4fC f

2 days, and then at 22°C under a 16-h L/8-h D pgiesiod in a growth chamber. For observation of

reproductive growth, plants were grown hydropomycak described by Takareb al. (2001), with slight

modifications. The seeds were sown on rockwooliaodbated at 4°C for 2 days. Hydroponic culture was

initiated after seedlings were grown for 2 weekiguid culture media were prepared according to fiaka

et al. (2005) and supplemented with various concentnatiaf boric acid; nutrient solution was replaced

weekly. The plants were grown at 22°C with consligt.

GFPimaging

For investigation of relative fluorescence intey)S&FP images were obtained by a confocal lasemécg

microscope TCS-SP8 equipped with a water-immergediéns (Leica Microsystems, Wetzlar, Germany)

with an excitation wavelength of 488 nm and detectvavelengths of 56830 nm. The obtained images

were shown as color-coded heat maps. For obsemvaticell-type specificity and intracellular locadition

of BOR2-GFP, confocal images were taken with a miatenersed 40x lens (Leica Microsystems).

Preparation of microsomal proteins and immunoblot analysis.



Transgenic T3 plants were grown for 14 days ondsaofiedia containing 0.3 uM boric acid. All

manipulations for preparation of proteins were eaned at 4°C or on ice. Shoot tissues from 10-a5tpl

were homogenized with 1 ml of homogenization bufg&0 mM Tris (pH 8.5), 290 mM sucrose, 25 mM

EDTA, 75 mM 2-mercaptoethanol, 2 mM Pefabloc SC g Mannheim, Germany), and one tablet

/10ml protease inhibitor mixture (Roche cOmpleteTBIA, EDTA-free )] and centrifuged at 10,000gx

for 15 min at 4°C. The resultant supernatant wassfierred to new tubes and centrifuged again. The

resultant supernatant was centrifuged at 100,80@ for 30 min at 4°C. The pellet, representing the

microsomal fraction, was resuspended in 30 pl ofagte buffer [50 mM KPi buffer (pH 6.3), 1 mM

MgSQ,, 20% glycerol, 2 mM Pefabloc SC, an& 1protease inhibitor cocktail (Sigma-Aldrich, St.uis,

MO, USA)] using a pestle. The protein concentrateas estimated by Pierce 660 nm Protein Assay

(Thermo Scientific, Rockford, IL, USA). The samplesre stored at -30 °C.

Microsomes containing 10 pg of protein were addét wx NUPAGE® LDS Sample Buffer

(Life Technologies) with 50 mM DTT and incubated7@fC for 10 min. The NUPAGE® 4-12 % Bis-Tris

System (Invitrogen Life Technologies) was usedeiectrophoresis and Western transfer. The membranes

were processed by the SNAP i.d. Protein Detectigstedn as described in the user’s guide (Millipore,

Billerica, MA, USA). Blocking was done with 0.25%is1 milk in Tris-buffered saline [20 mM Tris—HCI

(pH 7.5), 150 mM NaCl) with 0.1% Tween 20 surfattanThe anti-GFP mouse monoclonal antibody

ab1218 (Abcam, Cambridge, UK) was used at 1:4,00@ah (1.9 pg/ml). HRP-conjugated goat antibody

to mouse IgG was used at 1:20,000 dilution. The GahSignal Immunoreaction Enhancer Solutions 1



and 2 (TOYOBO, Osaka, Japan) were used for dilubénthe primary and secondary antibodies,

respectively. For detection, Luminata Forte WestetRP substrate (Millipore) was used with an

LAS-3000 mini imaging system (Fuijifilm, Tokyo, Japa

Results

Generation of transgenic Arabidopsis plants with enhanced expression of BOR2

Our objective in this study was to enhance BORZ2resgion for improvement of plant growth under

low-B conditions. For this purpose, we generat&NaA construct that contained the CaMV 35S promoter,

the 2805-bp region upstream of the start coddBQ@RR2, theBOR2 gene sequence without the stop codon,

and GFPRro355BOR2:BOR2-GFP, Fig. 1A). This construct was introduced itathaliana Col-0 plants,

and 51 T1 transgenic plants were selected by aesistto hygromycin B. The hygromycin-resistant T1

plants were transferred onto solid media suppleetemiith 0.3 pM B and grown for 4 days. We then

observed the GFP signals in roots under epifluerase microscopy and selected 30 plants with religtiv

strong GFP intensities. In the T2 progenies of30el'l plants, segregation of hygromycin resistamas

examined and 18 lines that presumably carried glesii-DNA insertion were selected (Table S1). As a

preliminary growth test, we grew plants of theseTIBlines on solid media supplemented with a low

concentration of B (0.03 uM B, Fig. S1). Among #4s lines, two (Lines 13 and 16) demonstratecebett

root growth; one line (Line 5) showed better shgwth; and 5 lines (Lines 1, 2, 9, 14, 17) exfdit

better growth of both roots and shoots. Growthoofts and shoots was poorer in Line 22 than in tid w

10



type in seven of the eight plants. This was propatile to gene silencing of BOR2-GFP and to

endogenous BORZ2, because the GFP signal was lotelgtable in these plants. These data suggested th

enhanced expression of BOR2 improved plant growtider low B supply. To verify this inference by

detailed analysis, we further selected three lihéses 1, 6, 9) with a single T-DNA insertion s{féable

S2) and with relatively high levels of BOR2-GFP mgsion in roots. Figure 1B shows imaging of

BOR2-GFP in the three homozygous T3 lines at tieeskaser power and gain by confocal microscopy.

These three lines exhibited stronger fluorescemae theProBOR2: BOR2-GFP lines in roots.

We further analyzed the cell-type specificity awoddlization of BOR2-GFP in the roots of

threePro35SBOR2: BOR2-GFP lines (Fig. 1C). BOR2-GFP was observed in thepbeniy of all cells that

showed GFP signals, suggesting localization optioégein in the plasma membrane (Fig. 1C). In thieah

Pro35SBOR2:BOR2-GFP lines, BOR2-GFP was expressed strongly in latevat-cap cells and less

strongly in epidermal, cortical, endodermal, andt@vascular cells in the meristem zone (Fig. 1B, C)

Expression of BOR2-GFP was negligible in the tréimisizone but was relatively strong in epidermdlsce

in the elongation zone (Fig. 1B). These patterngxgression were similar to those of plants cagyin

ProBOR2:BOR2-GFP (Miwa et al., 2013), indicating that expression of BOR2-GFR wahanced in cells

in which BOR2 was originally expressed. In the fbair zone ofPro35S-BOR2:BOR2-GFP lines,

BOR2-GFP was expressed in various cell layersudiol the epidermis, cortex, and endodermis (Fiy. 1

C). In the three T3 lines, BOR2-GFP was localizetkfgrentially in the inner (proximal)

plasma-membrane domain of the endodermis, sindl&QR1-GFP (Takanet al., 2010). In the root-hair

11



zone, BOR2-GFP controlled by the native promotesnal was scarcely detectable (Fig. 1B) and

BOR2-GUS was detected in the cortex (Miwaal., 2013). Therefore, the cell-type specificity of

BOR2-GFP expression in the root-hair zone mighabered from that of wild-type BOR2 by using the

Pro35SBOR2 chimeric promoter. We then analyzed accumulatiod kcalization of BOR2-GFP in

shoots. A western blotting analysis using an amiPGantibody detected BOR2-GFP in the three

Pro35SBOR2:BOR2-GFP lines at different levels whereas it was hardly ted@able in

ProBOR2:BOR2-GFP lines (Fig. S2). In epidermal cells of rosette EsBOR2-GFP was localized in the

plasma membrane in the thrBeo35S5-BOR2:BOR2-GFP lines (Fig. 1D). These results suggest that the

Pro35S-BOR2 chimeric promoter drove strong expression in shedtere BOR?2 is not or little expressed

in the wild-type plants.

Enhanced expression of BOR2 affects plant growth under low B supply

To determine whether enhanced expression of BOR&dnmprove plant growth under low B supply, we

grew the thre@®ro35S-BOR2: BOR2-GFP lines on solid media under low- to sufficient-Bnhditions (0.03—

100 uM B) (Fig. 2). Line 1 showed better growthrodts and shoots under low-B conditions (0.03—-0.3

UM B) (Fig. 2A—G). The primary root lengths wer8&-1.1.3-, and 1.3-fold longer than those of wilgey

Col-0 plants at 0.03, 0.1, and 0.3 uM B supplypeetively (Fig. 2F); shoot fresh weights were 1153-,

and 1.3-fold larger than those of wild-type Coldanis at 0.03, 0.1, and 0.3 uM B supply, respelgtive

(Fig. 2G). The differences in root length and shivesh weight were statistically significant (State

12



t-test,p <0.01). Line 6 also tended to show better rootuginounder low-B conditions (Fig. 2A-E, H, 1).

Root lengths in Line-6 plants were 1.1-, 1.3-, ar@Hold greater than those of wild-type Col-0 ptaat

0.03, 0.1, and 0.3 uM B supply, respectively (R2l); these differences were significant at 0.1 ari

MM B. Line 9 exhibited better growth of roots arbasts than wild-type Col-0 under low-B conditions

(Fig. 2A-E, J, K). Root length in Line 9 was 1.25-, and 1.2-fold greater than that of wild-typel-O at

0.03, 0.1, 0.3 uM B supply, respectively (Fig. Zhpot fresh weights were 1.5-, 2.0-, 1.1-, andfdld

larger than those of wild-type Col-0 plants at 0.03, 0.3, and 3 uM B supply, respectively (Fi§).2

Differences between Line-9 and wild-type plantsevstatistically significant for root length at UM B

and for shoot fresh weight at 0.03 and 0.1 uM B.

We then investigated the effects of high BOR2 esgit;n on reproductive growth in hydroponic

culture supplemented with low- to sufficient-B centrations (0.3—30 uM B) (Fig. 3). At 0.3 uM B siypp

wild-type plants did not set seeds (Fig. 3A, FIBASB), which is a typical symptom of B deficientyA.

thaliana (Miwa et al., 2006; Katoet al., 2009). Given 0.3 uM B, growth of Line-9 plantssaapparently

better than that of wild-type plants and fertilitias partially recovered, while growth of Lines Hahwas

apparently reduced compared to that of the wilektffpig. 3A, Fig. S3A, B). At 3 uM B supply, Lines 1

and 9 showed similar growth to the wild-type andevtertile, while Line 6 showed apparently reduced

growth and was sterile (Fig. 3B, Fig. S3A, C). Wheravided 30 uM B, all lines showed similar growth

and fertility (Fig. 3C, Fig. S3A, D). In summarylenced expression of BOR2 affected plant reprogrict

growth only under low-B conditions.

13



Discussion

For sustainable agriculture with low input of fezers, it is important to generate crop plantshwiigh

nutrient use efficiency. Plants can generally ratpltransporters involved in nutrient uptake and

translocation in response to various external d¢@mm. Thus, artificial enhancement of transporter

expression is an attractive approach, althoughetlaee only few successful examples to date. In rice

overexpression of the iron transporter OsIRT1 byaaze ubiquitin promoter improved tolerance to iron

deficiency at the seedling stage, but also causddced yield (Lee and An, 2009). Overexpression of

magnesium transporter AtMGT1 using the 35S promiatproved tolerance to magnesium deficiency and

aluminum toxicity inNicotiana benthamiana (Denget al., 2006). However, this overexpression reduced

plant size under normal conditions. These studiglicate the merit of constitutive overexpression of

transporters in nutrient-limited conditions, ane ttietrimental effects of overexpression under nbrma

conditions. Importantly, overexpression of BOR1thg 35S promoter improved B-deficiency tolerance

without affecting growth under normal-to-high B ditions in Arabidopsis (Miweet al., 2006). We

assume that the success obtained by overexpres§i®OR1 is largely dependent on the nature of

post-translational regulation of the protein. Indatype plants, BOR1 is expressed in various redsand

is localized in plasma membrane with polarity todvéine inner portion of roots (Takareb al., 2010).

Overexpression of the polarized B exporter in meely types is likely beneficial for directional trsport

of B toward root xylem. In addition, under high 8pply, BORL1 is transferred from plasma membranes to

14



vacuoles, where it is degraded (Takagtoal., 2005). This regulation of endocytic degradatican

efficiently limit over-transport of B under normadnd high-B conditions. Since BOR?2 is also degraded

vacuoles under high-B conditions (Miveaal., 2013), BOR2 could represent another tool for immprg

plant growth in low-B conditions without negativiéeets.

In this study, we demonstrated that enhanced esipresf BOR2 by th&ro35S-BOR2 chimeric

promoter can improve B-deficiency tolerance of Adalpsiswithout affecting plant growth under normal

conditions, at least during the vegetative growthgs on solid mediaThree transgenic lines with

relatively high expression of BOR2-GFP tended tovslbetter growth than the wild type under low B

supply on solid media (Figs. 1, 2). However, thewgh patterns in hydroponic culture differed amaing

transgenic lines. Lines 1 and 6 showed greateiitsetysto low B supply in the reproductive phasehile

Line 9 showed greater tolerance to B deficiencyirdureproductive growth (Fig. 3). The differences

observed in hydroponic culture may be attributdableontrasting patterns of B distribution resultingm

different patterns of BOR2 expression. BOR2 is giauo promote cross-linking of RG-Il by transpoft

B from the cytosol to the cell wall or into secoetivesicles and contributes to root cell elongatioder

low-B conditions (Miwaet al., 2013). Enhanced expression of BOR2 in vegetdibseies might lead to

increased B utilization for cell elongation in végéve tissues, and at the same time cause reduced

transport of B to inflorescence stems where a lang@unt of B is required. It should be noted that

expression levels of BOR2-GFP in the root-hair zaeee much stronger in plants with tRep35S-BOR2

chimeric promoter than in plants with tBOR2 promoter (Fig. 1B). The strong expression in erdogl
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or stellar cells of BOR2 in Line 9 might increaggem loading of B and thus confer higher toleratec®

deficiency in reproductive growth, as is the caseBOR1 overexpression by the 35S promoter (Méva

al., 2006). This view is supported by the findingttllae localization of BOR2-GFP in the plasma

membrane of mature endodermis was polarized totiardide of the stele (inner side of root), whéee t

BOR1 boric acid/borate exporter mediates the lgadinboric acid to steler apoplasm (Fig. 1C; Takaino

al., 2010; Alassimonet al., 2010). In addition, the strong expression ingbof Line 9 (Fig. 1D, Fig. S2)

might result in different B distribution. Becausee wcould not detect BOR2-GFP in shoots of

ProBOR2:BOR2-GFP lines (Fig. S2), the level of BOR2 expressionhinas of wild-type plants seems to

be low. However, the close paralog BORL1 is sigaiiity expressed in shoot (Takagtal., 2005) and has

function in distribution of B toward younger leavasd reproductive organs in low B conditions (Ndguc

et al., 1997; Takanet al., 2001). It is possible that BOR2-GFP in shootd.iole 9 behaved similar to

BOR1 and supported reproductive growth.

In this study, at least in the root meristem, $iton, and elongation zones, the chimeric

Pro35SBOR2 promoter enhanced expression of BOR2-GFP sewaldltklative to the native BOR2

promoter without changing cell-type specificity gFilB, C). We thus propose expression of nutrient

transporters using 35S-native chimeric promotersa ggromising approach to improving nutrient use

efficiency. We also propose application of this Imogk to investigation of intracellular localizatiai

proteins whose expression under the control oh#ive promoter is too low to be analyzed. Utiliaatof

35S-native chimeric promoters can avoid the disathges of the 35S promoter, which often causes

16



undesirably high levels of gene expression.

In conclusion, in light of the results presentedehand in our previous study using the NIP5;1

boric acid importer (Katet al,. 2009), we suggest that enhanced expression dénutransporters using

the 35S-native chimeric promoters results in gdiraf plants with high nutrient use efficiency. both

approaches, the levels of growth enhancement UodeB conditions were different among independent

transgenic lines. The expression of GFP-fused p@mears is useful for selection of transgenic limeth

higher expression of transgenes at desirableygmist which can lead to higher nutrient use efficye
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Figurelegends

Figure 1

Expression levels and localization of transgemedias indicated by GFP fluorescence.

(A) Schematic representation of the DNA constrwdtich contains the CaMV 35S RNA promoter, the

2805-bp region upstream of the start codoBOR2, the BOR2 gene sequence lacking a stop codon, and

GFP. (B-D) Transgenic plants carrying tRe35S-BOR2: BOR2-GFP or ProBOR2: BOR2-GFP constructs

were grown for 5 days on solid media containingM. lporic acid. (B) Intensities of GFP fluorescenne i

roots areshown as color-coded heat maps. Upper panels dimweéristem zone. Lower panels show the

maturation zone. Scale bars indicate 75 um. (Chliration of GFP fluorescence in roots. Upper panel

show the meristem zone. Lower panels show the et#arzone. (D) Localization of GFP fluorescence in

epidermal cells of rosette leaves. Left upper patelws background signal from the wild-type plants.

Scale bars indicate 25 um. (C, D)

Figure 2

Vegetative growth of transgenic lines on solid raedi

Transgenic T3 plants were grown for 12 days ordsoiedia containing 0.03 (A), 0.1 (B), 0.3 (C), 3,(D

and 100 pM (E) boric acid. The photographs of gamere taken on solid media (A, B, C) or on paper

after transfer from solid media (D, E). Scale badscate 10 mm. Primary root length (F, H, J) ahdat

fresh weight (G, I, K) were measured. Means + Sbsiiown. Studenttstest, < 0.01 (n = 12-35).
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Figure 3

Reproductive growth of transgenic lines in hydrdpaulture.

Transgenic plants were grown for 49 days in hydnipoultures supplemented with 0.3 (A), 3 (B), &@d

UM (C) boric acid. Upper panels in (A) show seedyor flowers. Scale bars indicate 10 and 50 mm in

the upper and lower panels, respectively.

Figure S1

Vegetative growth of transgenic lines in the T2egyation on solid media.

Transgenic T2 plants were grown for 12 days ondsaiedia containing 0.03 pM boric acid. Scale bars

indicate 10 mm. *Plants lacking a detectable GigRai

Figure S2

BOR2-GFP accumulation in shoots of transgenic lines

Col-0 and transgenic T3 plants were grown for Iysdan solid medium containing 0.3 pM boric acid. 10

pg of microsomal proteins were used to preparegprael blots. An anti-GFP antibody was used fer th

detection. Numbers at left indicate molecular n{&Bs).

Figure S3
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Length of inflorescence stems and number of sibquef transgenic lines carrying the

Pro355-BOR2: BOR2-GFP.

Transgenic plants were grown for 49 days in hydnipaultures supplemented with 0.3, 3, and 30 uM

boric acid. (A) Length of inflorescence stems wasasured. Means + SD are shown. Studénrtsst, P <

0.01. Number of siliques was measured at 0.3 (B)3 and 30 uM (D) B supply. Siliques with length

longer than 4 mm were counted. Bar graphs and pidisate means and distribution, respectively. =

Table S1

Number of T2 transgenic plants with hygromycin s&sice.

Chi-square test for 3:1 segregation of the redigilmt to the sensitive plants was done pnalues are

shown.

Table S2:

Segregation of T2 transgenic plants harbofng35S-BOR2: BOR2-GFP determined by GFP observation

in T3 progenies.
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Figure S1
Vegetative growth of transgenic lines in T2 generation on solid media.
Transgenic T2 plants were grown for 12 days on solid medium containing 0.03 uM boric acid. Scale bars

indicate 10 mm. *: GFP not detected.
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Figure S2

BOR2-GFP accumulation in shoots of transgenic lines.

Col-0 and transgenic T3 plants were grown for 14 days on solid medium containing
0.3 uM boric acid. 10 ug of microsomal proteins were used to prepare protein gel
blots. An anti-GFP antibody was used for the detection. Numbers at left indicate

molecular mass (kDa).
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Figure S3

Length of inflorescence stems and number of siliques of transgenic lines carrying the
Pro35S-BOR2:BOR2-GFP.

Transgenic plants were grown for 49 days in hydroponic cultures supplemented with
0.3, 3, and 30 uM boric acid. (A) Length of inflorescence stems was measured.
Means + SD are shown. Student's t —test, *p < 0.01. Number of siliques was
measured at 0.3 (B), 3 (C), and 30 uM (D) B supply. Siliques with longer than 4 mm
were counted. Bar graphs and plots indicate means and distribution, respectively. n
= 6.



Table S1: Number of T2 transgenic line plants with hygromycin resistance. Chi-square
test for 3:1 segregation of the resistant plant to the sensitive plants was done and

P-value are shown.

Line Hygromycin Hygromycin Chi-square
number resistance sensitive Pvalue
1 18 9 0.27
2 21 7 0.72
3 27 3 0.06
4 22 7 0.83
5 23 7 0.83
6 21 8 0.72
7 30 0 0.00
8 25 4 0.17
9 23 7 0.83
10 26 0 0.00
11 31 0 0.00
12 20 9 0.45
13 22 8 0.83
14 20 9 0.45
15 23 7 0.83
16 19 11 0.14
17 17 11 0.08
18 26 4 0.14
19 28 2 0.02
20 30 0 0.00
21 26 4 0.14
22 22 8 0.83
23 30 0 0.00
24 28 2 0.02
25 20 8 0.58
26 30 0 0.00
27 21 9 0.53
28 20 9 0.45
29 21 5 0.33
30 23 5 0.36







Table S2: Segregation of T2 transgenic lines harboring Pro35S-BOR2:BOR2-GFP

determined by GFP observation in T3 progenies.

Chi-square test for the expected ratio

of 1:2:1 was done and Pvalues are shown.

Line Transgene ~ Chi-square
Heterozygous None-transgenic
number | homozygous Pvalue
1 3 0.25
6 4 0.41
9 1 6 3 0.55




