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Abstract Mannans are hemicellulosic polysaccharides in
the plant primary cell wall (CW). Mature seeds, specially
their endosperm cells, have CWs rich in mannan-based
polymers that confer a strong mechanical resistance for the
radicle protrusion upon germination. The rupture of the
seed coat and endosperm are two sequential events during
the germination of Arabidopsis thaliana. Endo-f-mannan-
ases (MAN; EC. 3.2.1.78) are hydrolytic enzymes that cata-
lyze cleavage of 1 — 4 bonds in the mannan-polymer. In
the genome of Arabidopsis, the endo-f-mannanase (MAN)
family is represented by eight members. The expression of
these eight MAN genes has been systematically explored
in different organs of this plant and only four of them
(AtMAN7, AtMAN6, AtMAN2 and AtMANS) are expressed
in the germinating seeds. Moreover, in situ hybridization
analysis shows that their transcript accumulation is restricted
to the micropylar endosperm and to the radicle and this
expression disappears soon after radicle emergence. T-DNA
insertion mutants in these genes (K.O. MAN7, K.O.
MANG6, K.O. MANS5), except that corresponding to
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AtMAN2 (K.O. MAN?2), germinate later than the wild type
(Wt). K.O. MANG is the most affected in the germination
time course with a t5, almost double than that of the Wt.
These data suggest that AtTMAN7, AtMANS and specially
AtMANG are important for the germination of A. thaliana
seeds by facilitating the hydrolysis of the mannan-rich
endosperm cell walls.
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Abbreviations

Ccw Cell-wall

ECWE Enhancing cell wall extensibility
MAN  Endo-f-mannanase

ME Micropylar endosperm

Introduction

Zygotic embryogenesis is a critical developmental step in
the life cycle of higher plants that can influence seed
viability and germination potential when the hormone and
environmental conditions are suitable (reviewed in Finch-
Savage and Leubner-Metzger 2006; Finkelstein et al. 2008;
Holdsworth et al. 2008; Matilla and Matilla-Vazquez 2008;
Rodriguez-Gacio et al. 2009). Although, during seed devel-
opment angiosperm seeds are all endospermic, the endo-
sperm is obliterated at maturity in one-third of these species
and the reduction of this tissue is accompanied by the use of
cotyledons as reserve organs, as occurs in the Brassicaceae
where the endosperm of mature seeds consists in many spe-
cies of a single cell layer that completely encloses the
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embryo (Debeaujon et al. 2007; Linkies et al. 2010). In
these seeds, the endosperm that remains alive at seed
maturity is tightly associated with the external seed coat
that undergoes a programmed cell death (Haughn and
Chaudhury 2005; Debeaujon et al. 2007). The key role of
these embryo-surrounding tissues in controlling germina-
tion time is coming into focus (Penfield et al. 2006; Bethke
et al. 2007). Arabidopsis thaliana, as well as, other closely
related species of the Brassicaceae such are Sisymbrium
officinale and Lepidium sativum (Miiller et al. 2006, 2009;
Linkies et al. 2009; Iglesias-Ferndandez and Matilla 2010)
germinates in two sequential steps: (1) initially, the seed-
coat layer is ruptured and the radicle still remains covered
by the endosperm; and (2) subsequently, after a lag of sev-
eral hours, the rupture of the micropylar endosperm takes
place and the embryo radicle emerges. While abscisic acid
(ABA) does not affect the kinetics of the testa rupture, it
specifically inhibits endosperm weakening; gibberellins
(GA) act as ABA antagonists in a complex network
integrating environmental signals (Toorop etal. 2000;
Koornneef et al. 2002; Kucera etal. 2005; Matilla and
Matilla-Vazquez 2008). Recently, Linkies etal. (2009)
showed that ethylene (ET), via the CTR1-pathway, promotes
endosperm weakening, counteracting ABA-inhibition
through interference with ABA signaling without altering
the ABA content.

Since the endosperm weakening is an important factor
for radicle emergence in endospermic seeds, identification
of endosperm-expressed genes, particularly those encoding
cell wall (CW) hydrolytic enzymes is a first step for under-
standing the role of the endosperm in the control of germi-
nation (Dubreucq et al. 2003; Liu et al. 2005; Nonogaki
et al. 2007). The enzymatic activity and the gene expression
of several members of the endo-f-mannanases (MAN)
gene family have been described in several plant species
but it is in tomato seeds whose endosperm cell walls are
particularly rich in mannans (60% of CW dry weight)
where this family has been more deeply studied (Nonogaki
et al. 2000; Gong and Bewley 2007; Schroder et al. 2009).
One of these, LeMAN2, has been found to be expressed
specifically in the micropylar endosperm prior to radicle
emergence and MAN activity increases markedly in the
remaining lateral endosperm following radicle protrusion
(Nonogaki et al. 2000; Belotserkovsky et al. 2007).

To gain insight into the MAN function in germination,
the expression of the eight members of the MAN family in
A. thaliana is described and the four MAN genes which are
expressed upon germination have been more systematically
investigated. In order to localize the expression of these
MAN transcripts, in situ hybridization analyses are per-
formed in germinating seeds. These results indicate that the
MAN transcripts are expressed in the radicle and in the
micropylar endosperm before radicle protrusion, its expres-
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sion not being detected after the radicle has emerged. More-
over, the analysis of T-DNA insertion mutants show that
knock-out of three of these MAN genes present a later ger-
mination rate than the wild type (Wt) seeds. These data
indicate that MAN expression is important for the germina-
tion process, probably by diminishing the mechanical resis-
tance of the micropylar endosperm thus facilitating the
emergence of the radicle.

Materials and methods
Plant materials

To propagate stocks of A. thaliana ecotype Columbia
(Col-0; NASC, Nottingham University, UK) and T-DNA
insertion mutants in this ecotype, we proceed as follows:
vapor-phase (bleach 37% HCI, 15:1, v/v) sterilization of
Arabidopsis seeds was done for 90 min before germina-
tion in Petri dishes containing 0.5x MS medium supple-
mented with vitamins and solidified with 0.8% agar.
Immediately after plating, seeds were stratified for 3 days
at 4°C and then incubated at 23°C under long-day condi-
tions (16 h/8 h; light/darkness; light intensity 55 mol
photons m~2 s~!) during 2 weeks and then transferred to
pots in the greenhouse. Mature seeds for Wt and homozy-
gous for T-DNA insertion mutants were stored at 21°C
and 30% relative humidity, until used for germination
assays.

The T-DNA insertion lines, obtained from NASC (Not-
tingham University, UK), were identified from the GABI-
KAT (http://www.gabi-kat.de/) and from the Salk collec-
tion (Alonso et al. 2003), and they were: GABI_747H02
(K.O. for AtMAN?7), Salk_129977 (K.O. for AtMANG),
Salk_016450 (K.O. for AtMAN2) and GABI_707G06 (K.O.
for AtMANS). The T-DNA mutants used were from GABI-
Kat FST population (Rosso et al. 2003) and were gently
provided by Bernd Weisshaar (GABI-Kat, MPI for PBR,
Koln, Germany). Homozygous plants for the T-DNA inser-
tion were selected by PCR using a gene specific primer and
a primer derived from the left border (LBP) of the T-DNA
(http://signal.salk.edu/tdnaprimers.2.html). For this pur-
pose, a leaf of each line was collected and processed as
described (Iglesias-Fernandez and Matilla 2009). The
sequences of the primers used for the PCR analysis are
shown in Suppl. Table S1, and the amplified fragments
were sequenced for confirmation of the location of the
T-DNA.

Germination assays

Three replicates of 50 seeds were germinated in 90 mm
Petri dishes on two layers of filter paper (Whatman No. 1)
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moistened with 3 ml of sterile water. Germination was done
at 23°C in growth chambers under long-day conditions
(16 h/8 h of light/darkness) and with light supplied by cool-
white fluorescent lamps (light intensity 55 mol photons
m~2s71). After-ripened seeds were neither surface-sterilized
nor stratified at 4°C in order to avoid influencing their
dormancy status, nevertheless fungal infections were not
detected by light microscopy. Seeds were scored as germi-
nated when the radicle emergence through the seed coat
was visible under a magnifying lens. Germination tests
were performed in three biological samples using three
technical replicates.

Endo-f-mannanase (EC 3.2.1.78) activity assays

Triplicate lots of 0, 10, 20, 24, 30, 36, 42 and 48 h germinat-
ing non-stratified seeds were ground under liquid nitrogen
and then extracted with 200 pl in 1 M sodium acetate buffer,
pH 4.7 (Sigma-Aldrich Quimica, Madrid, Spain). After cen-
trifugation at 20,000g at 4°C for 45 min, the supernatants
were assayed in duplicate for MAN activity. For enzymatic
determination, 100 pl of 0.25% (w/v) AZCL-galactomannan
(Megazyme International Ireland Ltd, Wicklow, Ireland) in
100 mM sodium acetate buffer, pH 4.7 were mixed with
80 pl of supernatant and incubated at 37°C for 24 h, with
constant agitation in an orbital shaker. Dye release from
AZCL-galactomannan was determined spectrophotometri-
cally by measuring the absorbance at 590 nm in supernatant
samples of the reaction mixture. One unit of MAN activity
was defined as the amount of enzyme that releases one
nanomole of reducing sugar equivalent to pD-mannose per
second under the above conditions.

Genes and bioinformatic tools

The complete deduced amino acid sequences of the eight
MAN genes in the A. thaliana genome were used to con-
struct a phylogenetic dendrogram. The alignment of these
sequences was carried out by means of the CLUSTAL W
program (Thompson et al. 1994) prior to the phylogenetic
analysis, that was done by the neighbor-joining method
with the MEGA software, version 4.0 (Tamura et al. 2007),
using a bootstrap analysis with 1,000 replicates, complete
deletion and the Jones—Taylor—Thornton matrix, as set-
tings.

The conserved motives within the deduced protein
sequences of the eight MAN were established by means of
the MEME program (http://www.meme.sdsc.edu/meme/
meme.html), as described by Bailey et al. (2006). Default
parameters were used with the following exceptions: the
maximum number of motives to find was set to 50 and the
minimum width of each motif was set to 6 amino acid
residues. Consensus sequences follow the criteria of Joshi

etal. (1997): a single capital letter is given if the relative
frequency of a single residue at a certain position is greater
than 50% and greater than twice that of the second most
frequent residue. When no single residue satisfies these cri-
teria, a pair of residues is assigned as capital letters in
brackets if the sum of their relative frequencies exceeds
75%. If neither these criteria is fulfilled, a lower-case letter
is given if the relative frequency of a residue is greater than
40%. Otherwise, x is given.

Signal peptide cleavage sites were predicted by using
SignalP 3.0 available at the website http://www.cbs.dtu.dk/
services/SignalP (Emmanuelson et al. 2007) and both pl
and Mw were calculated using Compute pI/Mw tool avail-
able at the website http://www.expasy.ch/tools/pi_tool.html
(Gasteiger et al. 2003).

The accession numbers for the cDNAs and correspond-
ing predicted proteins of the Arabidopsis MAN genes
described here are: AtMANI (Atig02310; NM_100112;
NP_171733), AtMAN2 (A12g20680; NM_127632; NP_
179660), AtMAN3 (At3g10890; NM_187700; NP_187700),
AtMAN4 (At3g10900, NM_194561; NP_187701), AtMANS
(At4g28320, NM_118972; NP_194561), AtMANG6 (At5g0
1930, NM_120271; NP_195813), AtMAN7 (At5g66460,
NM_126044; NP_201447) and AtMANP (A13g30540,
NM_113955).

Real-time quantitative PCR assays

RNA was purified from Arabidopsis siliques, flowers, rosette
leaves and roots from adult plants (5 weeks), and from germi-
nating seeds. Seeds were imbibed in sterile water for 0, 10, 20,
24, 30, 36, 42 and 48 h; three replicates of 90 seeds for each
time point were collected in 2-ml tubes and immediately fro-
zen in liquid N, and stored at —80°C until RNA extraction. A
grinding ball (stainless steel 0.7 mm) was added to the tubes,
and material was finely ground in liquid N, using a Mikro-
Dismembrator-S (Sartorius, Gottingen, Germany) for 2 min at
a shaking frequency of 1,500 min~'. Total RNA was isolated
using the SV Total RNA isolation System (Promega, Madi-
son, WI, USA) and its concentration was estimated by A,
measurement. The cDNA was synthesised from 0.1 pg of
total RNA using the First-Strand Synthesis kit for RT-PCR
(Roche Diagnostics, Mannheim, Germany), using oligo-T as
a primer and following manufacturer’s instructions. Samples
were stored at —20°C until processed.

The specific primers used in the RT-qPCR analysis
appear in supplementary Table S2 and /8S-RNA was used
to normalize the data (ACy). The RT-qPCR was performed
in an iCycler iQ™ Real-time Detection System (Bio-Rad
Laboratories, Hercules, CA, USA). For each 25-pl reaction,
1 ul cDNA sample was mixed with 12.5 ul of IQ™ SYBR®
Green Supermix (Bio-Rad), 0.5 pl of each primer (12 pM,
final concentration 240 nM), plus sterile water up to final
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volume. Samples were subjected to thermal-cycling condi-
tions of 95°C for 4 min and 40 cycles (45 s at 95°C, 45 s at
60°C, 45 s at 72°C and 45 s at 80°C). This analysis was
performed with three different biological samples for each
time-point and each one was made by triplicate. The ampli-
con was analyzed by electrophoresis and sequenced for
confirmation. Expression levels were determined as the
number of cycles needed for the amplification to reach a
threshold fixed in the exponential phase of the PCR reac-
tion (Cy) (Pfaffl 2001).

In situ hybridization analyses

The protocol described here is a modification of that
described in Ferrandiz et al. (2000). Arabidopsis seeds were
germinated on filter paper soaked with distilled water at
23°C and collected at 24 h. Fixation was in FAE solution
(formaldehyde: acetic acid: ethanol: water, 3.5:5:50:41.5,
by vol.) for 45 min under mild vacuum, and left for 2 days
with gentle shaking at room temperature. The samples were
dehydrated, through a graded ethanol series, and embedded
in paraffin, sectioned to 8 pm and de-waxed. Previous to the
hybridization protocol, some sections were stained with 2%
(w/v) Toluidine Blue (Merck, Darmstadt, Germany) to ver-
ify tissue integrity (Fig. S1). A pre-hybridization treatment
was performed, by incubating the sections in 0.2 M HCI,
neutralizing, and digesting with 1 mg/ml proteinase-K.
Then, tissue sections were again dehydrated in an ethanol
dilution series, before applying the hybridization solution
(100 mg/ml tRNA, 6x SSC; 3% formamide) containing
approximately 100 ng/ml antisense or sense digoxigenin
(DIG)-labeled RNA probes, corresponding to DNA frag-
ments (200-300 pb) derived from the 3'-non coding
regions of the Arabidopsis MAN genes (see Table S3), syn-
thesized with the DIG RNA labeling mix, according to the
manufacturer’s specifications (Roche Diagnostics). Hybrid-
ization was performed overnight at 52°C followed by two
washes in 2x SSC and 50% formamide for 90 min at the
same temperature. Antibody incubation and color detection
was carried out according to the manufacturer’s instruc-
tions.

All observation were made on a Zeiss Axiophot fluores-
cence microscope and the images were captured with a
Leica DFC 300FX CCD color camera under the Leica
Application Suite 2.8.1 build 1554 acquisition software.

Results
The Arabidopsis endo--mannanase gene family

Our previous experience on the germination of S. officinale
seeds had demonstrated a peak of MAN activity at 20 h,
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just prior to radicle protrusion, that decreased afterward
(our data not shown). This result led us to explore whether
a correlation would exist between MAN activity (EC.
3.2.1.78) and the time course of germination of the A. thaliana
seeds. As shown in Fig. 1, dried seeds of A. thaliana have
practically no detectable MAN activity but this enzymatic
activity progressively increases to ~0.8 x 1072 nKat/mg
prot at 20-24 h. Then, this activity decreases at 30 h to
increase again at 48 h when germination is almost com-
pleted, as evaluated by a visible protrusion of the radicle
through the endosperm and seed coat.

In order to get a deeper insight into the function of MAN
during and after germination, it was decided to characterize
at the molecular level the whole MAN family of A. thali-
ana. A non-redundant and complete compilation of the
Arabidopsis MAN protein sequences was obtained from the
TAIR database. A total of eight MAN, with calculated
molecular weights between 45 and 51 KDa and all of them
with predicted signal peptides were found (Table S4).
These MAN proteins were used to construct a phylogenetic
unrooted tree (Fig. 2a). Pair-wise amino acid similarities
were higher than 50%, a threshold conventionally used to
classify a group of genes as a gene family. Consistent with
the un-rooted tree obtained by the neighbor-joining algo-
rithm (Fig. 2a), two MAN classes were clearly defined
(A and B), supported by bootstrapping values higher than 85%
and the occurrence of common protein motives (see MEME
analysis). AtMAN4, AtMANP*, AtMAN3, AtMAN7 and
AtMANG integrate clade A and another group is formed by
AtMAN2 and AtMANS (clade B). AtMANI1 cannot be
included clearly in any of the two clades described above.

The search for conserved amino acid motives was
done using the MEME software (Fig. 2b, Table 1). The
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Fig. 1 Endo-f-mannanase activity (bars) of Arabidopsis thaliana
seeds during and following germination. 50 mg of seeds were used for
each time point analysis. Enzymatic activity in nKat was referred to
milligrams of protein in the sample. Percentage of germinated seeds is
indicated as black circle. Data are means * standard error (SE) of
three independent experiments
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Fig. 2 Deduced sequence analysis of the Arabidopsis thaliana endo-
f-mannanase family. a Phylogenetic tree; bootstrapping values are
indicated in the branches. b Schematic distribution of conserved mo-
tives among the deduced protein sequences in a that were identified by
means of the MEME software. Asterisks indicate a putative pseudo-
gene (AtMANP*: A13g30540) with a stop codon after motif 6 and a
gene with expression levels in the detection limit (AtMANI*:
At1g02310)

eight MAN putative proteins share motives 2, 6, 3, 1, 5,
and 4 with the exception of AtMANP that probably is a
pseudogene, due to an early stop codon found in position

255 (G — A) and consequently lacks the motives down-
stream from motif 6 (Fig. 2b). MAN proteins in clade A
also share motif 8 and those in clade B share motives 9,
11 and 10; this last motif is also present in AtMANG6 that
has been included in clade A. Finally, AtMANI1 has only
the motives shared by all of the A. thaliana MAN pro-
teins, suggesting that this enzyme could be the most
primitive or ancestor of all of them. Conserved amino
acids predicted as critic for mannanase activity (Yuan
etal. 2007) are present in motives 6, 1, 5 and 4
(Table 1).

The expression pattern of the eight MAN genes was
investigated by RT-qPCR in different Arabidopsis
organs: dry seeds, siliques, flowers, rosette leaves and
roots (Fig. 3). Data were normalized to the expression of
the /8S-RNA gene. It was found that in siliques expres-
sion of AtMAN3, 7, 6, 2 and 5 was quite similar (~15-
20 x 1073/18S-RNA), while AtMAN4 was only barely
detected, as occurs with the AtMAN3 transcript accumu-
lation in the other tissues analyzed. The AtMAN7 gene
was highly expressed in flowers and in roots and, less so,
in leaves, being almost undetectable in dry seeds.
AtMAN?2 transcript accumulation was similar in leaves,
roots and flowers and very scarce in dry seeds. AtMANS
was the most abundant MAN transcript in dry seeds.
Finally, AtMANI* transcripts were barely detected in all
tissues analyzed and AtMANP* was corroborated to be a

Table 1 Sequences of conserved amino acids motives (MEME; Bailey et al. 2006) of the eight endo-f-mannanases of A. thaliana

Motif E value Consensus sequences

1 1.2e—270 FIFY][TF][ND][PS][LS][IV][KR][DNQI[FY][YFIKN[HY][VLIK[TV][VLILINT]R[KVIN[TS]FT[GK]
[IVIEY[KR][DN][DEJPTI[FM]AWEL[MIINEPRCPSD[PV]SG[KD]TLQ[DA]WI-
NEMI[ATI]A[FY][VI] KS[ILVIDS[KNJHLL[EST][ITV]GLEGFYG[PD]SSP[EKQ]R

2 1.2e—240 GFV[SK]R[NKI]G[VTIQF[IV][LV][NDIGKP[FL]Y[AVING[FW]N[AS]YW[LFM][MA][YDTI][EH]A
[TAVIDP[AHST][TS]R[FG][KR][IV][TS]

3 5.4e—149 DGGY[RN]JALQI[SA]PG[SRV][YFIDE[DR][VT]F[QK][GA]JLD[FH][VA][IL]JAEA[KR][RK]JHG[IV]
[KRIL[ILJ[LIIS[LFIVNN[LWY][DEQI[AD][YFIGG[KR][KT]QYV[DK]WA

4 3.1e—138 F[VL]V[KR]W[LM][EQ][ASJHIED[AG][QD][NK][IE]JLKKP[VL][LI][FL][TAJEFG[KL]S[NS]K[NT][
PKI[GD][YFIT[PL][ASIQRDKI[FV][FY]INRIT[VIT][YFIDVIYK-
SA[KR][KR][GK]G[SA][AG]AG[AGTIL[FVIWQILV][FIL]S[EN]GM

5 3.4e—071 [NP][PE]VWAI[NS]Q[LV]GTDF[IV][ARIN[NHS][NQ][IS][PD][AGN]IDFA[ST][VIJH[IS]YPD [HLS]
WE[PH][DN][QL][DS][EFS][EN][SE]

6 1.7e—024 [VAM][FL][QE][NAQ][AG][STA][AKS][HLMV]G[LM]T[VI][ACIRTW

7 4.4e—017 MKI[CL]L[CA][FL][IFV][VP][LFILAI[VLII[AQIIQLI[SN][YCS]

8 1.3e—016 ENFND[DGP][FY][GS]I[VI][LP]SEQ[SD][ST][TI]V[NK][IL][IM][SIIEQS[RC][KR]L

9 9.5e—003 PT[GRIN[GR]P[MV][IL][PR]ILGF[FL][IT]C[AV]AFIYLSF[GR]DLW

10 1.8e—002 [ES][LM]CS[HW]R[CHP]

11 1.8e+001 WQEGVGLSSSN

12 3.2e+002 GVEAAPSD

13 9.7e+003 VSS[DEN]DD

The conserved amino acids, critical for enzyme activity, are underlined
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pseudogene (our data not shown), as previously sug-
gested by Yuan et al. (2007).

Expression of endo-f-mannanase genes during seed
germination

The six MAN genes that are ubiquitously expressed
(Fig. 4) were studied in greater detail by RT-qPCR analy-
sis during Arabidopsis seed germination which was com-
pleted at 48 h under our experimental conditions (see
“Materials and methods™). Samples were taken out at 10,
20, 24, 30, 36, 42 and 48 h. Only four of these AtMAN
genes are expressed upon seed imbibition: AtMAN7,
AtMANG6, AtMAN?2 and AtMANS5 (Fig. 4). The transcript
accumulation of the four genes reach a peak between 20
and 30 h; AtMAN7, and AtMANS transcripts accumulation
sharply decreases after 24 h, being practically undetectable
at 48 h. A bimodal type of curve is observed for the
expression of AtMAN6 upon germination with two peaks
of maximum expression at 24 h and 42 h. However,
AtMAN?2 expression reaches a maximum at 30 h, decreas-
ing slowly thereafter.

AtMAN7, AtMAN6, AtMAN2 and AtMANS are expressed
in the micropylar endosperm and in the radicle of
A. thaliana seeds during seed germination

To determine the spatial expression of the MAN genes
within the Arabidopsis germinating seeds, mRNA in situ
hybridization experiments were done (Fig. 5). Samples, at
24 h, including seeds before and after radicle emergence,
were hybridized to specific antisense probes for AtMAN7,
AtMANG6, AtMAN2 and AtMANS. In the longitudinal and
transversal sections of the water imbibed seeds before
radicle protrusion (Germinating), as shown in Fig. Sa—c,
f-h, k—m, p-r, a strong signal is detected in the micropylar
and lateral endosperm and in the incipient root vascular
elements of the radicle, while it is barely detected in the
cotyledons. Interestingly, this transcript accumulation in
seeds disappears immediately after radicle protrusion
(Germinated) (Fig. 5d, i, n, s). The strongest hybridization
signal is detected with the antisense probe for AtMAN7
and AtMANG, followed by that for AtMANS5, and the
weakest is for that of AtMAN2. Since these transcripts are
not detectable by the in situ mRNA hybridization in the
radicle or endosperm after radicle protrusion, the expres-
sion of these genes in post-germination seedlings detected
by RT-qPCR (Fig. 4), probably account for MAN expres-
sion in other tissues, such are the expanded cotyledon
leaves, the hypocotyl or the root proper. As expected, no
signal is detected, neither during nor after germination, on
seed sections hybridized with the corresponding sense
probes (Fig. Se, j, o, t).



Planta (2011) 233:25-36

31

s

F AtMAN?7 (At5966460)

Relative expression to 18s RNA (x10%)
o 3 8 8

| AtMANS (At5g01930)

w

Relative expression to 18s RNA (x107%)
o - "

| AtMAN2 (At2g20680)

w

Relative expression to 18s RNA (x10%)

, | AtMANS (At4928320)

(5]

Relative expression to 18s RNA (x10)

o 10 20 24 30 36 42 48
Germination time course (h)

Fig. 4 Transcript analysis by RT-qPCR of the four mannanase genes
expressed during the germination of A. thaliana seeds (AtMAN7,
AtMANG, AtMAN2 and AtMANS) at different hours (h). Error bars
indicate standard deviations of three independent experiments. Arabid-
opsis seeds reach 100% germination (radicle protrusion) at 42 h in the
conditions of the assay: 23°C and a photoperiod of 16 h light/8 h dark

Characterization and germination time course of knock-out
mutants for AtMAN7, AtMANG6, AtMAN2 and AtMANS

To address the question of whether the MAN genes
expressed in the radicle and endosperm of water imbibed
seeds, had an important functional role during the germina-
tion progress of Arabidopsis seeds, homozygous T-DNA
insertion mutant lines, described in Fig. 6a, were selected:
GABI_747H02 (K.O. for AtMAN7) that has a T-DNA
insertion in the 5'UTR, 10 base pairs upstream from the
ATG; Salk_129977 (K.O. for AtMANG) that has a T-DNA
insertion in the second exon (598 base pairs down-stream
from the ATG); Salk_016450 (K.O. for AtMAN?2) that has a
T-DNA insertion in the fifth exon (1,856 base pairs down-
stream from the ATG); and GABI_707G06 (K.O. for
AtMANS) that has a T-DNA insertion in the third exon (753
base pairs from the ATG). These lines have the T-DNA
insertions upstream of one or more of the motives described
previously as important for MAN activity (motives 6, 1, 5
and 4).

To check if these T-DNA insertion mutants are affected
in the transcription of their corresponding genes, both RT-
qPCR and in situ hybridization analyses were done. Tran-
scripts are barely detectable by the in situ analyses (Fig. 6b)
in germinating seeds of the K.O. lines for AtMAN?7,
AtMANG, AtMAN?2 and AtMANS5S; and these data were cor-
roborated by RT-qPCR expression analysis at 24 h in each
of the four mutants (Fig. 6¢).

To explore whether down-expression of the AtMAN7,
AtMANG6, AtMAN2 and AtMANS affects the germination
time course, germination assays were carried out. As it
appears in Fig. 7: (1) no significant difference exists in the
germination time course between the Wt line and the K.O.
MAN2 line (Salk_016450); (2) K.O. MAN 7 (GABI_
747H02) and K.O. MANS (GABI_707G06) germination is
inhibited by 15-20%; and (3) the most affected mutant line
in germination rate is the K.O. MANG6 (Salk_129977)
reaching only 50% of germinated seeds at 48 h when com-
pared with the control which reached 100% at this time
point. Besides, the t5, (time to reach 50% of germination)
for different mutants was 25 h (Wt), 28 h (K.O. MAN2),
34h (K.O. MAN7), 37h (K.O. MANS) and 48 h (K.O.
MANGO), respectively (Fig. 7, inset).

The expression of the four MAN genes in 24 h imbibed
seeds (Fig. 6¢) showed that AtMAN7 transcript accumula-
tion is one order of magnitude higher than that of the
AtMANG, 2 and 5 gene but the effect upon germination time
of its corresponding knock-out line is of the same order of
the knock-out line for AtMANS (t5, for K.O. AtMAN7 =
34 h; t5, for K.O. AtMANS5 =37h). AtMAN6 with an
expression level of the same order than those of AtMAN2
and AtMANS seems to be the most important MAN gene
for germination. Probably, this effect is not only to be
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AtMANG6

AtMAN7

Germinating

Germinated

Sense

Fig. 5 In situ mRNA hybridization analysis of AtMAN7, AtMANG,
AtMAN2 and AtMANS in 24 h seeds. AtMAN7 (a—e), AIMANG (f-j),
AtMAN2 (k-o0) and AtMANS5 (p-t): a, £, k, p longitudinal sections of
germinating seeds; b, g, 1, q close-up of the radicle tip and the micro-
pylar zone in a, f, k, p. Cross-sections of germinating seeds (c, h, m,

attributed to its mRNA expression level but other func-
tional aspects, such are its enzymatic characteristics, must
be also involved.

Discussion

The data presented in this work support the idea that MAN
expressed in the micropylar endosperm (ME) and in the
radicle of germinating Arabidopsis seeds, are important for
their germination. In this physiological process, ME weak-
ening as well as expansion of the apical and sub-apical
zones of the radicle are indispensable requisites for the rad-
icle to protrude.
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AtMAN2 AtMANS

r) at the radicle tip zone and (d, i, n, s) longitudinal sections of germi-
nated seeds (after radicle protrusion). e, j, o, t Control sense probes of
germinating seeds. AL aleurone layer, ChE chalazal endosperm, Cot
cotyledon, ME micropylar endosperm, SC seed coat, R radicle, VE vas-
cular elements

Two major forces play antagonistic roles in germination:
the growth potential of the radicle and the mechanical resis-
tance of the covering layers (seed coat or testa and endo-
sperm); in order to complete germination, the growth
potential of the radicle must overcome the ME resistance
(Nonogaki et al. 2007; Rodriguez-Gacio et al. 2009). It has
been suggested that the weakening of the endosperm CW,
probably involving several types of hydrolytic enzymes, is
required for radicle emergence (Sdnchez and de Miguel
1992; Bewley 1997; Kucera et al. 2005; Finch-Savage and
Leubner-Metzger 2006; Nonogaki et al. 2007; Holdsworth
etal. 2008). Recently, it has been demonstrated that the
elongation of embryo cells that provide the expansion force
to complete germination in A. thaliana does not occur
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within the radicle itself, but rather in a discrete region that
is immediately proximal to the radicle, spanning the lower
hypocotyl and the hypocotyl-radicle transition zone
(Sliwinska et al. 2009).

In the classical ‘hatching hypothesis’ of Ikuma and
Thimann (1963) it was proposed that “... the final step in
the germination control process is the production of an
enzyme whose action enables the tip of the radicle to pene-
trate through the coat”. In looking for this ‘hatching
enzyme’, evidences have been uncovered for the contribu-
tion of various CW-modifying enzymes, including MAN,
endo-f-1,3-glucanases, chitinases, peroxidases, expansins
and other proteins and their genes detected through the use
of proteomics or transcriptomics (Bewley 1997; Leubner-
Metzger and Meins 2000; Wu et al. 2001; Koornneef et al.
2002; Li et al. 2003; Bailly 2004; Kucera et al. 2005; Penfield
et al. 2006; Linkies et al. 2009; Miiller et al. 2010).

However, there are some questions to be elucidated in
relation to the radicle emergence in endospermic seeds: (1)
can the embryo itself generate enough expansion force to

break the ME without the enzymatic degradation of its
CW? If so, has the ME a predisposed structure to permit
radicle protrusion? (2) are hydrolytic enzymes acting on
CW of ME required for radicle protrusion? (3) is it neces-
sary a cooperation between the expanding embryo and a
weakened ME for the radicle protrusion? The CW of
A. thaliana endosperm has a rigid structure with a consider-
able mechanical strength, due to their composition rich in
hemicelluloses, such as mannans (galactomannans, gluco-
mannans), xyloglucans and (1,3;1,4)-f-glucans. Degrada-
tion of galactomannans, abundant in seeds, is initiated by
mannanases (Moreira and Filho 2008; Nonogaki et al.
2010).

In endospermic seeds of S. officcinale, it was demon-
strated that the MAN activity of dry seeds was positively
affected by dry after-ripening (i.e. ~12-fold more than in
non-after-ripened seeds) and that MAN activity was con-
siderably stronger prior to radicle emergence (Iglesias-
Ferndndez and Matilla 2009). In contrast, MAN activity
in A. thaliana seeds has a maximum at 20-25 h (Fig. 1).
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Fig. 7 Germination time course of Arabidopsis thaliana Wt and
T-DNA insertion mutant seeds. Wt closed circles, K.O. MAN7
(GABI_747H02) opened triangles, K.O. MANG6 (Salk_122701)
closed triangles, K.O. MAN2 (Salk_016450) closed squares, K.O.
MANS (GABI_707G06) opened circles. Data are means =+ standard
error (SE) of three independent experiments. In the inset, the time nec-
essary for 50% germination (ts,) is indicated for the Wt and the four
mutants analyzed

The contribution of the different seed tissues (endosperm,
radicle, cotyledons, etc.) was difficult to study in both
S. officinale and A. thaliana due to the small size of their
seeds. Other authors detected MAN activity in tomato ger-
minating seeds and this activity increased in the ME prior
to radicle emergence (Nonogaki et al. 2000) and different
MAN isoforms were reported to be expressed in the ME
and in the embryo (Toorop et al. 1996). In lettuce seeds,
there is no evidence of transcription or increase in enzy-
matic activity of these CW-degrading enzymes prior to
radicle emergence, and degradation of the CW in the ME
was not observed (Nonogaki and Morohashi 1999). A pos-
sibility would be that the ME in these seeds exerts less
physical constraint for the radicle to protrude than in Ara-
bidopsis and the MAN activity in lettuce endosperm could
be associated with reserve mobilization (Wang et al. 2004).
In hard seeds, morphological differences seem to exist
between the CW of the micropyle cells (thin) and those of
the lateral endosperm (thick) cells (da Silva etal. 2004;
Gong et al. 2005). In these seeds, the ME presents a lower
physical constraint to the completion of germination than
the lateral endosperm, and hence its structure is predisposed
to permit radicle protrusion; the activity of MAN that
increases only after radicle emergence, will have a role in
hydrolyzing mannans to provide energy for the growing
seedling. These observations are in contrast with the results
in Arabidopsis seeds, where the endosperm is the constrain-
ing structure for radicle emergence (Finch-Savage and
Leubner-Metzger 2006; Nonogaki et al. 2007).
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In the genome of Arabidopsis, the MAN family is repre-
sented by eight members among which AtMAN7, AtMANG,
AtMAN2 and AtMANS5 are expressed in the dry seeds and
are induced upon germination (Figs. 3, 4). These MAN
genes expressed upon germination are only detected in the
micropylar endosperm and in the radicle, before radicle
protrusion, as shown by in situ hybridization experiments,
the signal disappearing soon after germination was com-
pleted (Fig. 5). In tomato seeds two MAN genes have been
characterized: LeMANI and LeMAN2. While LeMAN?2 tran-
scripts were detectable at 12—-18 h (Nonogaki et al. 2000;
Belotserkovsky et al. 2007), LeMANI was not expressed
until germination was completed at about 48 h, these latter
transcripts appeared in the lateral endosperm cells sur-
rounding the cotyledons (Bewley et al. 1997). In short, the
temporal and spatial expression pattern of LeMANI and
LeMAN?2 genes is strictly regulated between the germina-
tive and post-germinative stages that are clearly separated
by the occurrence of radicle protrusion. Recently, four
putative MAN genes have been described in rice (OsMAN1,
OsMAN2, OsMANG6 and OsMANP) and these were expressed
during and following germination (Ren et al. 2008). As in
the present work, DcMAN1 transcripts were also detected in
both embryo and endosperm of carrot seeds, but the
amounts were much higher in the endosperm than in the
embryo, this being consistent with results from the activity
assay (Homrichhausen et al. 2003).

To get new insight about the role of MAN enzymes dur-
ing germination of A. thaliana seeds, the T-DNA insertion
mutants of AtIMAN7, AtMAN6, AtMAN2 and AtMANS5 have
been analyzed: (1) the MAN gene expression by RT-qPCR
in each of these mutants was almost undetectable, and this
was corroborated by the in situ hybridization experiments,
and (2) the germination time course was negatively affected
in the K.O. MAN7 and K.O. MANS5 mutant seeds and
strongly inhibited in those of K.O. MANG6, and these phe-
notypic differences were easily appreciated when the kinet-
ics of germination were expressed as f5, (Fig. 7).

Taken together, these results point to a possible coopera-
tion between embryo and endosperm MAN activities, prior
to radicle emergence in A. thaliana seeds. This assumption
is made on the basis that there are not known physiological
reasons nor contrasting results for the MAN activity to take
place in the embryo because as in all growing organs, their
CWs are not mannan rich. However, MAN expression is
high in the vascular elements (Fig. 5) of the radicle, proba-
bly indicating a role in emptying the nascent conducting
vessels that will ultimately develop into the vascular sys-
tems of xylem and phloem. An important point to be con-
sidered is that all the annotated MAN genes in Arabidopsis
have predicted signal peptides, an indication that their cor-
responding proteins may be exported through the secretory
pathway into the apoplastic space, thus reaching the CW of
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the ME, even if synthesized in the radicle. Thus, radicle
and endosperm MAN together could contribute to the
weakening of the ME. This assumption regarding the col-
laboration radicle—endosperm is not a new fact since it is
well known the role of the embryo in the synthesis and
export of gibberellins, and perhaps also cytokinins, to the
endosperm in germinating seeds (Vicente-Carbajosa and
Carbonero 2005; Arana et al. 2006). The transport of
a-amylase induced by GAs from the aleurone layer
towards the endosperm of cereals through the secretory
pathway is a clear example of cooperation between differ-
ent seed tissues. On the other hand, based on a recent view
on MAN in plants (Schroder et al. 2009 and references
therein), another way to explain the presence of AtMAN
transcripts in the radicle could be that AtMAN has a dual
enzymatic activity (e.g. hydrolase and transglycosylase).
The transglycosylase activity would be involved in the
expansion process of the cells as occurs in the radicle
before protrusion, while the hydrolase activity would be
more important in the loosening of the endosperm CWs.
Fruit LeMAN4a was the first (and currently the only)
enzyme identified that exhibits both MAN and mannan
transglycosylase activity. However, its physiological role
has not been yet clarified (Schroder et al. 2006). The dual
characteristic of AtMAN is currently under study.
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