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Abstract: To examine the regulatory mechanism of leaf closure in the insectivorous plant
Venus flytrap, light and electron microscope studies on the distribution of motor cells, the ul-
trastructure of those cells, and the intra- and extracellular movement of various ions during
leaf closure were performed in a specified region near the midrib at the middle of the blade.
Light microscope observation revealed that one or two well-arrayed hypodermal cell layers
were present beneath the epidermis. In hypodermal and epidermal cells, during leaf closure,
the cell volume measured by the montage method decreased significantly on the adaxial side
and increased significantly on the abaxial side, indicating their major contribution as motor
cells to leaf closure. Electron microscope observation showed that motor cells of hypodermal
and epidermal cell layers contained electron-dense materials located along the inner surface
of tonoplasts. On the adaxial side, electron-dense materials found as flattened sheets changed
shape to numerous small globules during leaf closure. An inverse change in electron-dense ma-
terials in the structure was found on the abaxial side. Since the structural change of electron-
dense materials is correlated with the volume change of motor cells during leaf closure, they
may play a significant role turgor variation in those cells. Quantitative X-ray microanalysis of
cryosections showed that, during leaf closure, the concentration of K decreased significantly in
the vacuolar electron-dense material, vacuolar lumen, and cell walls on the adaxial side, while
it increased on the abaxial side. In the blade region near the midrib, K ions released from the
vacuolar electron-dense material in the adaxial cells may cause the movement of water to the
abaxial region, and eventually turgor movement by the swelling of abaxial motor cells. The
reciprocal Ca movement between adaxial and abaxial motor cells during leaf closure indicates
the possible role of Ca ions in regulating the turgor pressure.

Keywords: seismonastic leaf closure, Venus flytrap, cell volume change, vacuolar electron-
dense material, ion movement, quantitative X-ray microanalysis
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Fig.1. Light microsope images of a Venus flytrap leaf,
cut transversely near the midrib at leaf opening state. A.
Low magnification view, showing adaxial side in upper
part and abaxial side in lower part. B. Enlarged view of
adaxial side, showing epidermal (Ad I ) and hypodermal
(Ad T ) cell layers. C. Enlarged view of abaxial side,
showing epidermal (Ab I ) and hypodermal (Ab IT , Ab IIT )
cell layers. Note secretory glands localized on the surface
of adaxial epidermis. Scale bar, 200 tm (A) and 100 pm (B,
0.
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Table 1. Cross-sectional areas of epidermal and hypodermal cells in leaf central regions near the midrib at opening and

closing states of Venus flytrap leaves

Cell layers Opening state (um?) Closing state (um?) siéﬁ&fgafce
Adaxial 1 1,675.5+ 685.6 (n=93) 1,413.2+641.1 (n=94) <0.01
Adaxial 1I 2,048.5+1,307.9 (n=104) 1,455.8 £ 797.5 (n=102) <0.01
Abaxial 1T 1,217.0+ 718.3 (n=96) 1,409.3 £ 666.2 (n =92) <0.05
Abaxial 1I 748.7+ 386.6 (n=99) 874.3 + 388.4 (n=101) <0.05
Abaxial 1 806.5+ 4476 (n=91) 935.3+678.7 (n=90) > 0.05

Values are mean + SD.



Fig.2. Electron microscope images of Venus flytrap leaves,
showing epidermal and hypodermal cell layers. A and B.
Cross-sectional view of adaxial side in leaf opening state
(A) and closing state (B). C and D. Cross-sectional view of
abaxial side in leaf opening state (C) and leaf closing state
(D). EC: extracellular space, E: epidermis, SG: secretory
gland. Scale bars, 10 um (A-D).

Fig.3. Electron microscope images of hypodermal cells in
Venus flytrap leaves. A and B. Cells of adaxial side (Ad 1 )
in leaf opening state (A) and closing state (B). C and D.
Cells of abaxial side (Ab II ) in leaf opening state (C) and
leaf closing state (D). Note the inverse structural change
of vacuolar electron-dense materials (arrow heads) local-
izing along the inner surface of tonoplast between adaxial
and abaxial sides in addition to the leaf opening and clos-
ing states. Scale bars, 2 um (A-D).
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Fig. 4. Light microscope images of transverse sections,
cut manually from living Venus flytrap leaves at leaf clos-
ing state, showing a part of leaves near the midrib. Left
and right indicate adaxial and abaxial sides, respectively.
A. Cross-sectional view before cytochemical FeSO4 stain-
ing. B. Cross-sectional view after 2 hr from cytochemical
FeSO4 staining, showing structures well stained with
FeS04 in epidermal and hypodermal cells. Scale bar, 0.5
mm.
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Fig. 5. Cryosection images of Venus flytrap leaves, show-
ing abaxial hypodermal cells (Ab 1I ) in leaf opening state
(A) and leaf closing state (B). X-ray maicroanalyses are
performed at points of the electron-dense material ( @ ),
the vacuole lumen ( V') and the cell wall ( ). Scale bars,
2 um (A, B).
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Fig. 6. Examples of X-ray spectra obtained from the vacu-
olar electron-dense material found in the adaxial motor
cells of Venus flytrap, at the leaf opening state (A) and
the leaf closing state (B). Labels indicate spectral peaks of
respective element-line emission. The ordinate gives the
number of X-ray events, and the abscissa shows the X-ray
energy in keV (range 0.90~ 4.20 keV).
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Table 2. Concentrations of various elements in the electron-dense structure in vacuole, the vacuole and the cell wall of epi-
dermal and hypodermal cells in leaf central regions near the midrib at opening and closing states of Venus flytrap leaves

Insectivo- Concentration (mmol/kg dry wt.)
l]c'ous Element Electron-dense Vacuole Cell wall
eaves structure
Open Close Open Close Open Close
(13) (12) (13) (12) (12) (12)
Adaxial Ca 43.0 21.8 9.7 18.8 68.7 26.5
cell K 118.2 52.1 35.0 20.2 177.5 26.3
Cl 22.3 21.2 9.7 8.5 18.3 11.6
Na 84.2 268.3 17.1 89.0 102.8 120.5
Open Close Open Close Open Close
(16) (16) (13) (14) 17 (13)
Abaxial Ca 21.0 11.1 7.8 4.3 28.3 13.0
cell K 25.3 43.7 12.4 15.3 22.9 47.4
Cl 15.4 29.9 9.0 10.5 20.4 19.9
Na 62.4 49.6 25.3 21.2 83.2 88.6

Values are mean of examples. Numbers of X-ray microanalyses are indicated in parenthesis.
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abaxial side

adaxial side

Fig. 7. Diagram showing the ion movement and water in
the motor cells of Venus flytrap leaf at the leaf closure. As
a result of movement, shrinkage is caused in adaxial cells
and swelling is caused in abaxial cells. Dark granules and
flattened sheets along the inner surface of tonoplast indi-
cate electron-dense materials.
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