Succulence and CAM relationships in Aeonium genus
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Abstract. The CAM has been tested in six species of the Aeonium genus by studying
the diurnal fluctuation of organic acids, pH and night fixation of CO,. The existence
of a mesophyll structure able to support this metabolism has been shown as well as a
congruent periodicity in the pool of cell starch.

We have calculated the S, ES and Sm indices in the six species. A series of regression
equations of different grades and types were calculated and shown to have correlation
coefficients statistically significant. This allows us to confirm the suitability of the Sm
index as a rapid test to establish the CAM as postulated by former authors.

Resumen. Se ha comprobado el CAM en seis especies del género Aeonium, mediante
el estudio de las fluctuaciones diurnas del acervo de acidos organicos, de las oscilaciones
periddicas de pH y de la captura nocturna de CO, , al mismo tiempo que se ha verificado
en ellas le existencia de una estructura del mesofilo capaz de soportar este metabolismo
y una periodicidad congruente en el acervo de almiddn celular.

Se han calculado asimismo los indices S, ES y Sm de especimenes de las seis especies
v se ha podido establecer una serie de ecuaciones de regresién de distinto tipo y grado,
a unos niveles de significacion, que permiten postular, en el citado material, la idoneidad
del indice Sm como prueba répida del metabolismo acido de las crasulaceas, confirmando
de este modo las teorias de los primeros autores.

Introduction

The determination of CAM in different plant species has been made according
to various physical, biochemical, enzymatic, physiological and morphological
criteria, among which we could mention dark CO, fixation, nocturnal acidi-
fication, 8'3C values, dark malate synthesis, diurnal carbohydrate fluctuation,
enzyme assays, dark stomatal opening, deuterium content (8D values) and
succulence.

As far as succulence is concerned there exists non-succulent plants which
show CAM [6, 7, 16, 11, 15, 17] and succulent plants which do not show
it [12]. According to Kluge and Ting [12] the succulent plants which do not
show an assimilatory storing water tissue have to be considered as non-CAM
plants, since only the succulent plants which have the sources, the storing
areas and the acid sinks in the same cells can perform the whole of the
CAM pathway. Having those facts in view, anatomical studies of succulent
plants were needed as the first approach to show the existence of this
metabolism.
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The aim of the present paper is to determine the relationships between
the succulence structure and CAM.

Material and methods

The research was performed on six species of the Aeonium genus (Crassulaceae
family) not included until now in the list of CAM species [2, 30, 29], but
which presumably could show the character because they belong to such a
family and that one species of this genus (4. havorthii) is already known as
CAM plant [19].

The chosen species were A. canariense (L.) Webb et Berth., A. urbicum
(Chr. Sm. ex Buch) Webb et Berth., 4. lindleyi Webb et Berth., 4. tabulae-
forme (Haw) Webb et Bert., A. spathulatum (Homem.) Praeger and A.
ciliatum (Willd) Webb et Berth. The last one in the list was already studied
with regard to the §'3C and 8D values [35].

The plants were cultivated in pots containing a natural substratum main-
tained at Y3y (soil water potential) of approximately — 1 bar, by controlled
irrigation through a Czeratzki tensiometer. They were placed, in spring, in
natural environments (relative humidity variable between 35 and 85%,
minimum mean night temperature of 13.5 °C, maximum mean day tempera-
ture of 30 °C and maximum mean irradiance of 41 Wm™2.

1. Determination of CAM

Twice a day (9am. and 7p.m.) three samples in similar position on the
plant, were taken from each species for the following determinations: pH
measurements at 0.01 unit, rates of dark CO, uptake in confined environ-
ment through variations of the NaHCO; 5x 107 N buffer system [24]
in 300cm?® flasks and acid titrations to a pH 7.00 end point [9, 31] with
0.01 N NaOH (data expressed as peg/g fresh weight). The pH end point
used is halfway between the most habitual in the bibliography [27, 3, 5,
14, 13, 26, 33, 22]. The mean values (n = 6) of the three samples are pre-
sented in this paper, except for regressions calculations where all the values
were used in order to obtain more degrees of freedom (n = 18).

2. Succulence evaluation

Succulence was evaluated by the following indices: surface expansion (ES)
[32], degree of succulence (S) [8] and mesophyll succulence (Sm) [12].
A variable number of basal leaves according to the foliar size of the specimens
were used for each determination of succulence. The foliar surfaces were
determined by weighing outlines of millimeter paper and application of
spatial geometrical factors of correction determined by the differences
between the weighing of the leaves after water spraying and keeping in
darkness for 24 hours at 4°C and their weights after drying 24 hours at
105°C. The chlorophyll content was obtained by the method of Richards
and Thompson [23].
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Figure 1. Diurnal fluctuations of organic acids (white areas), acidity at 7 p.m. (shaded
areas) and acidity at 9a.m. (total areas) in a: A. canariense, b: A. ciliatum, c: A. urbi-
cum, d:.A. lindleyi, e: A. tabulaeforme and f: A. spathulatum.

3. Cell structure determination

Leaves of the different species were fixed according to the usual techniques
of light microscopy (fixation with FAA, inclusion in paraffin and dyeing
with safranin-fast green). Starch fluctuations were observed in samples
taken at sunset and sunrise and stained with potassium iodide-iodine (IKT),
contrasting with fast green.,

Results and discussion
a) Diurnal fluctuation of organic acids and of pH

All the species showed a nocturnal increase in acidity (Fig. 1) with values
of 53.21 (A. canariense), 3336 (A. ciliatum), 98.94 (A. urbicum), 9333
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Figure 2. pH increment (shaded areas), values of pH at 7 p.m. (total areas) and values
of pH at 9a.m. (white areas) in the six species.

(A. lindleyi), 20.24 (A. tabulaeforme) and 49.19ueg/g fresh weight (A.
spathulatumy). These values are not as high as the ones obtained by Heyne
(10) and many others, probably by the low pH end point used, but they
are in the rank established by Milburn et al. [18] and they agree with the
data found in other species of the same family which manifest CAM [27].

In accordance with the acid fluctuation, pH oscillations were observed
in the cell extracts (Fig. 2). The positive correlation between the pH fluc-
tuations and the diurnal oscillations of titratable acidity is statistically sig-
nificant at 0.05 level (r = 0.68) in spite of the different vacuole magnitude
of the involved cells and their different buffering capacity.

b) Dark CO, uptake.

In all the species, a dark CO, uptake was detected (Fig. 3). Its amplitude
was not comparable to that showed in Agave [20], in Prenia and Semper-
vivum [1] and in pineapple [19, 25]. But our measurements were made
in hermetic flasks of limited volume, and so the CO, fixation by the leaves
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Figure 3. Night CO, uptake in confined environment in the different species of Aeonium
genus.

quickly reduced the gas concentration in the chamber resulting in an under-
estimation of the dark CO, fixation.

¢) Mesophyll structure.

As with former studies [4] all the species investigated showed a unique
type of photosynthetic parenchyma with cells possessing a big central vacuole
surrounded by a thin layer of cytoplasm containing the metaplasmatic
structures (Plate 1-A), without showing in any circumstance a differentiation
in assimilatory water storing parenchyma. A considerable difference in
starch content was observed between samples at sunset and sunrise (Plate
1-B and 1-C). It is known that there is an inverse relationship between the
acid synthesis and the storage of starch and other carbohydrates [34, 21,
28] . We can conclude that the six studied species, at least under our testing
conditions, showed the CAM character.
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Table 1. Indices values: surface expansion (ES), degree of succulence (S) and meso-
phyll succulence (Sm) in the various species of Aeonium genus

a b c d e f
ES (cm?/g) 5.86 6.72 9.39 5.63 11.83 34.17
S (g/dm?) 17.46 14.15 1040 18.24 8.75 3.20
Sm (g/mg chl) 12.42 8.98 6.34 21.74 14.83 1.43

d) Succulence indices

The value obtained for the S, ES and Sm indices are given in Table 1.

The S index showed negative and significant correlations at 0.05 level
with the Es index (Appendix 1°), in all tested adjustment functions (linear
and curvilinear). This is not strange since S and ES supply almost identical
information about the system.

The Sm index showed positive correlations with the S index, and negative
ones with the ES index, at 0.05 significance level. From this fact it foliows
that although the Sm index is involved in a certain way with the other two,
it exhibits a distinct information about the system. This information is not
restricted to the presence or absence of succulence.

On the other hand, Sm, S or ES are double regressive functions of the
other two (significant double linear correlation at 0.05 level) but the signifi-
cance level of Sm equation is inferior to the S and ES ones (Appendix 2 °).
This fact may confirm the different purpose of the Sm and the other indices.

The acidity at 7 pam. is negatively correlated with Sm for all tested func-
tions (Appendix 3 °). For the acidity at 9a.m. the parabolic and the cubic
function, and for the increment of nocturnal acidity, only the cubic adjust-
ment are significant. For pH values at 7 p.m. and 9 aum. the cubic function
is significant, and for pH oscillations all the tested adjustment equations
exceed the 0.05 level. For this reason it is possible to deduce that the Sm
index shows a major adjustment with acidity at 7p.m. and with CO, dark
uptake.

This is reinforced by the following facts:

a) Sm index can be expressed validly as a simple regressive function of
CO, dark uptake and as a double linear function of this parameter and either
of the other two.

b) Sm index is a less significant linear function of pH increment.

¢) Sm index is a less significant double linear function of pH fluctuations
and acidity oscillations.

d) Sm index is not a significant simple function of the organic acids
increment.

In this respect we can not forget that CO, dark uptake is, among the three
parameters, the best connected with the CAM, since it is possible to observe
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daily acidity fluctuations in C; plants similar to the ones obtained in the
CAM plants [22].

The triple correlation of the Sm index with the three considered para-
meters.

Sm = —0.11ueg/g fresh wt+ 5.86 ApH + 9.05mgCO,/dm? +1.00 is
significant at 0.001 level (r = 0.89); for this fact we can affirm that the Sm
index is a valuable quick criterion to establish the CAM character, although it
is evident that the whole guarantee of diagnosis will only be obtained with
the maximum number of individual criteria.

For the former equation it is implied that an ideal non-CAM plant, in
which the three parameters are assumed equal to zero, Sm = 1.00 will be
verified, which agrees with the obtained values (12) in scveral non-CAM
and CAM species, which give a mean Sm value of 0.59 (n = 9) for the former
and Sm = 4.68 (n=7) for the latter ones, with respective maximums and
minimums of 1.25 and 0.346 (non-CAM) and of 13.00 and 1.34 (CAM).

Therefore, for the six studied species of the Aeonium genus which proved
to show CAM, the Sm index, with a mean value of Sm = 10.96, Sm maxi-
mum = 21.74 and Sm minimum = 1.43, comes to be a valid test, which
shows a greater information quantity for this purpose than the S and ES
indices, which makes evident the greater diagnosis importance of the noc-
turnal gaseous exchange than the acidity fluctuations one and which charac-
terizes the acid metabolism of the Crassulaceae. This result can be applied,
perhaps, to other genus and species, because of its special significance level.
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Appendix

1°. — Significant reciprocal equations (linear, exponential, logarithmic, power, parabolic
and cubic curves) and correlation coefficients (1) of the S, ES and Sm indices.

equation r D
— S index:
=~ 046 ES +17.61 —0.87 16
S =21.07 ¢ 0-06ES —0.97 16
S == —8.03 InES + 30.29 —0.95 16
S = 90.92 E§-°** —1.00 16
S=0.05ES?* —2.32ES + 28.96 —0.98 15
S=—4.19X107® ES® + 0.26 E§? — 5.07 ES + 38.73 —0.99 14
S = 0.60 Sm + 5.26 0.77 16
S =5.02g%75m 0.73 16
§$=4.86 InSm + 1.75 0.81 16
S=2.96 Sm*®%® 0.89 16
S=—0.038Sm? + 1.20Sm + 2.89 0.79 15
S=0.01Sm*®—0.36Sm? +4.28 Sm —2.68 0.87 14
— ES index:
ES=—1.688+32.46 —0.87 16
ES = 38,10 ¢"0'118 —0.95 16
ES = —16.45 InS + 50.90 —0.97 16
ES = 113,77 §7':%% —1.00 16
ES=0.20S? —6.06 S + 51.09 —0.99 15
ES=—0.018%+0.64S5%—10.02S8 +60.18 —1.00 14
ES=—1.07 Sm + 23.96 —0.69 16
ES = 20.41 ~0-07Sm —0.71 16
ES =—10.29 InSm + 34.04 —0.90 16
ES = 3591 Sm™®-%2 —0.87 16
ES =0.13 Sm? — 4.01 Sm + 35.81 —0.88 15
ES=—002S8m? + 0.86 Sm?* — 10.68 Sm + 47.78 —0.99 14
— Sm index:
Sm=0.918~0.03 0.74 16
Sm = 1,60 ¢ 148 0.81 16
Sm=17.991nS — 7.81 0.73 16
Sm=0.38 §*3 0.88 16
Sm=0.01S*+0.735+0.73 0.74 15
Sm=0.058°—1578?% + 15.03 S —32.06 0.92 14
Sm=—0.44 ES + 16.38 —0.69 16
Sm = 21.69 ¢~0-03ES —0.90 16
Sm = —7.34 InES + 27.63 —{0.71 16
Sm = 136,17 ES~*-%3 —0.87 16
Sm=001ES8? —0.89ES + 19.12 —{.69 15
Sm=0.02 E$* + 0.97 ES® —13.21 ES + 62.77 —0.79 14
2°, — Significant double linear equations and correlation coefficients of the three

indices in function of the other two.

$=0.21 Sm —0.36 ES + 14.14 0.89 15
ES=— 1558 —0.14 Sm + 32.46 0.88 15
Sm=0.728S—-0.11ES +3.61 0.74 1§

3°. — Significant reciprocal equations (linear, exponential, logarithmic, power, parabolic
and cubic curves) and correlation coefficients between Sm index and acidity and pH
oscillations and dark CO, uptake in confined environment.
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— Acidity at 7 p.m.

peq/g Fwt,, = —1.43 Sm + 29.66 —0.89 16
uea/g Fwt,, = 38.62 ¢0-125m —0.96 16
ueq/g Fwt,, = —11.58 InSm + 38.45 —0.98 16
ueq/g Fwt,, = 59.07 Sm™-3* —0.89 16
peq/g Fwt,, = 0.08 Sm? —3.40 Sm + 37.56 —0.96 15
peq/g Fwt,, = —0.01 Sm® + 0.26 Sm? —4.94 Sm + 40.74 —0.98 14
— Acidity at 9 a.m.:
weq/g Fwt, = 0.36 Sm? —9.18 Sm + 114.10 —0.57 15
ueq/g Fwt, = 0.08 Sm® —2.51 Sm? + 16.81 Sm + 67.48 —0.81 14
— Increment of nocturnal acidity:
Apeq/g Fwt = 0.09 Sm® — 2.83 Sm? + 22.34 Sm + 26.09 0.79 14
—pH at 7p.m.:
pH,, =6.60X10™* Sm*® —0.02Sm?* + 0.17 Sm + 5.52 0.54 14
—pHat%am.:
pH, =—7.14X107* Sm? + 0.03 Sm2 — 0.33 Sm + 5.09 —0.57 14
— Nocturnal increment of pH:
ApH = 0.02 Sm + 1.29 0.47 16
ApH = 1.29 ¢ *?Sm 0.52 16
ApH = 0.29 InSm + 1.09 0.57 16
ApH = 1.06 Sm °-%! 0.66 16
ApH=-—8.84X10"* Sm? + 0.05 Sm + 1.27 048 15
ApH =1.54 X10"% Sm * — 0.05 Sm ? + 0.54 Sm + 0.40 0.89 14
— Dark CO, uptake
mg CO, /dm ? = 0.08 Sm — 0.13 0.82 16
mg CO, /dm ? = 0.22 ¢ 2-085m 0.87 16
mg CO,/dm ? = 0.40 InSm —0.13 0.57 16
mg CO, /dm ? = 0.21 Sm ©*4¢ 0.66 16
mg CO,/dm? = 0.01 Sm2 — 0.09 Sm + 0.55 097 15
mg CO,/dm* =4.37 X 10™* Sm® —0.01 Sm? + 0.05 Sm + 0.31 0.98 14

4°. — Significant single and double linear equations and correlation coefficients of Sn
index in function of acidity and pH oscillations and of dark CO, uptake in confine
environment.

Sm = 6.94 ApH — 0.83 0.47 16
Sm=8.69mg CO,/dm* + 4.77 0.82 16
Sm=—0.11 Apeq/g Fwt + 10.89 ApH — 1.66 0.62 15
Sm = 9.99 mg CO,/dm ? —0.06 Apeq/g Fwt + 7.33 0.85 15

Sm = 1.38 ApH + 8.22mg CO,/dm? + 2.77 0.82 15



