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A ItST t A c T 

'hnnIo.!:' Thun. 

flccted light microscopy, scanning electron microscop,, x-ray diffraction, and energy disper­

sive x-ray analysis. There are about 23 lands per ram on the lower leaf surface and none 

on the tipper surface. Each ,land ineaNurc. in and consis of four small secre-

Chalk secreting leaf glands of cipeii.%i were examined by polarized re­

20-30jim miiam 

tory cells surrounded by foir subsidiary cMI>. Seci ction of chalL i;apparnily throiL'li a ptrr 

in the surface of each secretory cell. 'the secreted material was crystalline and x-ray diffrac­

tion confirmed the presence of two minerals: calcite (('aCO.:) and nieq whonite (NIgCO., 

311,1). Energy dispersive x-ray analysis revealed the presence of manesium, silicon, phos­

phortus, sulftr, chlorine, potassium, and calcium in the epidetmal cells. IHowever, only cal­

ciurn and magnesium and traces of silicon were detected in the secreted material. A distrihu­

lion :,n1al anr1d gne1i tim to be tnifo ml', distrihtihctd through the secretL!ysis showed calcium n 

material.
 

TIlE FIRST .SC'RIPTION of chalk secretion by epi- glands, consisted of up to 20 cells. Glands dis­
dermal glands was by Mcttenius (1856) in the playing all stages of gradation in structure and 
flowering plant family Plumbaginaccae. lIe dc- chalk secretion between the two types of glands 
scribed variation in the chalk secretion by these were described. However, all glands secreted 
glands. Sonic species secreted blrge amounts and mucilage (Wilson, 1890). 
others little. Later workers described the struc- Schtscherback (1910), Ruhland (1915), and 
ture (if thc,,e glands and noted differences in Faber (1923) reported inorganic salt (sodium 
amount of secretion dependent upon environ- chloride) secretion by these glands. Thus, the 
mental as well as specific differences (Licopoli, term salt gland was used by these and subsequent 
1879, in Wilson, 1890; de Bary, 1884; Volkens, investigators (see review i.,Luttgc, 1971). Ap­
1884, in Wilsor., 1890; Maury, 1886; Vuillemin, parently, most of the later workers thought that 
1887; Wilson, 1890; de Fraine, 1916). Glands all of these secretory glands were functional salt 

which secreted chalk, termed chalk, Licopoli, or glands and no descriptions of chalk glands occur 

Mettenian (ilands, consisted of eight cells, while in literature since the early 1900's. However, in 

those without secreted chalk, termed mucilaginous the family Tamaricaceae, Tantarix r1 hylla is re­
ported to have glands which secrete potassium, 
calcium, and nagnesium, in addition to sodium 

Recciscd for publication 30 Apri! 1973. 
The autlhtr acknowledges support from NSF Grant chloride (Waiscl, 1961; Berry and Thomson, 
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energy dispersive x-ray analyzer. I thank NI. Mapes for 
critically reviewing the manuscript. Journal Series No. ciuni accounted for most of the cations present 
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Fig. 1-6. L.ight anti scanning electron micrographs of chalk-secreting leaf glands of Phiubago apen.is. 1.lRe­

flected light nmicrograph of lower leaf snface of yoLng leaf. Glands (g) are withoutt chalk secretion. x 175. 2.
 
StNt of young leaf gland with no secretion. Note the pore in each of the fou1r inner secretory cells. x 2000. 3.
 
SEM of leaf gland with sonie secretion. Note the rice grain-like appearance of some of the secretion. x 2000.
 

cover­4. SEN of leaf gland with secretion apparen'ly extding directly front the pores. x 2011)0. 5. Large secretion 

ing gland and soire adjacent cells. Note the rough appearance of the cuticle on tire epidermal cells of this mature
 
leaf. X500. 6. Reflected light (a) and polarized, with crossed polars, reflected light Ib) micrographs of lower leaf
 
stirface of mattre leaf. The secretions of two of tile
three glands appear to refract more light in areas over tile 

glands and at the edges of the secretions. X 175. 
94 
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crystalline calcium carbonate (calcite) and hy­
drated magnesium carbonate (ncsquehonite) by 

" . leaf glands. 

MATERIALS AND Mt:'tt-os-Leaf samples of 
Phimbago capensis Thnnb. were collected Ircr,o 

r plants grown as ornamentals on the University of 
Hawaii Manoa campus. 'I lie soil, of the Makiki 
series, a fine, Mixed. iSohypt.rtlermic, Andic Ustic 
Htumitropcpt of the Low-liumic Latosols was 

DEGREES 20 	 supl~cnentcd with t ycarly ap)licationi of bal­
anced fertilizer. For li 'hl micro-,copy, fresh ma­
terial was viewed tnd ploh)trapled with a Zeiss 
Petrographic microscope cqtuipped with a:Plhoto­

0 -LEAF 	 micrographic Canera I. For scaningiq ccl rtr 
-0EPo~n 	 microscopy, fresh material was viewed md photo­

graphed with a Camubri de Steroscan S-4 opLraled
at 5 or 10 kv, usin- Polaroid 55 P/N film. For 
energy dispersive x.-ray analys.is the samc scan­
fning electron microscop, operated at 10 kv, was 

U equipped with a Nuclear l)iodes li )AX 707 

Z" energy dispersive x-ray analyzer. Ml4aterial was
I examined fresh or freeze dried by iimcrsion in 

freon-22 in a liquid nilrofgcn bath followed 1)y 

I i oFreezc-Drycr. Thefrcuc, dricd material was car-
Ji bon coated by vacuum1 evaporation in at Denton 

40vacutim sublmaion inoVhl01000Autimaic 
as_ _.tion . analysis, secreted material was collected from 

________=_leaves, air dried, and analyzed with a Norelco X­0 t o 30 ,14 ray (tiffracto ncter equipped with ai fine-focusing,
X-RAY ENERGY (key) high intensity copper x-ray tube, focusing graphite 

FigXraydifratogam7,R. . f laf lan ece-monochrometer, scintillation counter, Pulse height 
Fig. 7, 8. 7. X-ray diffractogram of Icaf gland seere- analyzer, and curved, aulofocusing specimen 

tions of Pi hm o calenis. The 100 and 80 intensity 
6.50 A and 3.86 A, re- holder.peaks for nsqtulionite occur at 

spectively. The (100intensity peak for magncsium-sub­
stituted calcite is at 2.99 A. B. Energy dispersive x-ray OISERVATIONS-Lqht and scanning electron 
spectrograph of leaf gland secretions of PlumbagoCapet- microscopy-The leaf glands of Phlmlbago capen­
si.s. The solid lim shows the nulmber of counts for cle- sis occur abundantly on the undersides of leaves 
ments (Ka) in epilernmal Lells shown in Fig. 9. The (Fig. I ). The average number of glands is 23 per 
dotted line shows the number of counts for elements in (50 counts). Each gland il surface view 
the deposit slhimi in Fig. 9. Values are qualitative and ram (.n 
are not cormected for background, fluorescence, or ad- usually consists of four snall secretory cells stir­
sorption. Aluminun and silver are from specimen stub rounded by four subsidiary cells (Fig. 2 ). Glands 
and silver conlduiclinig adhesive, with three secretory and three subsidiary cells also 

occur, although infrequently. The glands are level 

According to Wilson (1890), two genera with with the surface of the leaf and measure 20-30,m 
very active chalk glands were Plmbago and in dian. They are probably equivalent to the 
.Limuniastrut,. Neither of these genera have since chalk, Mettenian, or Licopoli glands described by 
been studied. This paper describes studies of early workers (Mettenius, 1856; Licopoli, 1879, 
Phnbago capensis which illustrate secretions of in Wilson, 1890; de Bary, 1884; Volkens, 1884, in 

Fig. 9-11. SENI and energy dispersive x-ray elemental distribution pattern of leaf glands and secretions of 
Punmbago capen.sis. 9. Normal secondary electron imnage (a) and cathode luminescence mode inmage (b) of the 
lower surface of mature, fresh leaf. 'The secretions apparently absorb electrons and emit light in the visible spec­
trum; therefore, they appear white in the cathode luminescence mode (b). Area and deposit scned for elements 
shown in Fig. 8 are indicated by the brackets and x, respectively. X 200. 10. Secondary electron inage (at and 
distribution pattern (b) of calcium (Ka,, 3.64-3.74 keV) for mature chalk deposit from freee dried, carbon 
coaled leaf material. X 1000. 11, Secondary electron image (a) and distribution pattern (b) of magnesium (Ka, 
1.20-1.30 keV) for immature chalk deposit from fresh uncoated leaf material. X 2t000t). 

http:1.20-1.30
http:3.64-3.74
http:analys.is
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Wilson, 1890; Maury, 1886; Vuillemin, 1887; de 
Fraine, 1916). According to Wilson (1890) chalk 
glands were characterized by having a "glandular 
cap being divided into four by cross walls evi-
dently continuous throughout its entire depth, and 

also having an inner circular division" forming 
eight cells. 

Each of the secretory cells has a depression on 
its surface (Fig. 2). These apparently correspond 
to the pores described in salt glands (Arisz et al., 
1955) as the; site of secretion. In Statice the 
method of discharge is by simple exudation with-
out rupture of the cell membrane (Wilson, 1890). 
In P. capensi.s initial deposits which are probably 
exuded from the pores occur near the penphery 
of the gland and subsequently solidify on the SL --
face of the subsidiary cells (Fig. 3). The initial 
secretions have a rice grain-like appearance, mea-
suring about 2.5 by 1.01,m. Secreted material may 
also occur over adjacent epidermal cells (Fig. 3), 
although, it is not likely that these cells secrete 
any material resting on them (in agreement with 
Wilson, 1890). 

Subsequent secretions remain primarily over 
the pores of the secretory cells. The build-up of 
secreted material is apparently rapid and few 
glands were observed with only moderate secre-
tion, as in Fig. 4. The bulk of the secretion ac-

somecumulates direcly over the pores, with 
spreading to the subsidiary cells. Secretion of 
materal continues, and the entire gland and ad-
jacent epidermal cells are covered by the chalk 
deposit (lig. 5, 9). These large deposits are easily 
visible witlh the ulided eye. With reflected light 
microscopy the deposits appear dense over the 
glands (Fig. 6a:). In polarized reflected light with 
crossed polars the deposits appear to refract more 

nearlight directly over the glands and in areas 
the edges of the deposits (Fig. 6b), indicating 
that these areas are more crystalline. 

X-ray difracution-Becauseof the apparent crys-
talline nature of the deposits, samples were ana-
lyzed by x-ray diffraction (Fig. 7). Values of 20 
and corresponding d-spacings confirmed the pres-
ence of two crystallir-_ minerals: calcium carbon-
ate (CaCO:. calcite) and magnesium carbonate 
(MgCO;," 311.(0, nesquehonitc) (Chave, 1952; 
.ASTM File 1-0130, 1960). The d-spacing of 2.99 
A for the 100 intensity peak of calcite, instead of 
the normal 3.04 A d-spacing (ASTM File 5-0586. 
1960) is caused by a large amount of Mg sub-

lattice of calcite.stitution for Ca in the crystal 
According to Chave (1952), approximately 15 % 
by weight of the calcite must be MgCO:, for a d- 
spacing of 2.99 A. He suggested that a solid solu-
tion existed between calcite, CaCO:, and dolo-

mite, CaMg (CO,,) 2. However, no evidence of 
dolomite (2.89 A, 100 intensity peak) could be 
found in the PIlmhgo deposits; instead nesque-
honite (MgCO3" 31-I.O) was found (Fig. 7). 

This is the first report of the biological secretion 
of nesquehonite. Its discovery in association with 
Mg-substituted calcite suggests that there is only 
a partial solid solution between calcite and dolo­
mite. 

Scanning electron microscolpy and energy-dis­
persive x-ray analysis-Analysisof epidernial cells 
and deposits shown in Fig. 9a with energy dis­
persive x-ray analysis revealed the presence of 
significant amounts of magnesium, silicon, phos­
phorus, sulfur, chlorine, pota:sium, and calcium 
(Fig. 8). Hydrngen, carbon, oxygen, and ni­
trogen cannot be routinely detected by energy­
dispersive x-ray spectro,,copy because only ele­
ments of the atomic number of sodium or greater 
release sufficient x-ray', (Elad ct al., unpublished 
paper; Frankel and A.itken, 1970). Analysis of 
the single deposit in Fig. 9b (arrow) revealed 
the presence of large amounts of calcium and mag­
nesium and only a trace of silicon (Fig. 8). 

Since calcium and magnesium were present in 
the deposit, a distribution analysis was performed 
on these elements. Calcium occurred uniformly 

The dis­throughout the deposit (Fig. 10a, b). 
tribution of maLnesiurn was similar (Fig. Ila, b). 
'[here appeared to be no variation in the distribu­
tion of these elements in fresh young (Fig. II) or 
freeze-dried old (Fig. 10) deposits. Careful 
matching of the distribution pattern for calcium 
and magnesium with the secondary electron scan­
ning electron micrographs showed the presence of 
these elements in the rice grain-like secredons. 

DiscussioN-Recently it was suggested that 
chalk glands do not exist and that all described 
chalk glands were functional salt glands. Helder 
(1956) felt that calcium bicarbonate in the salt 
gland solution was responsible for the early de­
scriptions of chalk glands and Berry and Thom­
son (1967) thought that calcium and magnesium 
present in secretions of salt glands gave some 
support to the early descriptions of chalk glands. 
Apparently, most later workers ignored the report 
by Marloth (1887. in Arnott and PautarJ, 1970) 
that deposits on leaves of Tainarix were 51 % 

re­calcium carbonate. However, Berry (1970) 
ported that Mr and Ca accounted for most of 
the cations and that HCOi comnrised 80 % of the 
anions present in salts secreted by glands of 
Tamarix aphylla. 

No observations were made of Plmbago capen­
sis growing in its native habitat (South Africa). 
However, it is obvious that under the conditions 
in which the plant was observed in this study, the 
leaf glands function primarily in chalk secretion. 
In all probability chalk glands and salt glands are 

not separate secretory structures. Wilson (1890) 
has described a gradation in structure in the family 
Plumbaginaceae from typical eight-celled chalk 
glands to typical 12- to 20-celled mucilaginous 
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Wilson, 1890; Maury, 1886; Vuillemin, 1887; de 
Fraine, 1916). According to Wilson (1890) chalk 
glands were characterized by having a "glandular 
cap being divided into four by cross walls evi-
dently continuous throughout its entire depth, and 
also having an inner circular division" forming
eight cells. 

Each of the secretory cells has a depression on 
its surface (Fig. 2). Thcse apparently correspond 
to the pores described insalt glands (Arisz et al.,
1955) as the site of secretion. In Statice the 
method of discharge is by simple exudation with-
out rupture of the cell membrane (Wilson, 1890).
In P. capensi.A initial deposits which are probably 
exuded from the pores occur near the periphery
of the gland and subsequently solidify on the sur-
face of the subsidiary cells (Fig. 3). The initial 
secretions have a rice grain-like appearance, nea-
suring about 2.5 by 1.0psr. Secreted material may
also occur over adjacent epidermal cells (Fig. 3), 
although, it is not likely that these cells secrete 
any material resting on them (in agreement with 
Wilson, 1890). 

Subsequent secretions remain primarily over 
the pores of the secretory cells. The build-up of 
secreted material is apparently rapid and few 
glands were observed with only moderate secre-
tion, as in Fiv 4. The bulk of the secretion ac-
cumulates directly over the pores, with some 
spreading to tihe subsidiary cells. Secretion of 
material continues, and the entire gland and ad-
jacent epidermal cells are covered by the chalk 
deposit (l ip. 5, 9). These large deposits are easily 
visible witl the unaided eye. With reflected light
microscopy Ire deposits appear dense over the 
glands (Fig. 6a ). In polarized reflected light with 
crossed plmhrs the deposits appear to refract more 
light directly over the glands and in areas near 
the edges of the deposits (Fig'. 6b), indicating
that these areas are wore crystalline. 

,'-ray di[racii'n-ll-BcaIseof the apparent crys-
talline naltie (if the deposits, samples were ana-
lyzed by x-ray diffraction (Fig. 7). Values of 20 
and corresponding d-spacings confirmed the pres-
ence of two Llvstalline minerals: calcium carbon-
ate (CaC ). calcite) and magnesium carbonate 
(MgCO:; 311.(), nesquehonite) (Crve, 1952;
.ASTM File 1-0130, 1960). 1he (-spacing of 2.99 
A for the IWO1intensity peak of calcite, instead of 
the normal 3,t04 A d-spacing (AS'iM File 5-0586. 
1960) is caused by a large amount of Mg sub-
stitution for Ca in the crystal lattice of calcite. 
According to Chave (1952 ), approximately 15 ;
by weight of the calcite must be MgCO:, for ; d-
spacing of 2.99 A. He suggestcd that a solid ,;olu-
tion existed between calcite. ('aCO::, and dolo-
mite, CaMg (CO;):.. However, no evidence of 
dolomite (2 89 A, 100 intensity peak) could be 
found in the I'lwnhago deposits; instead nesque-
honite (MgCO;i 3H.,O) was found (Fig. 7). 

This is the first report of the biological secretion
 
of nesquehonite. Its discovery in association with
 
Mg-substituted calcite suggests that there is only
 
a partial solid solution between calcite and dolo­
mite.
 

Scanning electron inicroscopy and energy-dis­
persive x-ray analysis-Analysisof epidermal cells 
and deposits shown in Fig. 9a with energy dis­
persive x-ray analysis revealed the presence o(
signifit.ant amounts of magnesium, silicon, phos­
phorus, sulfur, chlorine, potassium, and calcium 
(Fig. 8). Hydrngcn, carbon, oxygen, and ni­
trogen cannot be routinely detected by energy­
dispersive x-ray spectroscopy because only cle­
ments of the atomic number of sodium or greater
release sufficient x-rays (Elad ct al., unpublished 
paper; Frankel and Aitken, 1970). Analysis of 
the single deposit in Fig. 9b (arrow) revealed 
the presence of large amounts of calcium and nag­
nesium and only a trace of silicon (Fig. 8).

Since calcium and magnesium were present in 
the deposit, a distribution analysis was performed 
on these elements. Calcium occurred uniformly
throughout the deposit (Fig. 10a, b). The dis­
tribution of magnesium was similar (Fig. I ia, b).
There appeared to be no variation in the distribu­
tion of these elements in fresh young (Fig. I I)or 
freeze-dried old (Fig. 10) deposits. Careful 
matching of the distribution pattern for calcium 
and magnesium with the secondary electron scan­
ning electron micrographs showed the presence of 
these elements in the rice gran-like secretions. 

DiscussIoN-Recently it was suggested that 
chalk glands do not exist and that all described 
chalk glands were functional salt glands. Helder 
(1956) felt that calcium bicarbonate in the salt 
gland solution was responsible for the early de­
scriptions of chalk glands and Berry and Thom­
son (1967) thought that calcium and magnesium 
present in secretions of salt glands gave some 
support to the early descriptions of chalk glands.
Apparently, most later workers ignored the report
by Marloth (1887, in Arnott and Pautard, 1970)
that deposits on leaves of Twnarix were 51 % 
calcium carbonate. However, Berry (1970) re­
ported that Mg and Ca accounted for most of 
the cations and that HCO: comprised 80 % of the 
anions present in salts secreted by glands of 
Tamarix aphylla. 

No observations were made of Plumbago capen­
sis growing in its native habitat (South Africa).
However, it is obvious that under the conditions 
in which the plant was observed in this study, the 
leaf glands function primarily in chalk secretion. 
In all probability chalk glands and salt glands are 
not separate secretory structures. Wilson (1890)
has described a gradation in structure in the family
Plumbaginaceac front typical eight-celled chalk 
glands to typical 12- to 20-celled nmucilaginous 


