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Xyloglucan endotransglycosylase (XET) has been proposed to 
contribute to cell elongation through wall loosening. To explore 
this relationship further, we assayed this enzyme activity in suspen- 
sions of carrot (Daucus carota L.) cells exhibiting various rates of 
cell elongation. In one cell line, elongation was induced by dilution 
into dichlorophenoxyacetic acid (2,4-D)-free medium. During this 
elongation, 93% of the XET activity was found in the culture 
medium; in nonelongating controls, by contrast, 68% was found in  
the cell extracts even though the specific activity of these extracts 
was lower than in the elongating cells. By far the highest rates of 
XET secretion per cell were in the elongating cells. A second cell 
line was induced to undergo somatic embryogenesis by dilution 
into 2,4-D-free medium. During the first 6 d, numerous globular 
embryoids composed of small, isodiametric cells were formed in  
the absence of cell elongation; extracellular XET activity was almost 
undetectable, and intracellular specific activity markedly declined. 
After 6 d, heart, torpedo, and cotyledonary embryoids began to 
appear (i.e. cell elongation resumed); the intracellular specific 
activity of XET rose rapidly and >80% of the XET activity accu- 
mulated in  the medium. Thus, nonexpanding cell suspensions 
(whether or not they were rapidly dividing) produced and secreted 
less XET activity than did expanding cells. We propose that a XET 
molecule has an ephemeral wall-loosening role while it passes 
through the load-bearing layer of the wall on i t s  way from the 
protoplast into the culture medium. 

Wall extensibility is often the controlling factor in cell 
expansion (e.g. Cleland, 1977; Taiz, 1984). However, the 
underlying biochemistry involved in the control of extensi- 
bility, a physical property, is not fully understood. 

Two major components of the dicotyledonous primary cell 
wall are cellulose microfibrils and xyloglucan, which are 
thought to form a network with the microfibrils being teth- 
ered by xyloglucan chains through hydrogen bonding (Fry, 
1989; McCann et al., 1990). Moreover, in a turgid cell such 
chains could be load bearing and hence limiting to cell 
expansion. Support for this idea comes from studies demon- 
strating that, during growth, alterations to xyloglucan occur 
that could contribute to an increase in wall extensibility. 
Examples include an auxin- or acid-promoted release of 
xyloglucan fragments from the wall (Labavitch and Ray, 
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1974; Gilkes and Hall, 1977) and decreased mo1 wt of the 
remaining polymeric xyloglucan (Hayashi and Maclachlan, 
1984; Lorences and Zarra, 1987), partia1 dissolution of wall- 
bound xyloglucan (Terry et al., 1981), and the inhibition of 
auxin-induced elongation by both lectins (Hoson and Ma- 
suda, 1987) and antibodies (Hoson et al., 1991) that bind to 
xyloglucan. 

Within the xyloglucan-cellulose network, wall loosening 
could be brought about by cleavage of xyloglucan tethers by 
cellulase and/or XET. Cellulase (o-[ 1+4]-~-glucanase) cata- 
lyzes the irreversible cleavage of xyloglucan chains by endo- 
hydrolysis (Hayashi et al., 1984), but the strength contributed 
by the tether would be lost. XET activity has been found in 
extracts from the growing portions of monocots and dicots 
and also in cell suspensions (Baydoun and Fry, 1989; Smith 
and Fry, 1991; Farkag et al., 1992; Fry et al., 1992b; Nishitani 
and Tominaga, 1992). This enzyme cleaves a xyloglucan 
chain and could therefore allow wall expansion but, unlike 
cellulase, XET transfers the cut (potentially reducing) end 
onto the nonreducing terminus of a chemically similar xylo- 
glucan molecule. A new tether could thus be formed, restor- 
ing much of the wall’s original strength. A 33-kD protein 
with this activity and lacking hydrolase activity has been 
purified from the apoplastic fluid of Vigna (Nishitani and 
Tominaga, 1992). A different enzyme has been purified from 
nasturtium cotyledons and found to be able to catalyze both 
the hydrolysis of xyloglucan and, at high concentrations of 
suitable acceptor substrates, its transglycosylation (Fanutti et 
al., 1993). 

In this study we have examined whether XET is associated 
with cell expansion by assaying this enzyme in two different 
carrot (Daucus carota L.) cell suspension systems that can be 
manipulated to change cell size and shape. In one instance a 
high-density, nonembryogenic suspension of small, isodi- 
ametric cells (the Oxford cell line) was diluted into auxin-free 
medium, resulting in substantial cell elongation. In the other 
system, a similar treatment applied to PEMs (clusters of 10- 
20 tightly adhering, densely cytoplasmic cells) obtained from 
an embryogenic suspension (line 10) led to the formation of 
somatic embryoids. During embryogenesis there is an initial 
requirement for cells of the PEMs to remain small and tightly 

Abbreviations: PEM, proembryogenic mass; XET, xyloglucan en- 
dotransglycosylase; XG7, xyloglucan heptasaccharide (Glc4 .Xy13); 
XG7-01, the oligoglycosyl alditol obtained by reduction of XG7. 
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adhering so as to initiate globular embryoids successfully 
(Cordewener et al., 1991). However, at the heart and torpedo 
stages of embryogenesis, localized cell elongation resumes. 

MATERIALS A N D  METHODS 

Cell Culture Systems 

Cell Elongation 

A nonembryogenic, high-density suspension of carrot cells 
(Daucus carota L..), the Oxford cell line (designated L2 in Knox 
et al., 1991), containing over 90% small, isodiametric cells 
was subcultured by 10-fold dilution every 7 d into Murashige 
and Skoog medium (Murashige and Skoog, 1962) with 0.5 
mg/L 2,4-D and 25 g/L SUC. Elongation was induced by 100- 
fold dilution (of 1 mL of 5-d-old suspension) into the above 
medium without 2,4-D. A control culture was diluted 10-fold 
into medium containing 2,4-D. The suspensions were then 
incubated in darkness at 25OC on an orbital shaker at 60 rpm 
for 5 d. During this time, packed cell volume (after centrifu- 
gation at lOOOg for 5 min) and cell number (using a hemo- 
cytometer) were measured. 

Somatic Embryogenesis 

A high-density suspension of an embryogenic line (line 10 
of De Vries et al., 1988) was subcultured every 14 d by 
dilution of 2 mL of packed cell volume into 50 mL of B5 
medium containing 0.44 mg/L 2,4-D (Gamborg et al., 1968). 
Somatic embrycis were produced from a 7-d-old suspension 
by dilution of a fraction enriched in PEMs (50-125 pm 
aggregates, isolated by sieving) into 2,4-D-free medium ac- 
cording to De Vries et al. (1988). As a control, PEMs were 
diluted to the same extent but into 2,4-D-containing medium. 
The cell number immediately after dilution in both cases was 
about 20,000 cells/mL. The number and developmental 
stages of embryoids were recorded over 12 d. 

Throughout a11 experiments cell viability was >95%, as 
observed by fluorescence microscopy after staining with flu- 
orescein diacetate (Widholm, 1972). 

Substrates 

Xyloglucan was purified from Tropaeolum majus seeds by 
Cu2+ precipitation (Rao, 1959). XG7 was prepared and puri- 
fied from Rosa cell suspensions (Lorences and Fry, 1993). 
[1-3H]XG7-01 was produced by NaB3H4 reduction of XG7. 
The oligosaccharide (2 mg) was reacted with 925 MBq Na- 
B3H4 (278 TBq/mol) in 250 pL of 1 M NH3 at room tempera- 
ture overnight. Unreacted borohydride was destroyed by 
addition of 250 pL of 5 M acetic acid; the reaction mixture 
was left, with occasional shaking, for 24 h in a fume cupboard 
for complete remova1 of 3H2 gas. The reaction mixture was 
made to 1 mL with acetic acid:pyridine:H20 (1:1:98, v/v) and 
the radioactive alditol product was collected after gel-per- 
meation chromatography (on Bio-Gel I'-2). The specific activ- 
ity of [3H]XG7-ol was 22 TBq/mol. 

Extraction of Enzyme Activities 

Both intracellular and extracellular activities of XET were 
assayed. For extracellular measurements, cells were removed 

from the medium by centrifugation (1OOOg for 5 miri) and 
protein in the supernatant was concentrated by precipitation 
(at O O C )  with 65% saturated (NH4)&04 after the addition of 
2 mg/mL BSA (Sigma) as carrier [no additional activity was 
obtained using higher (NH4)2S04 concentrations]. After cen- 
trifugdtion at 25,OOOg for 30 min, the washed protein pellet 
was resuspended in 10 mM CaCL 10 mM ascorbate, 1 mM 
DTT, and 50 mM phthalate (Na+) buffer, pH 5.5, for 
XET assays. Desalting was unnecessary because enzyme 
activity was unaffected by (NH4)2S04 at the remaining 
concentrations. 

For intracellular measurements, cells were recoverecl from 
the medium by centrifugation, washed, and homogenized by 
sonication for 2 X 1 min (MSE Soniprep, 4-mm diameter 
probe, frequency 23 kHz, amplitude 18 pm, O-5OC) in the 
buffer described above. In preliminary experiments, cell lysis 
was confirmed by penetration of Evans' blue dye. All oper- 
ations were carried out below 5OC. Protein content of intra- 
cellular samples was determined by the method of Bradford 
(1976) using the Bio-Rad kit with BSA as standard. 

XET Assay 

XET activity was determined by a method similar to that 
of Fry et al. (1992b). Reaction mixture (20 pL) containing 2 
mg/mL Tropaeolum xyloglucan, 5.6 kBq [3H]XG7-ol, and 50 
m~ phthalate (Na+), pH 5.5, was mixed with 10 pL of extract. 
Incubation was for 1 h at 25OC, and the reaction was sbpped 
with 100 pL of 20% formic acid. The solution was dried onto 
filter paper, which was then washed in tap water for 1 h to 
remove unreacted [3H]XG7-ol, and then redried and assayed 
for radioactivity in 2 mL of toluene containing 0.5% PPO 
and 0.05% POPOP (counting efficiency for 3H product was 
about 42%). Results are expressed as cpm incorporated into 
polymeric xyloglucan per hour. Preliminary kinetic experi- 
ments confirmed that a 1-h incubation period corresponded 
to the initial linear rate of reaction, which was proportional 
to the amount of extract added to the reaction mixture (see 
Fry et al., 1992b). 

RESULTS 

Cell Elongation 

For 4 d after a 100-fold dilution into auxin-free medium, 
cell numbers in the Oxford cell line remained relatively 
constant, whereas packed cell volume showed about an 8- 
fold linear increase (Fig. Ia). Microscopy revealed that sub- 
stantial cell elongation had occurred, with 80 to 90% of cells 
having changed shape by day 4. In contrast, after lO-fold 
dilution into standard (2,4-D-containing) medium, both 
packed cell volume and cell number increased linearly; a 
relatively constant ratio was maintained between these two 
parameters for at least 4 d (Fig. Ib), and the absence of any 
substantial cell elongation was verified microscopically. 

Accumulation of XET activity in the medium was much 
more rapid in the elongating cells than in the nonelongating 
controls (Fig. 2), despite the much-lower cell density o f  the 
elongating cultures. Intracellular XET activity per mL csf sus- 
pension (Fig. 2) remained relatively constant in both cultures. 

The specific activity of intracellular XET increased progres- 
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Figure 1. Growth of elongating and control carrot cell cultures. 
Packed cell volume (O) and cell numbers (O) in carrot cell suspen- 
sions (Oxford line) after (a) 100-fold dilution into auxin-free medium 
(elongating cells) or (b) 10-fold dilution into auxin-containing me- 
dium (nonelongating control cells). Mean values ? SE, n = 6 .  
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Figure 2. XET activity in elongating and control carrot cell cultures. 
lntracellular (O, O) and extracellular (O, B) XET activity in suspen- 
sions of elongating cells (O, B) and nonelongating control cells 
(O, O). Oxford cell line, mean values ? SE, n = 4. 
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Figure 3. Specific activity of intracellular XET during elongation and 
embryogenesis. Oxford cell line elongating (O) and nonelongating 
control (O); line 10 embryo culture (B) and nonembryo control (O). 
Mean values k SE, n = 4. 

sively during elongation, but remained relatively constant in 
the nonelongating control culture (Fig. 3), despite the fact 
that much more XET was being liberated into the medium in 
the elongating culture. Thus, it appears that in the elongating 
culture, both the production of XET and its flux through the 
cell wall into the medium were enhanced. 

Somatic Embryogenesis 

XET activity accumulated to a high final concentration in 
the culture medium of the high-density suspensions used to 
maintain the embryogenic carrot cell line (line 10) (Fig. 4). 
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Figure 4. Accumulation of XET in the medium of line 10 under 
maintenance conditions. XET activity in the medium of an embry- 
ogenic high-density cell suspension (line 10) cultured at high cell 
density and in the presence of 2,4-D, thus preventing embryogen- 
esis. Mean values +- SE, n = 4. 



990 Hetherington and f:ry Plant Physiol. Vol. 103, 1993 

The profile of activity was sigmoidal over a typical 14-d 
subculturing cycle. 

After dilution of a fraction enriched in PEMs into auxin- 
free medium, somatic embryogenesis proceeded asynchro- 
nously through recognizable developmental stages, namely 
globular, heart, torpedo, and cotyledonary embryoids (Fig. 
5). When a PEM fraction was diluted to the same extent but 
into auxin-containing medium, no somatic embryogenesis 
occurred; microscopy revealed that this culture changed little 
over the 12-d period, with no obvious cell elongation or 
proliferation. 

In the cultures undergoing embryogenesis, activity of both 
intracellular and extracellular XET remained low and rela- 
tively constant over the first 6 d, during which globular 
embryoids were forming (Fig. 6). Specific activity of intracel- 
lular XET markedly declined over the first 4 d (Fig. 3). 
However, after 6 d, when embryogenesis became more ad- 
vanced with the presence of heart, torpedo, and cotyledonary 
stages, there was a substantial increase in XET activity, both 
intracellularly and extracellularly (Fig. 6), as well as in intra- 
cellular specific activity (Fig. 3). Between d 8 and 12, >95% 
of the XET activity was extracellular. 

In the control cultures not undergoing embryogenesis, XET 
behaved differently. Extracellular XET was undetectable for 
10 d, and even after 12 d activity was very low (Fig. 6). The 
specific activity of intracellular XET was relatively constant 
for 10 d, but inmeased markedly on d 12 (Fig. 3). 

DlSCUSSlON 

Xyloglucan is subject in vivo to both endohydrolysis (by 
cellulase) and endotransglycosylation (by XET). Carrot cell 
suspensions contained considerable XET activity; however, 
preliminary viscometric assays for cellulase (carboxymethyl- 
cellulase) showed no appreciable activity in either the spent 
medium or the Ice11 extracts (data not shown). Thus, transgly- 
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Figure 5. Progress of embryogenesis in line 10. Number and type 
of embryoids found during somatic embryogenesis in line 10 after 
dilution of a PENI-enriched culture into auxin-free medium. Mean 
values k SE, n = 4. 
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Figure 6. XET activity during embryogenesis. lntracellular (O, O) 
and extracellular (O, B) XET activities in line 10 carrot cells: embryo 
culture (O, B), and nonembryo control (O, O). Mean values f SE, 

n = 4. 

cosylation may have a much greater role to play in the cell 
wall than was previously thought. Bearing in mind the extra- 
protoplasmic nature of the enzyme (Nishitani and Tominaga, 
1992), its mode of action (Smith and Fry, 1991), and the 
presence of higher activity in rapidly growing tissues (Fry et 
al., 1992b), we have proposed a role for XET in wall loosening 
(Fry et al., 1992a). We have now explored this idea in the 
context of cell elongation and somatic embryogenesi., c-two 
processes where alterations in cell size and shape, and there- 
fore probably in wall properties, are important. 

The time courses for accumulation of XET activity in the 
medium, taken together with approximate cell numbers, in- 
dicate large differences between the various cell types in their 
rates of XET output per cell. Table I illustrates this for some 
representative sampling times. The Oxford cell line undergo- 
ing dramatic elongation in the virtual absence of cell division 
showed by far the highest rate of XET output (about 2000 
microunits cell-' d-'). Moderate rates (about 6 micxounits 
cell-' d-') were seen in the high-density stock culture used 
to maintain line 10; this was a mixed population of cells 
including PEMs (showing negligible elongation), single elon- 
gating cells, and small aggregates of elongating cells. Low 
rates of XET output ( 5 2  microunits cell-' d-I) were seen in 
line 10 PEMs during the development of globular embryoids, 
in line 10 PEMs diluted into auxin-containing mediuin (the 
cells of which neither expanded nor divided), and in the 
nonelongating Oxford cell line. Thus, in these examples, there 
was an association between cell elongation and high rates of 
XET output per cell. 

XET has been proposed to loosen the cell wall (Fry et al., 
1992a), but it can only do so if it is in the right place. Very 
little XET activity appears to be bound to cell walls (Fry et 
al., 1992b); therefore, cell extracts will yield mainly intrapro- 
toplasmic XET, which in vivo was not in contact with the 
wall and therefore was not capable of loosening it. Soluble 



Xyloglucan Endotransglycosylase in Carrot Cell Cultures 99 1 

Table 1. Partitionina of XET between cells and medium in carrot cell cultures exhibitina various rates of cell elonnation 

Rale of XET Output Proport'on of XET in 
Cell Extract' 

Elongation [XET] in Total Rate of Cell 
Line Rate MediunPb XET OutpuPb Densityb per CelP 
Cell Condition of Culture 

units mL-' units mL-' d-' m L-' microunits cell-' d-' % 

Oxford Elongating, day 3 ++++ 15 1 1  5.5 x 103 2000 
Oxford Non-elongating, day 3 - 2.2 2.3 1.1 x 106 2 
10 Stock culture, day 10 * 60 28 -5 x 10b -6 
10 Clobular embryos, day 4 - 0.33 0.06 -105 -0.6 
10 Mature embryos, day 10 + 14 4 -2.5 X 10' -1.6 
10 No embryogenesis, day 4 - <o. 1 c0.02 2 x 104 (1 
10 No embryogenesis, day 10 - <o. 1 <0.02 2 x 104 C1 

7 
68 
N.D 

13 
- 

~ 

- 

a One unit is the amount of enzyme that catalyzes the production of 1 kcpm of 3H-labeled product per hour mL refers to mL of 
XET activity in cell extract 

(XET activity in cell extract + XET in culture medium 
spent culture medium. ) X 100%. N.D., Not determined; -, not detectable 

extracellular XET might be better placed to loosen the wall; 
however, the correlation between cell elongation and accu- 
mulated extracellular XET activity per mL of medium was 
poor (Table I), and different cells in the same flask elongated 
at different rates. (For example, the line 10 stock culture 
contained the highest extracellular XET concentration, yet 
most of the cells in this culture were not elongating.) By way 
of explanation, we suggest that soluble XET in the medium 
may not have ready access to the inner, load-bearing (Rich- 
mond, 1983) zone of the cell wall. We propose that any XET 
molecule is able to cause wall loosening for only the short 
period during which it is passing through the inner portion 
of the wall on its way from the plasma membrane into the 
culture medium. If this is so, the rate of XET secretion per 
cell would be the most meaningful parameter to consider, in 
accord with its good correlation with elongation (Table I). 

Apparently in conflict with this interpretation, low rates of 
XET output per cell were also seen (Table I) in line 10 cultures 
that contained elongating (e.g. torpedo-shaped) embryoids 
(about 1.6 microunits cell-' d-' on d 10). However, since a 
torpedo-shaped embryoid is a large aggregate of small, 
closely packed cells surrounded by a cuticle, it would not be 
easy for XET molecules, secreted into the walls of interna1 
tissues, to escape into the medium. 

Very little XET was either accumulated in the cells or 
released into the medium during the formation of globular 
embryoids from PEMs. At this stage it is essential that the 
cells remain small and isodiametric (fail to elongate) for 
embryogenesis to proceed (Cordewener et al., 1991). After 6 
d, globular embryoids developed into heart, torpedo, and 
cotyledonary stages, during which there is a requirement for 
localized cell elongation and expansion (Schiavone and 
Cooke, 1985) and therefore presumably wall loosening. Dur- 
ing this stage, the specific activity of intracellular XET in- 
creased, suggesting a resumption of XET production, and 
some XET was also secreted into the medium. 

Recent work has shown that elongation in particular cell 
types in an embryogenic high-density suspension can be 
inhibited by a lowering of the medium pH to 4 (Smith and 
Krikorian, 1992). This pH would be expected to inhibit sub- 
stantially the activity of apoplastic XET (Fry et al., 1992b). 
However, although such high-density suspensions produce 

and secrete XET, they contain some cell types that do not 
elongate and remain small and isodiametric. This again is 
compatible with the idea that any XET molecule causes wall 
loosening only during its passage through the wall of the cell 
that secreted it. 
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