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ARTICLE INFO ABSTRACT

In Cicer arietinum, as in several plant species, the B-galactosidases are encoded by multigene families, although
the role of the different proteins is not completely elucidated. Here, we focus in 2 members of this family, BIII-
Gal and PIV-Gal, with high degree of amino acid sequence identity (81%), but involved in different develop-
mental processes according to previous studies. Our objective is to deepen in the function of these proteins by
establishing their substrate specificity and the possible alterations caused in the cell wall polysaccharides when
they are overproduced in Arabidopsis thaliana by constructing the 35S::BIII-Gal and 35S::BIV-Gal transgenic
plants.

BIII-Gal does cause visible alterations of the morphology of the transgenic plant, all related to a decrease in
growth at different stages of development. FTIR spectroscopy and immunological studies showed that BIII-Gal
causes changes in the structure of the arabidopsis cell wall polysaccharides, mainly a reduction of the galactan
side chains which is compensated by a marked increase in homogalacturonan, which allows us to attribute to
galactan a role in the control of the architecture of the cell wall, and therefore in the processes of growth. The
358::BIV-Gal plants do not present any phenotypic changes, neither in their morphology nor in their cell walls. In
spite of the high sequence homology, our results show different specificity of substrate for these proteins, maybe
due to other dissimilar characteristics, such as isoelectric points or the number of N-glycosylation sites, which
could determine their enzymatic properties and their distinct action in the cell walls.
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1. Introduction

B-galactosidases (EC 3.2.1.23) catalyze the hydrolysis of terminal
galactosyl residues from carbohydrates, glycoproteins and galactoli-
pids. They fall into four glycoside hydrolase (GH) families (Cantarel
et al., 2009). GH1, GH2 and GH42 are mostly found in microorganisms,
whereas GH35 enzymes are found in both prokaryotes and eukaryotes.
The plant B-galactosidases have been described to belong to GH family
35.

These enzymes are widely distributed in higher plants and can be
found in different plant tissues. They are encoded by multigene families
in several plant species (Smith and Gross, 2000; Esteban et al., 2003;
Ahn et al., 2007). Most of them have an N-terminal signal peptide, and

many appear targeted to the apoplast, suggesting their potential in-
volvement in cell wall modifications, although they may be directed to
other subcellular compartments (Hobson and Deyholos, 2013; Liu et al.,
2013). Cell wall 3-galactosidases may act on (3-(1,4) galactosyl residues
of pectic galactans (McCartney et al., 2003; Sorensen et al., 2000;
Martin et al., 2005), B-(1,3) and [-(1,6)-galactosyl residues in arabi-
nogalactan proteins (Kotake et al., 2005) or (3-(1,2) linked galactose of
xyloglucans (Edwards et al., 1988; Sampedro et al., 2012), and their
action has been reported in the degradation of cell wall components
during cell wall expansion, cell senescence, fruit ripening, and storage
mobilization (Dopico et al., 1990; Ross et al., 1994; Buckeridge and
Reid, 1994; Wu and Burns, 2004).

Four members of the Cicer arietinum [3-galactosidase multigene
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family, named CarBGal-1, -3, -4, and -5, coding for BI-Gal, BIII-Gal, BIV-
Gal and BV-Gal, respectively, has been studied by our group (Esteban
et al., 2005). The role of these chickpea B-galactosidases has not yet
been completely elucidated. Nevertheless, the transcription pattern of
these CarBGal genes, along with protein accumulation and im-
munolocalization studies, suggest different roles for their corresponding
proteins throughout development (Esteban et al., 2003, 2005; Martin
et al., 2005, 2008; 2009; 2011; 2013; Hernandez-Nistal et al., 2014).

The proteins deduced from the chickpea CarBGal genes have a high
level of amino acid sequence identity with one another. BIII-Gal and
BIV-Gal are the closest at amino acid sequence level (81% identity), but
despite this high sequence identity, previous studies on these two
proteins have pointed to distinct roles in different developmental pro-
cesses.

BLI-Gal protein, responsible for the cell wall autolytic process
(Dopico et al., 1989), has been related to cell wall changes during
elongation processes and its function in the degradation of B-(1,4)-ga-
lactan chains was confirmed after the transformation of potato plants
with the chickpea CarBGal-3 (Esteban et al., 2003; Martin et al., 2005).
Besides this role in cell wall loosening, BIII-Gal may act on sieve ele-
ments, contributing to cell wall reinforcement and allowing phloem
elements to differentiate, even early in development (Martin et al.,
2013; Hernandez-Nistal et al., 2014).

On the other hand, BIV-Gal has been related to cell wall modifica-
tions leading to a decreased elongation rate, both in seedlings and
plants, as indicated by the accumulation of CarBGal-4 transcripts and
BIV-Gal protein in most aged epicotyls and basal stem internodes, both
undergoing low elongation rates (Esteban et al., 2003; Martin et al.,
2008). Furthermore, this protein is mainly located in cell types whose
walls are thickening, such as vascular tissues or fibres, where it may be
contributing to the stiffening of the primary cell wall or allowing sec-
ondary cell wall deposition, giving mechanical strength to the tissues in
which they are located.

Considering these differences between PIII-Gal and BIV-Gal and the
above mentioned sequence identity, the main objective of this work is
to deepen in the function of these 2 members of the chickpea p-ga-
lactosidase family establishing how they act on the cell wall and the
possible alterations caused when they are overproduced in Arabidopsis
thaliana. To achieve this, transgenic A. thaliana plants overexpressing C.
arietinum CarBGal-3 or CarBGal-4 ORFs (coding for BIII-Gal and BIV-
Gal, respectively) have been generated. After the morphological char-
acterization of these transgenic plants, the possible variations in their
cell walls have been analyzed. Changes in the structure of wall poly-
saccharides have been established by FTIR spectroscopy, whereas al-
terations in the content and distribution of the various cell wall poly-
saccharides have been analyzed by immunological techniques, using
specific antibodies against different cell wall polymers. Furthermore,
we have produced them in a heterologous system in order to obtain
these (3-galactosidases in large quantity and in active form to carry out
substrate specificity studies.

2. Material and Methods
2.1. Plant material and growth conditions

Arabidopsis thaliana ecotype Col-0 was used as host for genetic
transformation. Seeds were surface sterilized as described by Albornos
et al. (2012) and cold treated at 4 °C for 3 d before sowing. Seeds were
grown in Petri dishes on one-half-strength Murashige and Skoog
(Murashige and Skoog, 1962) agar medium with 1% (w/v) sucrose.
These plates were maintained in a growth chamber (Aralab, Sintra,
Portugal) at 22°C with both a 16-h photoperiod (provided by cool-white
fluorescent tubes at a light intensity of approximately 80-100 pE/m?/s),
or in darkness to obtain etiolated seedlings. To obtain adult plants, 10-
d-old green seedlings were transferred to plastic pots containing a 3:1
mixture of potting soil and vermiculite and grown under the same
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conditions.

Nicotiana benthamiana plants were also used in this work. For
agroinfiltration experiments, N. benthamiana seeds were sown in pot-
ting soil and allowed to grow for 6 weeks in a growth chamber (Aralab)
at 25°C and 16-h photoperiod.

2.2. Construction of expression vectors for Arabidopsis thaliana
transformation

Constructs for arabidopsis transformation were prepared using
Gateway® cloning technology (Invitrogen, USA), according to manu-
facturer’s instructions. Cicer arietinum CarBGal-3 and CarBGal-4 open
reading frames (ORF) were PCR amplified adding the attB1 and attB2
sequences to the 5’- and 3’-ends, respectively. The amplified products
were gel purified and used in BP reaction with pDONR201 and the
entry clones generated were used in LR reaction with the pGWB2 vector
(kindly provided by Professor Tsuyoshi Nakagawa) driven by 35S
promoter. All constructs were verified by sequencing. The primers used
for each clone are listed on supplemental tables S2.

All constructs generated were electroporated into Agrobacterium
tumefaciens strain C5851 m. A. thaliana ecotype Col-0 plants were
transformed by the Agrobacterium-mediated floral dip method (Clough
and Bent, 1998). Seeds harvested from infiltrated plants were screened
on the appropriate antibiotic and resistant seedlings (T;) were selected.

Single insertion transformant T, plants were screened by Southern
blot according to the method described by Esteban et al. (2005). Wild
type A. thaliana (ecotype Col-0) plants were used as negative control.
gDNA was digested with Hind III (with a single recognition site outside
ORF in transferred DNA), and hybridized with a 913 bp PCR-amplified
CarBGal-3 ORF fragment and the complete CarBGal-4 ORF. Different
individual lines, both with single and double insertion of the transgene,
were selected and screened for homozygosis. Expression levels of the
transgene were determined by reverse-transcription PCR (RT-PCR)
from cDNA synthesized from total RNA of 10-day-old arabidopsis
transgenic and WT plantlets (used as negative control). A specific
primer set for arabidopsis actin-2 gene (ACT-2, At3g18780) was used as
internal control. The primers used for RT-PCR are listed on supple-
mental table S1.

2.3. Construction of expression vectors for agroinfiltration of Nicotiana
benthamiana leaves

For heterologous expression in N. benthamiana leaves, the
pDONR201 entry clones carrying the CarBGal-3 and CarBGal-4 ORF
(generated as stated above) were used in LR reaction with the pEAQ-
HT-DEST1 vector (Sainsbury et al., 2009; provided by Plant Bioscience
Ltd, Norwich, UK). The expression constructs and the GFP-containing
PEAQ-GFP-HT vector used as control (also provided by Plant Bioscience
Ltd, Norwich, UK) were transformed by electroporation into Agro-
bacterium tumefaciens strain AGL1.

For agroinfiltration experiments, 5ml of a saturated culture of A.
tumefaciens transformed with each construct were used to inoculate
200 ml of fresh Luria-Bertani medium. This culture was grown at 28 °C
for 24h and cells were harvested by centrifugation at 2500xg for
15min at 4°C and resuspended in 200ml of infiltration solution
[10 mM MgCl,, 10 mM MES (2- (N-Morpholin) ethanesulfonic acid) and
100 uM acetosyringone]. Plants of N. benthamiana to be agroinfiltrated
were grown in pots (1 seedling per pot) for 6 weeks under the condi-
tions already described. Three leaves per plant of a total of 5 or 6 plants
were infiltrated with each construct, using 10 ml of the suspension of
the agrobacteria per plant. The suspension was pressure infiltrated into
the abaxial side of N. benthamiana leaves by using a 1ml syringe
without needle, until the infiltration liquid reached 2/3 of the leaf
surface. Plants were kept in the same growth conditions described
above for 4, 6 and 12 d before leaves were collected.
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2.4. Cell wall purification

The cell walls were obtained as described in Moneo-Sanchez et al.
(2018) from the alcohol insoluble residue (AIR) of 3-day-old transgenic
and WT seedlings grown in light and darkness conditions. The material
was frozen in liquid nitrogen and grinded using a Retsch mill MM400.
Methanol was added to each sample and boiled for 10 min to obtain the
AIR. The walls obtained were dried at room temperature to constant dry
weight.

2.5. FTIR spectroscopy and multivariate analysis

For the FTIR spectroscopic measuring, the tablets prepared in a
Specadie kit (Smiths Industries, London, UK) by mixing solid samples
(3mg of cell walls obtained as described above) with KBr (100 mg)
were used. The spectra were recorded on a Bomen MB 160 FTIR
spectrometer (Hartmann and Braun) at a resolution of 4 cm ™!, with 64
interferograms of three independent WT/transgenic line samples co-
added for a high signal to noise ratio in the spectral range of 2000-
900 cm ™1, to identify changes in cell wall polysaccharides. All spectra
were normalized using Perkin-Elmer IR Data software, baseline cor-
rected and area-normalized using the application Win-DAS (John Wiley
and sons Ltd, Hoboken, NJUSA). Then the spectra were exported to
Microsoft Excel 2010 for digital subtraction of transgenic and WT data.
Cluster analysis based in the Euclidean distance of the different types of
plants according to the UPGMA (Unweighted Pair Group Method with
Arithmetic Mean) method and principal component analysis (PCA)
were performed using the software IBM SPSS Statistics 20 (IBM)

2.6. Xyloglucan extraction and quantification

For xyloglucan extraction, polysaccharides from AIR of 3-day-old
transgenic and WT seedlings grown in light and darkness were se-
quentially fractionated with water, 50 mM EDTA (pH 7.5) and 4 M KOH
containing 1% w/v NaBH,4. Xyloglucan content was determined in the
KOH fraction according to the method of Kooiman (1960). The absor-
bance was determined at 640 nm after incubation for 1h at room
temperature using tamarind (Tamarindus indica) xyloglucan as stan-
dard.

2.7. Immunofluorescence labelling of 3-(1,4)-galactan and
homogalacturonan

Immunofluorescence labelling of p-(1,4)-galactan and homo-
galacturonan was conducted with monoclonal antibody LMS5, specific
for four consecutive 3-(1,4)-galactan residues (Jones et al., 1997) and
with LM18, which recognizes partially methyl esterified HG. The la-
belling was performed on the first and the third floral stem internodes
from 24 to 30-day-old arabidopsis plants and in rosette leaves from 17-
old-day plants. Sample preparation and incubation with antibodies
were performed as described in Martin et al. (2013). LM5, LM18 and
secondary antibody (Goat anti rat-IgG conjugated with FITC) were
applied at 1:25 and 1:50 dilutions respectively. Images were taken
using a DM4000 microscope equipped with a DFC550 camera (Leica,
Wetzlar, Germany).

2.8. Protein extraction and enzymatic activity of the cell wall B-
galactosidases

Cell wall proteins were isolated from N. benthamiana leaves 4, 6 and
12 d after the inoculation. Frozen plant material (10g) was grinded
(30Hz for 2min) in a retschmill MM400 (Sarstedt, Niimbrecht,
Germany), resuspended on 15 ml of 50 mM NaCl at 4 °C and centrifuged
(3000xg, 4 °C, 15min). The pellet was washed with acetone at -20 °C
and cold 50 mM NacCl and centrifuged after each wash. To obtain the
cell wall proteins, the last pellet was suspended in 1 M NaCl dissolved in
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10 mM Na-citrate phosphate buffer, pH 5.5, at 4 °C for 48 h, centrifuged
(3000xg, 15min), and the supernatant was dialysed for 48 h using
20 mM Na-acetate buffer, pH 5.0. The protein extract was concentrated
by ultrafiltration in Vivaspin 4 tubes (Sartorius Stedim, Goéttingen,
Germany) to a final volume of 0.2 - 0.3 ml.

The total amount of proteins was measured with the Protein assay
(Bio-Rad, Hercules, USA). The hydrolytic activity of the proteins was
tested using p-nitrophenyl (pNP) derivatives as substrates, basically as
described in Dopico et al. (1989). The assay was performed with 4 pg of
cell wall protein and 3 mM pNP substrates (pNP-a-L-arabinofuranoside,
pNP-a-1-fucopyranoside, pNP-a-p-galactopyranoside, pNP-3-p-galacto-
pyranoside, pNP-a-p-glucopyranoside, pNP-f3-p-glucopyranoside, pNP-
B-p-mannopyranoside, pNP-B-p-xylopyranoside, from Sigma, St Louis,
USA). Incubation took place at 34 °C for 60 min. The free p-nitrophenol
concentration was determined by measuring the absorbance at 400 nm
using a Jenway 7315 spectrophotometer (Stone, UK). Cell wall proteins
activity was also assayed against lupin (3-(1,4)-galactan pretreated with
a-L-arabinofuranosidase and a mix of xyloglucan oligosaccharides
containing fB-(1,2)-galactose (Megazyme, Wicklow, Ireland); (-(1,4)-
galactobiose, larch wood arabinogalactan and lactose (Sigma, St Louis,
USA); B-(1,3)-galactan, (3-(1,3)(1,6)-galactan, (3-(1,3)-galactobiose, [3-
(1,3)-galactotriose, p-(1,6)-galactobiose and f-(1,6)-galactotriose
(kindly supplied by Dr. T. Kotake, Saitama University, Japan). The re-
action mixture consisted of 80pl 0.1 M sodium acetate/acetic acid
buffer, pH 4.0, 80 ul enzyme solution containing 2 ug total protein and
40 ul of 0.5% (w/v) polysaccharide substrate or 5mM oligosaccharide
substrates. Samples were incubated at 37 °C for up to 24 h, and the
reaction was stopped by adding 800 pl of ethanol at -20 °C. After 48 h of
precipitation at -20 °C, the samples were centrifuged at 4000x g, 15 min
at 4 °C. The supernatant was vacuum dry and the released sugars dis-
solved in 10 pl of deionized water. The reaction products were sepa-
rated by thin layer chromatography on silicagel plates (Merck, Darm-
stadt, Germany) according to Bosch-Reig et al. (1992). The plates were
sprayed with the detection reagent (0.1% orcinol in 50% sulphuric
acid) and heated to 100°C for 5min. The galactose released was
quantified in a CS-9000 Dual-wavelength Flying-spot scanner densit-
ometer (Shimadzu, Tokyo, Japan), using commercial galactose (Sigma,
St Louis, USA) as standard. Activity of BIII-Gal and BIV-Gal was esti-
mated by subtracting the activity of leaves transformed with the GFP
construct.

2.9. Statistical analysis

The data are presented as means + standard errors (SE) of at least
three biological replicates. The SPSS statistics 20 (IBM) was used for
statistical analysis. Student's t-test was applied to compare means be-
tween transgenic and wild type plants. A significant level was set at
a = 0.05, a = 0.01 and *** a = 0.001.

3. Results
3.1. Selection of homozygous single insertion line

After transformation and selection of arabidopsis 35S::III-Gal and
35S::BIV-Gal transgenic plants, different lines in T, generation were
analysed by Southern blot to determine the number of transgene in-
sertions in their genome (Supplementary Fig. S1). Different individual
lines, both with single and double insertion of the transgene, were se-
lected and screened for homozygosis.

Transgene transcript accumulation in 35S::BIII-Gal and 35S::BIV-Gal
selected homozygous T3 lines was determined by RT-PCR using specific
primer sets (Supplementary Table S1) for CarBGal-3 and CarBGal-4
respectively. Transcript accumulation was detected in all the analysed
lines, except in 1.6.6 and 2.3.4 (35S::BIII-Gal) and 1.2.5 (35S::BIV-Gal)
(Supplementary Fig. S2). Single insertion lines 1.10.5 and 3.1.6 for
35S::BIII-Gal and 1.4.4 and 3.8.4 for 35S::BIV-Gal were selected for
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further analysis. Since results were similar for both lines, only data for
1.10.5 (35S:BIII-Gal) and 3.8.4 (35S:BIV-Gal) are shown. These lines
will be referred hereon as 35S::BIII-Gal and 35S::fIV-Gal, respectively.

3.2. Phenotypic characterization of 35S::fIII-Gal and 358S::BIV-Gal
transgenic plants

Morphological analysis: Phenotypic studies revealed a significant
developmental delay in 35S::BIII-Gal plants when compared to the WT.
In early development stages the transgenic lines showed smaller size
regarding to WT (Fig. 1A-B), that was reflected in a significant reduc-
tion of the average fresh and dry weight per plant (Fig. 1C). The dif-
ference in size was maintained in older 17- and 24-day-old plants
(Fig. 1D) with a marked reduction in rosette leaves size in 35S::BIII-Gal,
that increased with the plant development (Fig. 1E). Regarding to the
bolting, a slight delay was observed in 35S::BIII-Gal plants (Fig. 1F),
which presented an emergence percentage of 70% at 22 days compared
to 86% of WT. Once bolting has occurred no significant differences
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wT 355::Blll-Gal w
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were observed during final stages of development, as can be seen in 38-
day-old plants (Fig. 1G).

After a comparative study of 35S::3IV-Gal and WT plants no dif-
ferences in the morphology or alterations in the growth of any of their
organs could be detected (data not shown). However, as in 35S::BIII-
Gal, we carried out the analysis of cell wall polysaccharides by FTIR
spectroscopy and immunolocalization of galactan in order to char-
acterize the phenotype of the plants.

Cell wall polysaccharides identification by FTIR: The FTIR cell wall
spectra for the region between 2000 and 900 cm ~! was obtained from
the alcohol insoluble residue (AIR) of 3-days-old transgenic 35S::BIII-
Gal and WT plants, growing under photoperiodic conditions and in
darkness (Fig. 2A) and lead us to identify characteristic peaks of the cell
wall components such as cellulose (900, 1040, 1060, 1160, 1320 1367),
xyloglucan (1041, 1078, 1120, 1317, 1371) and pectins (952, 1014,
1097, 1104, 1146, 1243) (Kacurakovi et al., 2000; Cerna et al., 2003).

In order to know possible differences between transgenic and WT
plants, the spectra were compared by multivariate analysis. The
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Fig. 2. A. FTIR spectra from cell wall (CW) of
green (L) and etiolated (D) 3-p-old WT and
358::BIII-Gal seedlings. B. Dendrogram gener-
ated after cluster analysis of FTIR spectra from
CW of green and etiolated 3-p-old WT related
to 35S::BIII-Gal seedlings. C. Principal compo-
nent analysis of FTIR spectra from CW of green
and etiolated 3-p-old WT related to 35S::BIII-
Gal seedlings. Principal components 1 (PC1)
and 2 (PC2) are shown.
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dendrogram obtained (Fig. 2B) indicated that it was possible to estab- 50 A

lish three different groups that separate the 35S::BIII-Gal plants
growing in light (I), the WT plant growing in light (II) and both the
transgenic and WT plants growing in darkness (III). Principal compo-
nents 1 and 2 (PC1 and PC2) were used to separate the four groups of
spectra. PC1 and PC2, which together explain more than 96% of total
covariance of data (75.10% PC1 and 21.71% PC2), allows to separate
the transgenic plants with negative values for PC1 from the WT plants
with positive values. Also, the light-grown plants showed negative va-
lues for the variables in the PC2, while the plants grown in darkness
showed positive values (Fig. 2C).

According to the loading plots for PC1 and PC2 and the absorption
assigned to different cell wall polysaccharides in the literature, our
results point to a higher proportion of pectic polymers (1051, 1047,
1022 and 1014 cm ™) (Cern4 et al., 2003; Kacurdkové et al., 2000;
Morris et al., 2003), galacturonic acid residues (1008 cm ™) and Xy-
loglucan (XG) (1041 cm ™ 1), the later confirmed also after XG extraction
and quantification by Kooiman method (Supplementary Fig. S3), in the
cell walls of transgenic plants when compared to WT (Fig. 3) as in-
dicated by their representation in PC1 negative values. On the positive
side of PC1, corresponding to WT plants, peaks corresponding to
hemicellulose polysaccharides such as glucomanan (1092 cm™ '), and
galactosyl (1068cm™') and rhamnosyl (1086 cm™!) residues were
found. Regarding to PC2, which separated plants growing in light or in
darkness, marked differences are found in the 1750-1500 cm ™! region
(Fig. 3A) including peaks for both esters and carboxylic acids (McCann
et al.,, 1997) in the negative zone of PC2, thus pointing to a higher
representation of esterified and non esterified pectins in light-grown
seedlings, also supported by a negative peak in this component at
1014 cm™ (Fig. 3B), corresponding to pectic polysaccharides. Analysis
of PC2, also indicates a higher proportion of rhamnopyranosides
(1055 cm ™ 1) and rhamnogalacturonan (1045 em ™) in plants growing
in darkness, as they appear in the positive zones of PC2 (Fig. 3B).
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Fig. 3. A. Loading plots of principal component 1 (PC1, black line) and prin-
cipal component 2 (PC2, grey line) from FTIR spectra from CW of green and
etiolated 3-p-old WT and 35S:BIII-Gal seedlings. B. Amplification of the
900-1200 cm ™! region of FTIR spectra.

Similarly, we performed this analysis to compare 35S::BIV-Gal and
WT plants. The FTIR cell wall spectra showed similar profiles (Fig. 4A),
although with lower absorbance in the cell wall spectra for 35S::IV-Gal
growing in light. These spectra, as for 35S::BIII-Gal, allow us to identify
characteristic peaks of the cell wall components such as cellulose, xy-
loglucan and pectins.
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When the spectra were compared by multivariate analysis, only two
different groups could be established (Fig. 4B), the first (I) includes cell
wall spectra of transgenic plants growing in light, while the rest of the
plants are grouping in the second (II). The analysis of the principal
components 1 and 2 (PC1 and PC2) indicated that PC1, which explain
more than 99% of total variance of data, does not allow to separate
transgenic plants from the WT plants, being the PC2, which only ex-
plains 0.54% of the covariance, the one that separates the transgenic
plants from the WT plants (Fig. 4C). Thus, this analysis does not es-
tablish differences between the cell walls of 35S::fIV-Gal and WT plants
related with the presence of the transgene, at least in these conditions
and developmental stage.

3.3. Immunodetection of cell wall polysaccharides

In addition to morphological characterization and cell wall analysis,
we conduct histological analysis to check for possible anatomical
changes at the tissue level and perform immunolocalization studies to
establish changes in specific polysaccharides, namely those containing
four consecutive (-(1,4)-galactan residues, recognized by LM5 anti-
bodies, and the partially methyl esterified homogalacturonan (HG) re-
cognized by LM18. We used two stem internodes with different growth
capacity, the first (basal) internode and the third (apical) internode
from 28 to 32-day-old plants and the second pair of rosette leaves of 17-
day-old plants.

Along the WT floral stem, the LM5 labelling intensity (Fig. 5A)
changes with the degree of development, decreasing from young to-
wards old tissues, being the labelling stronger in the apical 3™ inter-
node, and present a higher intensity in epidermal cells, phloem cells
and xylem elements. Transgenic 35S:BIII-Gal plants show a similar
distribution of B-(1,4)-galactan than WT plants, although the labelling
was lower in the basal 1*" internode both in the cambial tissue and in
the parenchyma cells. In leaves, the highest levels of B-(1,4)-galactan
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were found in epidermis and vascular tissues, and also in the co-
lenchyma close to the central nerve (Fig. 5A). The labelling intensity
was lower in 35S::fIII-Gal plants than in WT, mainly in epidermis and
mesophyll cells, showing similar levels in vascular tissues.

The labelling distribution observed with LM18 (Fig. 5B) showed a
strong increase in 35S::BIII-Gal plants regarding to WT plants in all the
tissues, both in the apical and basal internodes and in leaves. The la-
belling intensity was similar in apical and basal internodes, and the
epitopes recognized by LM18 were localized mostly in the cortical
parenchyma and metaxylem cells, with a higher intensity at the cell
intersection zones. In leaves, the labelling was homogeneous and no
differences were detected in different tissues.

Immunolocalization studies do not allow to establish differences
between WT and 35S::3IV-Gal plants (Fig. 6). Regarding to LM5 anti-
bodies (Fig. 6A), the previously described labelling specificity de-
pending on the cellular type and the labelling intensity according to
developmental stage were observed in both types of plants, and the
galactan levels in both internodes and leaves did not present significant
differences between WT and transgenic plants. No differences were
found either between WT and transgenic plants when
mumolocalization of homogalacturonan was analysed by LM18 anti-
bodies (Fig. 6B).

im-

3.4. Production of B-galactosidases in heterologous systems and analysis of
engymatic activity

To establish their substrate specificity, BIII-Gal and BIV-Gal were
transiently expressed in Nicotiana benthamiana leaves by agroinfiltra-
tion using the pEAQ/AGL1 system described in Materials and Methods.
SDS-PAGE of cell wall protein extracts from infiltrated leaves harvested
at different times showed the highest production levels of both PIII-Gal
and BIV-Gal proteins at 6-d post-infiltracién (data not shown). The
produced PIII-Gal and PIV-Gal were active against pNP-B-p-
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Fig. 5. Immunolocalization of A: B-p-(1,4)-galactan (LM5) and B: Homogalacturonan (LM18) in 3rd (apical) and 1°* (basal) internodes and in rosette leaves of WT and
35S::BIII-Gal transgenic plants. co, cortex, ep, epidermis, m: mesophyll, pi, pith, vt, vascular tissue. Scale bars = 100 and 200 pm.
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Fig. 6. Immunolocalization of A: B-p-(1,4)-galactan (LM5) and B: Homogalacturonan (LM18) in 3rd (apical) and 1°* (basal) internodes and in rosette leaves of WT and
35S::BIV-Gal transgenic plants. co, cortex, ep, epidermis, m: mesophyll, pi, pith, vt, vascular tissue. Scale bars = 100 and 200 pm.
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Fig. 7. Activity against several substrate of the chickpea BIII-Gal produced 6 d
after agroinfiltration of N. benthamiana leaves. A. Hydrolytic activity of the
proteins using p-nitrophenyl (pNP) derivatives as substrates (pNP-a-p-galacto-
pyranoside, pNP-B-p-galactopyranoside, pNP-a-p-glucopyranoside, pNP-f-p-
glucopyranoside, pNP-a-L-arabinofuranoside, pNP-a-L-fucopyranoside, pNP-f3-
p-mannopyranoside, pNP-f-p-xylopyranoside). B. Hydrolytic activity of the
protein using larch wood arabinogalactan, lupin B-(1,4)-galactan, B-(1,4)-ga-
lactobiose, lactose, a mix of xyloglucan oligosaccharides containing 3-(1,2)-
galactose, 3-(1,3)-galactan, 3-(1,3)-galactobiose, 3-(1,3)-galactotriose, B-(1,6)-
galactobiose, 3-(1,6)-galactotriose, B-(1,3)(1,6)-galactan.

galactopyranoside substrate, being this activity higher for PIII-Gal
(Figs. 7A and 8 A). Very low activity against pNP-a-galactosidase was
also detected in both cases (Figs. 7A and 8 A).

A study with different Gal- containing substrates was carried out to
determine the activity of the two [3-galactosidases against different
linkages and polymerization degrees. BIII-Gal shows activity against 3
(1,4)-galactan and B-(1,4)-galactobiose at similar levels, although only
slight activity is detected against lactose. BIII-Gal is also able to hy-
drolize B-(1,6) and B-(1,3) linkages but only in galactobiose and to a
lesser extent in galactotrioses, whereas this protein shows very low
activity levels against more complex polysaccharide substrates such as
B-(1,3) galactan, -(1,3)(1,6)-galactan or arabinogalactan; no activity
was found against a mix of xyloglucan oligosaccharides (Fig. 7B). The
BIV-Gal presents its highest activity against -(1,4) galactobiose but,
unlike BIII-Gal, activity against (3-(1,4)-galactan shows very low levels,
similar to those found against lactose (Fig. 8B). Regarding the rest of
linkages, the BIV-Gal showed similar activity against (3-(1,3)-galacto-
biose and galactotriose, while lower levels of galactose are released
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Fig. 8. Activity against several substrate of the chickpea BIV-Gal produced 6 d
after agroinfiltration of N. benthamiana leaves. A and B as in Fig. 7.

from B-(1,—3)-galactan. Activity against (-(1,6) linkages is con-
siderably lower and undetectable in the case of (-(1,3)(1,6)-galactan
and arabinogalactan (Fig. 8B).

4. Discussion

The present work deals with two of the (3-galactosidases previously
identified in Cicer arietinum, BIII-Gal and BIV-Gal. Despite the high se-
quence similarity between these two proteins (Esteban et al., 2003),
previous data pointed to their involvement in cell wall changes during
quite different events, such as cell wall loosening for BIII-Gal (Esteban
et al., 2005; Martin et al., 2005, 2013; Herndndez-Nistal et al., 2014)
and cell wall thickening and the cease of elongation in the case of BIV-
Gal (Esteban et al., 2005; Martin et al., 2008). To deepen in the function
of these 3-galactosidases, transgenic arabidopsis plants overexpressing
BUI-Gal and PIV-Gal, named 35S::BIII-Gal and 35S::BIV-Gal respec-
tively, were generated and analysed.

The production in arabidopsis of the C. arietinum BIII-Gal does cause
visible, although no drastic alterations of the morphology of the plant
(Fig. 1) with respect to WT, all related to a decrease in growth at dif-
ferent stages of development, such as a notable decrease in the size and
weight of the seedlings grown in both light and darkness (Fig. 1A-B-C),
and in the diameter of the rosette (Fig. 1E) and a delay in bolting
(Fig. 1F). The absence of a more severe phenotype in the studied plants
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was not surprising, since similar work in potato tubers showed that
overexpression of chickpea BIII-Gal (Martin et al., 2005) or a fungal
endogalactanase (Sorensen et al., 2000), which resulted in an important
decrease in the galactan side chains content, did not translate into a
phenotypic alteration of the tubers. Likewise, the overexpression of a
fungal endo (3-(1,4)-galactanase in arabidopsis, with a marked decrease
in the galactan side chains, only produced a slight delay in the elon-
gation of the floral stem (Obro et al., 2009).

In our work, the observed morphological changes indicate that the
action of BIII-Gal is producing changes in the cell wall characteristics
contributing to a decreased growth. The FTIR spectroscopy studies re-
sults point to a lower content of galactosyl residues in the 35S::BIII-Gal
plants compared to WT plants, although the most striking results are
those which point to a higher representation of pectic polysaccharides,
galacturonic acid and XG in these cell walls (Figs. 2 and 3 and Sup-
plementary Fig. S3), indicating that the increase in these sugars could
counteract the possible effect of galactan reduction in the cell wall by a
compensation mechanism. Despite the above mentioned minor growth
variations in 35S::BIII-Gal seedlings, this increase in HG and XG ob-
served in early stages of development (3-p-old green and etiolated
seedlings (Figs. 2 and 3, Supplementary Fig. S3)), could be responsible
for subsequent changes in adult plants, as the delay in bolting, since
both XG and HG condition cell wall dynamics, and HG has been de-
scribed to determine organ initiation in Arabidopsis (Peaucelle et al.,
2011).

In the previously cited works analysing the overexpression of BIII-
Gal (Martin et al., 2005) or a fungal endogalactanase (Sorensen et al.,
2000), the reduction in galactan side chains in potato tubers was also
accompanied by an increase in the content of homogalacturonan (HG)
in the first case and in the content of galacturonic acid in the second
one. This conserved compensation mechanism indicates a key role of
pectins, and in particular of the galactane side chains, in the mechanical
properties of the cell wall.

Several studies have related galactan with the elongation capacity of
the cell wall by controlling porosity or its viscoelastic properties
(McCartney et al., 2000; Ha et al., 2005). The decrease of galactose or
galactan chains during growth has been observed in pea epicotyls
(Labavitch and Ray, 1974), in squash and Vigna angularis hypocotyls
(Sakurai et al., 1987; Nishitani and Masuda, 1981), in alfalfa stems
(Jung and Engels, 2002), or along the growth of chickpea stems (Martin
et al., 2013). Similarly, during the growth of the hypocotyls of Vigna
radiata the substitution of highly branched galactan chains for shorter
chains of this polymer has been described (Hervé du Penhoat et al.,
1987). Recent models of organization of the different polysaccharides
in the cell wall point to a direct interaction of pectins with XG (Marcus
et al., 2008; White et al., 2014), as well as interactions of the side chains
of arabinan and galactan with the cellulose microfibrils (Zykwinska
et al., 2007). Therefore, the reduction of galactosyl residues and the
increase in the content of HG and XG in the 35S::BIII-Gal plants (Figs. 2
and 3) could be indicating an alteration of the mechanical properties of
the cell wall in these plants that would explain the reduction of the
growth observed in them.

The immunolabeling with galactan (LMS5) specific antibody
(Fig. 5A) reaffirmed the occurrence of galactan degradation during
growth and by means of LM18 antibody (Fig. 5B) we confirmed the
compensation in 35S::BII[-Gal transgenic plants with partially un-
esterified HG, indicated in the FTIR results. In the internodes of the
floral stem in WT plants, a loss of galactan occurs as the elongation
capacity decreases, as indicated by the decrease of LM5 labelling in-
tensity, with a strong and homogeneous mark in the third internode
weaker in the first most basal internode (Fig. 5A). In the 35S::fIII-Gal
transgenic plants an evident reduction in the labelling with LM5 was
observed in floral stem internodes and especially in the leaves of the
rosette (Fig. 5A), still in the expansion phase, which indicates that
chickpea BIII-Gal is able to hydrolyze arabidopsis cell wall galactan, as
it was confirmed by the activity against -(1,4)-galactan found in the
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BII-Gal produced in N. bentamiana (Fig. 7A). The distribution of the
label with the LM18 antibody, specific for partially unesterified HG,
showed a strong increase of this polysaccharide in the 35S::BIII-Gal
transgenic plants, both in leaves and in the floral stem (Fig. 5B).

The role of HG and its degree of methyl esterification in cell wall
mechanical properties and extension has been extensively documented
(Derbyshire et al., 2007; Rockel et al., 2008). Peaucelle et al. (2011)
established that pectins are a key control point for the correct devel-
opment of the organs in the apical meristem of arabidopsis, especially
conditioned by the HG. Thus, the increase in the HG with low degree of
methyl esterification in the 35S::BIII-Gal plants, could cause alterations
of the mechanical properties of the cell wall not enough to inhibit the
emergence of the floral stem, but strong enough to cause a delay in it
(Fig. 1D). Similarly, the increase in HG could be responsible, together
with the possible increase in XG, for the decrease in the elongation rate
in the different organs studied, since both XG and HG are involved in
the increase of mechanical resistance of the cell wall (Cavalier et al.,
2008; Derbyshire et al., 2007).

Taking into account our present results it is evident that BIII-Gal
causes a reduction of the galactan side chains in the arabidopsis cell
walls which is compensated by a marked increase in homogalacturonan
and XG, which allows us to attribute to galactan side chains a key role
in the control of the elasticity and the correct architecture of the cell
wall, and therefore in the processes of growth throughout the life of the
plant. The absence of a more severe growth phenotype in 35S::BIII-Gal
plants can be explained by this compensatory phenomenon in cell
walls, in which the structural role of the galactan controlling the degree
of porosity and therefore the accessibility of growth-controlling en-
zymes (Konno et al., 1986; Dopico et al., 1990; McCartney et al., 2000)
or their viscoelastic properties, would be supplemented by the increase
in these other polymers.

Contrary to what happens in the 35S::BIII-Gal plants, the 35S::BIV-
Gal plants do not present any phenotypic changes, neither in their
morphology nor in their cell walls (Figs. 4 and 6). In spite of the high
degree of sequence homology between chickpea BIII-Gal and PIV-Gal
proteins (81%), there are marked differences among them, such as the
isoelectric points (8.06 and 5.79, respectively) or the number of puta-
tive N-glycosylation sites, one in BIII-Gal and four in BIV-Gal (Esteban
et al., 2005). These differential characteristics could be conditioning the
enzymatic properties of BIV-Gal, as the specificity of its substrate. We
have checked by production of the BIV-Gal in a heterologous system.
PIV-Gal, unlike PIII-Gal, presents very low activity against complex
substrates, such as -(1,4)-galactan, being its activity limited to very
short oligosaccharides as a -(1,4)-galactobiose. This explain the ab-
sence of changes in the level of B-(1,4) galactan and consequently the
absence of changes in HG or in other polysaccharides and in the
structure of the cell wall conditioning extension.

Previous works have shown that BIV-Gal protein is related to the
cease of cell elongation and in chickpea is often located in cell types
with thick secondary cell walls, such as xylem elements and phloem
fibres (Martin et al., 2008). It has been proposed that only low mole-
cular weight galactan is present in mature secondary cell walls,
pointing to a galactan side chain reduction during cellulose microfibrill
compactation (Roach et al., 2011). The substrate specificity of BIV-Gal,
along with its specific location in secondary cell walls in C. arietinum,
suggests its role in a more specific trimming of pectic galactan chains
during secondary cell wall thickening, shorting side chains during the
final stages of this event.

In conclusion, the fact that we observe phenotypic alterations only
in the 35S:BIII-Gal plants and no in 35S::BIV-Gal, could be conditioned
by the differences in the structure of these proteins, that in turn could
be determining their substrate specificity or even the access to their
natural substrates in the cell wall. This reflecting the distinct function of
these proteins in chickpea cell walls, and could, in part, explain the
differential accumulation and location patterns even within the same
organs.
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