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Transgenic tomato hypocotyls with altered levels of an XTH gene were used to study how XET activity 
could affect the hypocotyl growth and cell wall extensibility. Transgenic hypocotyls showed significant 
over-expression (line 13) or co-suppression (line 33) of the SIXTH! in comparison with the wild type, 
with these results being correlated with the results on specific soluble XET activity, suggesting that 
SIXTH! translates mainly for a soluble XET isoenzyme. A relationship between XET activity and cell wall 
extensibility was found, and the highest total extensibility was located in the apical hypocotyl segment of 
the over-expressing SIXTH! line, where the XET-specific activity and hypocotyl growth were also highest 
compared with the wild line. Also, in the co-suppression SIXTH! line, total extensibility values were lower 
than in the wild type line. The study of linkages between cell wall polysaccharides by FTIR showed that 
hypocotyls over-expressing SIXTH! and having a higher XET-specific activity, were grouped away from 
the wild line, indicating that the linkages between pectins and between cellulose and xyloglucans might 
differ. These results suggested that the action of the increased XET activity in the transgenic line could be 
responsible for the cell wall structural changes, and therefore, alter the cell wall extensibility. On the other 
hand, results on xyloglucan oligosaccharides composition of the xyloglucan by MALDITOF-MS showed 
no differences between lines, indicating that the xyloglucan structure was not affected by the XET action. 
These results provide evidences that XTHs from group I are involved mainly in the restructuring of the 
cell wall during growth and development, but they are not the limiting factor for plant growth. 

1. Introduction 

The plant cell wall plays a vital role in controlling the shape 
of individual cells and, therefore, in determining the morphol­
ogy of the plant as a whole. Modifications to plant primary cell 
walls are required for many processes, such as plant cell expansion 
and growth, as well as other developmental processes that require 
cell wall degradation, such as fruit ripening and organ abscission 
(Rose and Bennet, 1999). The primary cell walls of flowering plants 
consist of a framework of cellulose embedded in a matrix of hemi-
celluloses, pectins and structural proteins (Carpita and Gibeaut, 

1993).The most abundant hemicellulose of the dicotyledonous wall 
is xyloglucan; this long polysaccharide can form hydrogen bonds 
with cellulose microfibrils and might provide a molecular tether 
between adjacent microfibrils (Hayashi, 1989). 

Cell elongation and expansion in plants is a complex but well-
coordinated process. During elongation, a biochemical change in 
wall extensibility allows turgor pressure to drive cell expansion, 
and the deposition of new wall materials maintains microfibril 
spacing and wall thickness and irreversibly extends the walls, mak­
ing the wall compartment larger (Taiz, 1984; Cosgrove, 1999). 
Controlled loosening of the cellulose-xyloglucan network may 
occur by way of mechanisms that modify the xyloglucan cross-links 
directly or indirectly. The basis of xyloglucan metabolism during 
cell elongation and the biochemical basis of changes in wall exten­
sibility are still not clear and remain largely uncharacterized. The 
involvement of several classes of enzymes has been suggested, 
including endo-l,4-(3-D-glucanases (EGases), xyloglucan endo-
transglycosylases/hydrolases (XTHs) and exo-glycosylhydrolases 
(glycosidases) (Fry, 2004). 

Xyloglucan endotransglycosylase/hydrolase (XTH) has been 
considered as an important candidate as a wall-loosening enzyme 
(Fry et al., 1992; Nishitani and Tominaga, 1992). XTH can act as 



a transglycosylase (XET), having a dual role, integrating newly 
secreted xyloglucan chains into an existing wall-bound xyloglucan, 
restructuring existing cell wall material by catalyzing transglyco-
sylation between previously wall bound xyloglucan molecules, or 
acting as hydrolase (XEH), hydrolyzing one xyloglucan molecule, 
depending on the nature of the xyloglucan donor and acceptor sub­
strates (Fry et al., 1992; Nishitani and Tominaga, 1992; Rose et al, 
2002). 

It has been reported that spatial distribution of XTH expression 
and XET activities are closely correlated with both cell elongation 
(Fry, 1992; Cátala et al, 1997; Vissenberg et al, 2000; Ji et al., 2003) 
and the non-elongation zone (Vissenberg et al., 2001; Takeda et al, 
2002), even during secondary cell wall formation (Antosiewicz et 
al., 1997; Bourquin et al, 2002; Matsui et al., 2005). 

Furthermore, XET may be important for regulating the polymer 
length and insertion of xyloglucans into the cell wall, which could 
alter the extensibility of the cell wall (Fry et al, 1992; Nishitani and 
Tominaga, 1992; Thompson and Fry, 2001). Although XET failed to 
cause cucumber cell walls to extend in an in vitro assay (McQueen-
Mason et al., 1993), other reports have suggested that XET could 
be involved in cell wall extensibility. A decrease in XET activity 
was reported in primary roots of maize with low water potential, 
which was correlated with a decrease in cell wall extensibility and 
cell elongation in that region (Pritchard et al, 1993). Also, Wu et al. 
(1994,1996) found enhanced XET activity that was correlated with 
an increase in cell wall extensibility. These results strongly support 
a potential role of XET associated with cell wall extensibility and, 
thus, cell elongation. 

The different XTHs have been grouped into four groups for Ara-
bidopsis thaliana (Yokoyama and Nishitani, 2001) and into three 
groups for Solanum lycopersicum (Saladie et al, 2006). From the 25 
SiXTHs genes reported, SIXTH! has been associated with hypocotyl 
growth, and it seems to show only XET activity (Cátala et al., 1997, 
2001) 

The objective of this work was to further study the effect of the 
XTH in cell wall extensibility. The work included the generation of 
transgenic tomatoes with altered levels of an XTH gene related to 
tomato hypocotyl growth {SIXTH!), to increase or to decrease the 
XET activity in tomato hypocotyls, and evaluate how XET activity 
could affect hypocotyl growth and cell wall extensibility. 

2. Materials and methods 

2.2. Tomato transformation 

The plants were transformed using Agjobacrerium-mediated 
gene transfer using strain C58Cl:pGV2260 (Rosahl et al, 1987). 
Transgenic tomato plants expressing an XTH (ace. no.: D86730) 
from Nicotiana tabacum under the control of the CaMV-35S 
promoter were created as described in Herbers et al. (2001). Trans­
formation of plants was performed essentially as described by Ling 
et al. (1998) using tomato cotyledons and a tobacco cell suspension 
culture as a feeder layer. Screening was perfomed for approxi­
mately 50 transgenic lines. 

2.2. Plant material and growth conditions 

Homozygotic tomato seeds {Solanum lycopersicum L cv. Money 
Maker) were grown in the dark at 25 °C and 70% relative humid­
ity. One hundred fifty seeds were sown in staggered formation 
into a tray (43 x 28 x 7 cm) with 4 filter papers moistened with 
80 ml milliQwater. In most experiments, etiolated hypocotyls were 
grown for 6 days and were selected when 25-35 mm in length. Two 
10 mm segments were cut from the hypocotyls: the apical segment 
below the hook, and the basal segment below the apical. 

2.3. RNA extraction and Northern blot analysis 

RNA extraction and Northern analysis were performed as 
described by Herbers et al. (1994). Northern blots were hybridized 
with the complete cDNA from NtXET! or SIXTH! (Dl 6456). 

2.4. Real-Time quantitative PCR 

Apical and basal hypocotyls segments (approximately lOOmg) 
were harvested and mRNA extraction, cDNA preparation and 
Real-Time quantitative PCR were performed as described by 
Miedes and Lorences (2009). The PCR amplification was per­
formed with a specific primer for the SIXTH! gene. Because the 
homology between NtXET! and SIXTH! is very high (88%), the 
primers for real time RT-PCR were designed for a region that 
showed differences in sequence (Fig. 1). The primer sequence (for­
ward/reverse) was CTTGAGAAAACCAATTGGGCCAAC/GAACCCAA-
CGAAGTCTCCTATACTGTAATG, and for RPL2 (a housekeeping gene, 
ribosomal protein large subunit 2), used as internal control 
for the gene, ATTCACGATCCAGGGAGAGGTGC/AGGCAACACGTT-
ACCAACCATAAGAGTAG. Three replicates were performed for each 
sample in 25 JULI final volume containing 1 JULI CDNA, 25 pmol specific 
primers, and 12.5 JULI of PowerSYBR Green PCR Master Mix according 
to the manufacturer's instructions. 

2.5. Protein extraction and xyloglucan endotransgly cosy lase 
(XET) assay 

Soluble and ionically cell wall bound proteins were extracted 
together by homogenization of 35 mg apical and basal hypocotyl 
segments, with 40 |JLL of sodium phosphate 200 mM (pH 6.0) at 4 °C, 
and then centrifuged at 10,000 g for 10 min at 4 °C. After centrifu-
gation, the supernatant (crude enzyme extract) was used for the 
assay of soluble XET activity. The protein content of crude extract 
was determined using the Coomassie Blue G dye-binding method 
(Bradford, 1976). Active cell walls were obtained from the residue 
and we also assayed the insoluble (cell wall-bound) XET. Soluble 
XET was assayed as described previously (Fry et al., 1992), and 
[3H]XXXGol was used as the acceptor for the endotransglycosy-
lation reaction. Xyloglucan heptasaccharide XXXG was prepared 
as described previously (Lorences and Fry, 1993). [3H]XXXGol 
was prepared by reduction of the reducing terminal glucose moi­
ety of non-radioactive XXXG with [3H]NaB3H4. The solution of 
[3H]XXXGol used for the XET assays had a specific activity of 22.5 
TBq mol - 1 . Soluble reaction mixtures (total volume 40 uT) con­
taining 5mgml_ 1 of partially purified apple xyloglucan, 0.85 kBq 
[3H]XXXGol, 50 mM-MES (Na+) pH 6.0 and 25 ui of enzymatic 
extract (0.5-0.6 mgml - 1) were incubated for one hour at 25 °C. 
The reaction was stopped by the addition of 100 JULI of 20% (w/v) 
formic acid and the solution was then dried on 5 cm x 5 cm What­
man 3MM filter paper, washed for 30 min in running tap water 
to remove unchanged [3H]XXXGol, re-dried and assayed for 3H by 
scintillation counting. Insoluble XET was assayed as described by 
Barrachina and Lorences (1998). Reaction mixtures containing 2 mg 
of enzymatic active cell wall, 40 |JL1 50 mM-MES (Na+) pH 6.0 and 
0.85 kBq [3H]XXXGol were incubated for one hour at 25 °C. The 
reaction was stopped by the addition ofl00|jilof20% (w/v) formic 
acid and was centrifuged. The residue was washed with distilled 
water and then the cell wall was hydrolyzed with 200 JULI trifluo-
racetic acid 2 N for 1 hour at 121 °C. The residue was then assayed 
for 3H by liquid scintillation counting. Inactivated controls were 
carried out in the same way using enzyme previously boiled for 
30 min. 
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Figure 1. Alignment of SIXTH1 and JViXETI sequences. 

2.6. Plant growth 

Etiolated hypocotyl length was measured daily after germina­
tion until 14 days of growth, using a flexible ruler. Manipulations 
were performed under dim green light (0.02 W m-2). Kodak safe-
light Filter N° 3, NY, EEUU). 

2.7. Cell wall extensibility 

Apical and basal hypocotyl segments were boiled in methanol 
for lOmin and stored in fresh methanol until use. Before the 
measurement of the cell wall extensibility, the fix cell wall was 
rehydrated for 1 hour at 4°C with several changes of distilled 
water. The cell wall extensibility was measured with a tensile tester 
(TensilonRTM-25, Toyo Baldwin Co.Tokio, Japan). The sample was 
fixed between two clamps (the distance between the clamps was 
5 mm) and stretched by lowering the bottom clamp at a speed of 
10 mm min - 1 until a stress of 8 g was produced. The total extensi­
bility was measured with the first strain/stress curve immediately 
before the stress of 8g was produced, and the reversible extensi­
bility with that of the second curve. The irreversible extensibility 
was calculated as the difference between the total extensibility and 
reversible extensibility (Soga et al., 2001). 

2.8. Fourier Transform Infrared Spectroscopy (FTIR) 

Apical segments from 6-day-old hypocotyls were selected for 
FTIR. Samples of 10 segments were dehydrated by shake washing 
with methanolxhloroform (1:1; v:v) and finally with diethyl ether. 
The samples were then dried at room temperature and kept in a 
vacuum oven at 70 °C. Tablets for FTIR spectroscopy were prepared 
in a manual press using cell walls (2mg) mixed with KBr (1:100 
p/p). Spectra were obtained on a Bomen-Michelson instrument, 
where one hundred twenty-eight interferograms were collected 
in transmission mode, with 4cm _ 1 resolution, for each sample. A 
window between 750 and 2200 cm - 1 , which contains information 

on characteristic polysaccharides, was selected to monitor cell wall 
structure modifications. All spectra were normalized and baseline-
corrected as described elsewhere (Robin et al., 2003). Data were 
then exported to Win-Das (Kemsley, 1998) and all spectra were 
area-normalized (800-1800 cm - 1) . Principal component analysis 
(PCA) was performed using a maximum of five principal compo­
nents. 

2.9. Matrix Assisted Laser Desorption Ionization Time of flight 
Mass Spectrometry (MALDITOF-MS) analysis ofxyloglucan 
oligosaccharides 

Apical segments from 6-day-old hypocotyls (c.a. lOOg) were 
selected for mass spectrometry analysis. The tissue was homog­
enize, using an IKA Ultraturrax T25 (Stanfen, Germany) in 100% 
methanol and then boiled for 30 min. Then homogenate was 
washed twice with methanol, acetone, methanohchloroform (1:1; 
v:v) and finally with diethyl ether. The cell wall material pellet was 
dried under a vacuum. Cell wall residue (2 mg) was then treated 
with 2.5 units of a cellulase Trichoderma sp. (EC 3.2.1.4; Megazyme. 
Bray, Ireland) in 1 ml of lOmM acetic-pyridine pH 4.7, at 37°C 
in an orbital shaker at 150g for 18hours. The undigested wall 
material was removed by centrifugation at 10,000 g for 5 min. The 
supernatant (100 JULI) was transferred and filtrated to a fresh tube 
(Ultrafree MC 0.45 Millipore with Q-sepharose Fast Flor Pharmacia 
Biotech). Then, the samples were vacuum-dried (RC 10.10 Jovan, 
England) and solubilized in 10 1 milliQ water. An aliquot (2 JULI) of 
the solution was mixed with the same volume of lOmgml - 1 2,5-
dihydroxycinamic acid in acetonitrile:water (7: 3, v/v) and then, 
1 uX of mix was spotted onto dried on a target plate. The sam­
ple was analyzed by MALDI-TOF mass spectrometry (Autoreflex 
MALDI TOF-MS Broker Daltonics, Bremen, Germany) operated in 
the positive-ion mode with an accelerating voltage of 19 kV and a 
delay time of 150 ns in reflector mode. Automatic modus accumu­
lated 8 spectra per sample, with each spectrum originating from 
between 200-300 laser pulses. The MS spectra obtained were com-
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Figure 2. Northern analysis of XTH mRNA in transgenic tomato plants. Specific 
probes for cDNA from NtXETi were used. The five independent co-suppression lines: 
33 (lane 3), 35 (lane 4), 44 (lane 6), 47 (lane 7) and 51 (lane 8) are compared with four 
wild type plants (lanes 1,2,5, 9). The four over-expressing lines: 1 (lane 2), 8 (lane 
3), W (lane 4), and 13 (lane 5) are compared with two wild type plants (lanes 1, 6). 
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Figure 3. Expression analysis of SiXTHl tomato gene by Real-Time quantitative PCR 
from apical and basal hypocotyls segments of wild type and transgenic tomato lines. 
Values are means of 2 independent experiments using 20 hypocotyls from each 
determination ±SE. Different letters indicate significant differences between wild 
type and transgenic tomato lines (T-test, p-value < 0.05). 

pared to highlight significantly increased or decreased relative peak 
areas. 

3. Results 

3.1. Tomato plants transformation. Expression analysis ofSlXTHl 
and NtXETi 

After the transformation of the tomato plants, a screening of 
approximately 50 transgenic lines using cDNA probes from NtXET-
1 ox SIXTH! was performed (Fig. 1). Lines 1,8, 10, and 13 showed 
a reasonable over-expression oí NtXETi RNA as demonstrated by 
northern blotting. Lines 1, 8, 10, and to a lesser extent, the 13th 
line, showed two bands, the upper band being the one correspond­
ing to NtXETi plus ocs terminator (930 bp); the smaller mRNA might 
result from premature transcriptional termination. Line 13 was 
selected for further experiments. Lines 33,35,44,47 and 51 showed 
a co-suppression oí NtXETi RNA (Fig. 2), and line 33 was selected 
for further experiments 

The results of the expression analysis of the SIXTH1 gene by 
Real-Time quantitative PCR of the wild type and the selected over-
expressing and co-suppression lines are shown in Figure 3. The 
results showed that, in the apical hypocotyl segments, the expres­
sion of SiXTHl was higher than in the basal segments in all the 
studied lines, the wild type and the transgenic lines. In the api­
cal segments of the over-expressing line (line 13), expression of 
the SiXTHl gene was higher compared to the wild type. Although 
primers were specific for SiXTHl amplification, some contribution 
of the over-expressed NtXETi cannot be excluded as a possibility. 
On the other hand, in the co-suppression line (line 33), the expres­
sion of SiXTHl was much lower (26%) than in the wild type. In 
the basal hypocotyl segments, the relative expression of SiXTHl 
was lower than in the apical segment, as noted above, and we 
again found a significant increase in SiXTHl expression in the over-
expressing line and a decrease in the co-suppression line compared 
to wild type. 

3.2. XET activity during elongation 

Soluble and insoluble endotransglucosylase activities were 
determined in the apical and basal hypocotyl segments of tomato 
using [3H]XXXGol as the acceptor for the endotransglucosylation 
reaction (Figure 4). The results showed that both XET activi­
ties in apical hypocotyl segments were higher than the basal 
hypocotyl segments in all lines. The soluble XET activity in the 
apical hypocotyl segment was significantly higher in the over-
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Figure 4. Soluble and insoluble activities of xyloglucan endotransglucosylase (XET) 
from apical and basal hypocotyls segments of wild type and transgenic tomato 
lines. The XET assay was performed by measuring [3H]XXXG incorporation into 
xyloglucan by the protein extracts. Values are means of 5 independent experiments 
using 20 hypocotyls from each determination. Different letters indicate significant 
differences between wild type and transgenic tomato lines (t-test, p-value < 0.05). 
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Figure 5. Kinetic of etiolated hypocotyls g rowth from wild type and transgenic 
t o m a t o lines. The length of hypocotyls was measured after germinat ion. Values are 
means of 5 independent exper iments using 40 hypocotyls from each de te rmina­
t ion ±SE. 

expression line than in the wild type, while soluble XET activity 
in the co-suppression line was significantly lower than in the wild 
type line. Soluble XET activity in basal hypocotyl segments was sim­
ilar in wild types and in linel3, and significantly lower in line 33. 
With respect to insoluble XET activity, in the apical hypocotyls seg­
ments, the differences in activity among the three lines followed 
the same pattern as the soluble XET activity, although the results 
did not show significant different among the three lines, and no 
differences were found in the insoluble XET activity in the basal 
hypocotyls segments. 

3.3. Hypocotyl growth. 

Hypocotyl growth after germination is shown in Figure 5, and 
the results showed no differences between the wild and the trans­
genic tomato lines. 

3.4. Determination of the mechanical properties of cell wall. 

In Figure 6, we show the total, reversible and irreversible exten­
sibility of apical and basal parts of etiolated hypocotyls. Apical 
extensibility results were higher than basal extensibility in all lines. 
In the apical part, total extensibility oí SlXTHl line 13 was higher 
than SlXTHl line 33 and, the wild type did not differ significantly 
from transgenic lines. This difference in total extensibility led to the 
highest reversible extensibility of over-expression line 13. In the 
basal part, we did not observe significant differences in mechanical 
properties of hypocotyls. 

3.5. Analysis of cell wall components links by FTIR 

We analyzed 15 and 19 representative FTIR cell wall spectra 
from the apical hypocotyl segments of wild type and transgenic 
lines (Figure 7), respectively. The FTIR spectra showed significant 
variability for the fingerprint 1600-1700 cirr1 and 800-1200 cirr1 

regions. The first corresponded to esters. The second area was more 
difficult to associate with the differences with cell wall compo-
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Figure 6. Extensibility of cell walls from apical and basal hypocotyls segments of 
wild type and transgenic tomato lines. Total, reversible and irreversible extensi­
bility was determined. Values are means of 5 independent experiments using 30 
hypocotyls from 5 different harvests in each determination ±SE. Different letters 
indicate significant differences between wild type and transgenic tomato lines (r-
test, p-value<0.05). 

nents, due to high number of vibration modes in polysaccharide 
links (Sene et al., 1994). To elucidate differences among these spec­
tra, a set of principal components analysis (PCA) was performed. 
The resultant spectra of sample were normalized and analyzed by 
the WinDas program. Principal components 1 and 2 (PCI and PC2, 
which explain the 67.63% and 14.77% of total covariance of dates) 
could be used to separate the two groups of spectra (Figure 8). There 
was a gradient from the negative side of both principal components, 
occupied by over-expression of the SlXTHl line and to the positive 
side of both PCs, which contained the spectra from wild type and 
co-suppression SlXTHl lines. Nevertheless, The Distances Squared 
Mahalanobis analysis using the first five PC resolved differences 
between all lines studied. 

3.6. Analysis of the oligosaccharides ofxyloglucan (XGOs) 

We examined the qualitative composition of xyloglucan. We 
investigated, using MALDI TOF-MS, the xyloglucan oligosaccha-
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Figure 7. Cell wall infrared spectra from apical hypocotyls segments of wild and 
t ransgenic t o m a t o lines. Values are means of 15-19 independent exper iments using 
10 hypocotyls from each determinat ion. All spectra w e r e normalized and baseline-
corrected. 
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Figure 8. Statistical analysis FTIR spectra. A: Principal Components Analysis (PCA) from FTIR spectra. The first component explained 67.63% and second component explained 
14.77% of covariance of dates. Dots values shown distribution of each sample (10 apical hypocotyls) with regard to first two principal components. The broken line separates 
two main different populations. B: Distances Squared Mahalanobis analysis using first five principal components. The three principal components are represented. 

rides released from etiolated hypocotyls tomato by endo-?-D-
glucanase. First, we identified m/z values for oligosaccharides 
of xyloglucan in Solanum lycopersicum L (Table 1), since each 
species has their own oligosaccharides, which usually give vari­
ous degrees of O-acetylation and cations as Na+ or K+ associated. 

Table 1 
Identification of oligosaccharides of tomato xyloglucan by means of m/z values, 
which were obtained by MALDITOF-MS application. Most of them have complexes 
about acetyl groups or cations. 

m/z 

768 
790 
810 
832 
848 
852 
874 
930 
952 
995 
1010 
1018 

1033 
1050 
1055 
1072 
1092 
1062 
1126 
1142 
1156 
1211 
1216 
1249 
1228 
1249 
1258 
1291 
1375 
1266 
1288 
1378 
1420 
1582 
1624 
1744 
1758 

XGO's 

XXG (768) 
XXG (768) 
XXG (768) 
XXG (768) 
XXG (768) 
XXG (768) 
XXG (768) 
XXGG (930) 
XXGG (930) 
XXGG (930) 
XXGG (930) 
XXGG (930) 
XXGG (934) 
XXGG (930) 
XXGG (930) 
XXGG (930) 
XXGG (930) 
LXGG (1092) 
XSGG (1062) 
XSGG (1062) 
XSGG (1062) 
XSGG (1062) 
XSGG (1062) 
XSGG (1062) 
XSGG (1062) 
LSGG(1228) 
LSGG (1228) 
LSGG (1228) 
LSGG (1228) 
LSGG (1228) 
XTGG(1198) 
XTGG (1198) 
LTGG(1356) 
LTGG(1356) 
XGGXXGG (1550) 
XGGXXGG (1550) 
XGGXSGG (1680) 
XGGXSGG (1680) 
6 Hex 5 Pen(1693) 

Ac 

1 
1 
1 
2 
2 

1 
1 
1 
2 
1 
2 
2 
2 

1 
1 
1 
3 
3 
3 

1 
3 
1 
2 

1 

1 
1 
1 
2 

Na+ 

1 

1 
1 

1 

1 
1 
1 
2 

2 
1 
2 
2 

1 
1 
1 
1 

2 

1 

1 
1 
1 

1 
1 

1 
1 
1 

K+ 

1 

1 

1 
1 

1 

1 
2 

2 
1 

2 

2 
2 

1 

E 
768 
790 
810 
832 
848 
852 
874 
930 
952 
994 
1010 
1016 
1018 
1032 
1052 
1058 
1074 
1092 
1062 
1126 
1142 
1158 
1210 
1220 
1248 
1228 
1250 
1260 
1292 
1372 
1262 
1282 
1378 
1420 
1582 
1624 
1744 
1760 
1757 

The oligosaccharides found in tomato xyloglucan were in ascendant 
monosaccharide size order (one-letter abbreviation code, 40): XXG, 
XXGG, LXGG, XSGG, LSGG and XTGG. The relative areas of XGOTs 
in apical and basal parts of hypocotyls (Figure 9) showed XSGG 
was the main XGO (60% in apical and 70% in basal), followed by 
XXGG (40% apical and 30% basal). XXG and XTGG constituted only 
1% of total XGOs in apical and basal segments, and LSGG was not 
detected in hypocotyls, but it was found in roots (data not shown). 
No significant differences were observed between the wild type 
and transgenic lines. 

4. Discussion 

As noted above, xyloglucan endotransglucosylase/hydrolase 
(XTH) has been considered as an important candidate as a wall 
loosening enzyme (Fry et al., 2002; Nishitani and Tominaga, 1992). 
XTH can act as a transglucosylase (XET), thus performing dual roles, 
integrating newly or restructuring xyloglucan molecules, or acting 
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Figure 9. Relative composition of xyloglucan oligosaccharides (XGOs) from apical 
and basal hypocotyls segments of wild type and over-expression transgenic tomato 
line by MALDITOF-MS. Values shown are means of 2 independent experiments using 
40 hypocotyls from each determination. 



as hydrolase (XEH) and hydrolyzing one xyloglucan molecule (Nis-
titani, 1997; Rose et al., 2002; Fry, 2004). This dual biochemical 
function is suggested to be the reason that XTH has roles in different 
physiological processes, as has been reported by Rose et al. (2002). 
It has been also suggested that XTHs, via their effect on xyloglucan 
metabolism, are involved in the cell expansion process (Takeda et 
al, 2002, Kaku et al, 2004). In the present study, we focused on cell 
elongation and cell wall extensibility, as in spite of the correlations 
between XET activity and gene expression with respect to growth, 
there are still many unanswered questions regarding the wayXETs 
action could be modifying cell wall loosening during cell growth. 
We designed transgenic plants with higher and lower expression 
of SIXTH! to produce plants with increased/decreased total XET 
activity, and to determine whether the modification in xyloglu­
can transglucosylase activity would affect hypocotyl growth, cell 
wall extensibility, and cell wall structure. SIXTH! belongs to the 
group I/II XTHs that are thought to exclusively mediate XET activity 
(Baumann et al., 2007). 

Our results on expression of SIXTH! in the wild type tomato 
hypocotyl (Figure 3) showed a clear relationship between 
hypocotyl growth capacity and SIXTH! expression, as the rela­
tive expression was much higher in the apical hypocotyl segment, 
where the elongation and growth is higher, than in the basal 
hypocotyls segment, where the growth is much lower.These results 
are in agreement with previously published data, since SIXTH! has 
been previously associated with growth (Cátala et al., 2001). The 
expression oí SIXTH! in the transgenic hypocotyls showed signif­
icant over-expression oí SIXTH! (line 13) in comparison with the 
wild type, while co-suppression of SIXTH! (line 33) resulted in 
a significant decrease of expression in the apical part. Also, the 
expression pattern, as noted above for the wild type, was corre­
lated with hypocotyl growth. These results for SIXTH! expression 
are in agreement with the results on specific XET activity (Figure 4). 
We found a significant increase in activity in the over-expression 
line and a significant decrease in activity in the co-suppression line 
compared with the wild line, with differences due mainly to the 
soluble XET. Thus, we suggest that SIXTH! translates mainly for a 
soluble XET isoenzyme. 

In spite of the differences in XET activity between the wild 
and the transgenic lines, we found no differences in hypocotyl 
growth (Figure 5). However, when we determined the hypocotyl 
cell wall extensibility (Figure 6), we found a relationship between 
the amount of XET-specific activity and cell wall extensibility. The 
highest total extensibility was found in the apical hypocotyl seg­
ment of the over-expressing SIXTH! line, where the XET-specific 
activity and the hypocotyl growth were also highest as compared 
with the wild type line. On the other hand, in the co-suppression 
SIXTH! line, total extensibility values were lower than in the wild 
type line. 

To further investigate how increased or decreased levels of 
XET-specific activities in the transgenic lines could have altered 
the cell wall structure, we determined the linkages between cell 
wall polysaccharides by FTIR (Figs. 7 and 8). These results showed 
that hypocotyls over-expressing SIXTH! and having a higher XET-
specific activity (line 13) were grouped away from the wild line. The 
differences were found mainly in the pectins and in the cellulose-
xyloglucan regions, indicating that the linkages between pectins 
and also between cellulose and xyloglucans might be different. 
These results suggest that the action of the increased XET activity 
in transgenic line 13 could be responsible for the cell wall struc­
tural changes, and therefore, alter the cell wall extensibility in the 
hypocotyls. As suggested by Vissenberg et al. (2005), the action of 
XET on the xyloglucan-cellulose linkages could regulate cell wall 
extensibility and plant growth. 

We also studied qualitative components of xyloglucan by mass 
spectrometry analysis by analyzing the xyloglucan oligosaccha­

rides composition of the xyloglucan in the wild type and the 
over-expressing transgenic line by MALDITOF-MS (Figure 9). How­
ever, the results showed no differences in the XGOs composition of 
either line, indicating that the xyloglucan structure was not affected 
by XET action. 

However, tomato plants with altered levels of XET activity, XTH 
over-expressing or co-suppressed plants, did not show differences 
in hypocotyl growth. These results provide evidence that XTHs from 
group I are mainly involved in the restructuring of the cell wall 
during growth and development, as suggested by Van Sandt et al., 
2006, but they are not the limiting factor for plant growth, although 
XTHs has been considered as primarily cell wall loosening agents. 
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