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Abstract. Members of the Chenopodiaceae can ac- 
cumulate high levels (>100 Ixmol.(g DW) -1) of 
glycine betaine (betaine) in leaves when salinized. 
Chenopodiaceae synthesize betaine by a two-step 
oxidation of choline (choline~betaine aldehyde--* 
betaine), with the second step catalyzed by betaine 
aldehyde dehydrogenase (BADH, EC1.2.1.8). 
High betaine levels have also been reported in 
leaves of species from several distantly-related fam- 
ilies of dicotyledons, raising the question of wheth- 
er the same betaine-synthesis pathway is used in 
all cases. 

Fast atom bombardment mass spectrometry 
showed that betaine levels of >100 gmol.(g 
DW)-1 are present in Lycium ferocissimum Miers 
(Solanaceae), Helianthus annuus L. (Asteraceae), 
Convolvulus arvensis L. (Convolvulaceae), and 
Amaranthus caudatus L. (Amaranthaceae), that sa- 
linization promotes betaine accumulation in these 
plants, and that they can convert supplied choline 
to betaine aldehyde and betaine. Nicotiana taba- 
cum L. and Lycopersicon lycopersicum (L.) Karst. 
ex Farw. (Solanaceae), Lactuca sativa L. (Astera- 
ceae) and Ipomoea purpurea L. (Convolvulaceae) 
also contained betaine, but at a low level (0.1-  
0.5 pmol. (g DW)- 1). Betaine aldehyde dehydro- 
genase activity assays, immunotitration and im- 
munoblotting demonstrated that the betaine-accu- 
mulating species have a BADH enzyme recognized 
by antibodies raised against BADH from Spinacia 
oleracea L. (Chenopodiaceae), and that the Mr of 
the BADH monomer is in all cases close to 63 000. 
These data indicate that the choline~betaine alde- 
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Abbreviations: BADH = Betaine aldehyde dehydrogenase; 
DCIMS=desorption chemical ionization mass spectrometry; 
FABMS=fast atom bombardment mass spectrometry; Mr= 
relative molecular mass; PAGE=polyacrylamide gel electro- 
phoresis; SDS = sodium dodecyl sulfate; TLC = thin-layer chro- 
matography 

hyde---> betaine pathway may have evolved by verti- 
cal descent from an early angiosperm ancestor, and 
might be widespread (albeit not always strongly 
expressed) among flowering plants. Consistent 
with these suggestions, Magnolia x soulangiana was 
found to have a low level of betaine, and to express 
a protein of Mr 63 000 which cross-reacted with 
antibodies to BADH from Spinacia oleracea. 

Key words: Glycine betaine pathway - Betaine al- 
dehyde dehydrogenase Dicotyledons (glycine be- 
taine) Fast atom bombardment mass spectrome- 
t r y -  Salt stress 

Introduction 

Glycine betaine (betaine) accumulation occurs in 
response to salinity or water deficit in certain high- 
er plants, bacteria and cyanobacteria (Wyn Jones 
and Storey 1981 ; Le Rudulier et al. 1984; Mackay 
et al. 1984). In these groups, there is good evidence 
that betaine acts as a non-toxic cytoplasmic osmo- 
lyte, and hence plays a central role in adaptation 
to stress (Yancey et al. 1982; Wyn Jones 1984). 
Among higher plants, the biosynthetic pathway of 
betaine has so far been investigated only in 
members of the Chenopodiaceae and Gramineae. 
In these cases, betaine is derived from a two-step 
oxidation of choline, as it is in other organisms 
(see Hanson and Hitz 1982): 

(CH3)  3 N + C H 2  - C H 2 O H  C h o l i n e  

I - 2 H  

(CH3) 3N + CH2 - CHO Betaine aldehyde 

I - 2 H  

(CH3)  3 N + C U  2 - C O O N  Be ta ine  
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Fig. 1. Phylogenetic tree showing relationships among dicotyledon orders, according to Takhtajan (1969). For simplicity, the 
orders from the subclasses Hamamelidanae and Magnoliidae (except the Magnoliales) are not included. Orders which contain 
families reported to accumulate betaine in mature shoots are those shown in boxes; betaine data are from Wyn Jones and 
Storey (1981), Poljakoff-Mayber et al. (1987) and Rhodes et al. (1987). The dicotyledon families in which betaine accumulation 
has been reported are: Chenopodiaceae, Amaranthaceae and Portulacaceae (Caryophyllales); Malvaceae (Malvales); Convolvula- 
ceae and Cuscutaceae (Polemoniales); Solanaceae (Scrophulariales); Avicenniaceae (Lamiales); Asteraceae (Asterales). Note that 
the other orders include: (a) 14 orders (marked with an asterisk) which have been sampled without a betaine-accumulator being 
found, although in most cases only a few species from the order have been tested; (b) 34 orders for which no data on betaine 
exist 

For plants, the enzymes mediating these steps are 
known only for the Chenopodiaceae. Both en- 
zymes are located in the chloroplast stroma; the 
first is a choline monooxygenase (Brouquisse et al. 
1989), the second an NAD +-dependent betaine al- 
dehyde dehydrogenase (BADH) (Weigel etal .  
1986). The BADH from Spinacia oleracea has been 
shown to be a dimer of nuclear-encoded subunits 
with relative molecular mass (Mr) 63 000 (Weretil- 
nyk and Hanson 1988) ; this enzyme has been puri- 
fied and used to prepare monospecific antibodies 
(Weretilnyk and Hanson 1989). 

Betaine accumulation has been reported in sev- 
eral families of dicotyledons besides the Chenopo- 
diaceae (for literature see Fig. 1 legend). Some of 
these reports require confirmation, because mod- 
ern spectroscopic methods were not used to iden- 
tify the betaine. It is nonetheless clear that high 
betaine levels do occur in several diverse families. 
When the phyletic relationships of these families 
are considered (Fig. 1), a discontinuous pattern 
with at least three foci is apparent. Discontinuity 
may also be seen within families; whereas all Chen- 
opodiaceae tested accumulate betaine, in other 
families betaine-accumulating genera or species are 

sporadic (Wyn Jones and Storey 1981). Upon sim- 
ple inspection, the phyletic relationships of the 
orders known to contain betaine-accumulators in- 
dicate that a capacity to synthesize betaine could 
have arisen more than once in angiosperm evolu- 
tion. Moreover, there is no reason to believe that 
a two-step oxidation of choline is the only pathway 
of betaine synthesis that might occur in plants. Bio- 
synthesis by way of glycine methylation is equally 
plausible, and in fact such a route is used in the 
analogous case of/7-alanine betaine (Stewart and 
Larher 1980). 

Accordingly, we undertook a comparative bio- 
chemical study of betaine synthesis and accumula- 
tion in dicotyledons. First, fast atom bombard- 
ment mass spectrometry (FABMS) was used to 
check reports of  high betaine levels in species from 
diverse dicotyledon families, and to measure be- 
taine levels in non-betaine-accumulating members 
of the same families. The choline-+betaine alde- 
hyde--+betaine pathway was then sought in be- 
taine-accumulating species, by supplying deuterat- 
ed choline or betaine aldehyde, and analyzing for 
deuterated betaine by FABMS. Betaine-accumu- 
lating and non-accumulating species were assayed 
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f o r  B A D H ,  a n d  t h e i r  B A D H  e n z y m e s  t e s t e d  f o r  

a n t i g e n i c  s i m i l a r i t y  t o  B A D H  f r o m  Spinacia olera- 
cea. 

Materials and methods 

Seed material. Seeds of  the following plants were obtained from 
commercial sources in the USA : Spinacia oleracea L. cv. Savoy 
Hybrid 612 (Joseph Harris Co., Rochester, N.Y.); Amaranthus 
caudatus L. RRC No./1036 (Rodale Research Center, Kutz- 
town, Penn.); Portulaca oleraeea L. (Valley Seed Service, Fres- 
no, Cal.); Convolvulus arvensis L. (F & J Seed Service, Wood- 
stock, Ill.); Ipomoea purpurea L. cv. Dwarf  Picotee Mixed (Fre- 
donia Seeds, Fredonia, N.Y.); Lyeopersicon lycopersicum (L.) 
Karst. ex Farw. formerly L. esculentum Mill.) cv. Hybrid Duke 
(Petoseed Co., Saticoy, Cal.); Helianthus annuus L. cv. Mam- 
moth Grey Stripe (J. Mollema & Sons, Grand Rapids, Mich.); 
Laetuca sativa L. cv. Parris Island Cos (Asgrow Seed Co., Kala- 
mazoo, Mich.). Seeds of  Aster tripolium L. were collected in 
Stiffkey, Norfolk, U K  by Dr. R.L. Jefferies (University of  Tor- 
onto, Toronto, Canada), and seeds of Lycium feroeissimum 
Miers in Canberra, Australia by R. Metcalf (CSIRO Division 
of Plant Industry, Canberra, Australia). Nicotiana tabacum L. 
cv. Samsun seeds were a gift of Dr. R. De Zacks (Michigan 
State University). 

Growth conditions. Plants were grown in a potting mixture or 
vermiculite in growth chambers under the following conditions. 
For Spinacia oleracea: 8-h day, 23 ~ C, photon flux density 
(PFD) 300gmol quanta .m 2.s-1;  16-h night, 20~ For 
Amaranthus caudatus, Laetuca sativa, Aster tripolium and Ly- 
cium ferocissimum: 16-h day, 21 ~ C, PFD /150 gmol quanta. 
m - 2 . s - l ;  8-h night, 16 ~ C. For all other plants: /12-h day, 
26 ~ C, PFD 250 gmol quanta, m - 2  s-1;  12 h night, 22 ~ C. Irri- 
gation was with half-strength Hoagland's solution (Version 1; 
Hoagland and Arnon 1950) or Peters solution (Peters Fertilizer 
Products, Fogelsville, Penn., USA). When plants were salinized, 
NaC1 was added to the irrigation solution in 50-raM increments 
every third day until the desired concentration (200 or 300 mM) 
was attained. 

Collection of leaf material of Magnoliaceae. Whole leaves were 
harvested from one plant each of Magnolia x soulangiana Soul.- 
Bod., Magnolia acuminata (L.) L., and Liriodendron tulipifera 
L. from the collection of Michigan State University during the 
/1988 growing season. This season was exceptionally dry and 
hot, and although these plants were irrigated they experienced 
some water stress. Magnolia x soulangiana samples were taken 
on several dates between May and October; the other two spe- 
cies were sampled once, in August. 

Metabolism of deuterated precursors by leaf disks. Deuterium- 
labelled choline chloride (trimethyl-dg) (99.2 A%) was obtained 
from MSD Isotopes (Montreal, P.Q., Canada). Betaine alde- 
hyde (methyl-d3) chloride was prepared as described by Rhodes 
et al. (1987). Disks of/1./1 cm diameter were cut from expanding 
or recently-expanded leaves of non-salinized plants and placed 
in batches of six in 50-ml flasks containing /10 ml of  0.5 mM 
d9-choline or 0.5 mM d3-betaine aldehyde, adjusted to pH 6.5. 
The disks were infiltrated under vacuum, and then incubated 
for 6 h under light from fluorescent lamps as described in Ler- 
ma et al. (1988). Batches of disks infiltrated with water alone 
were included as controls for background noise in the FAB 
mass spectra in the region of the d 9- and d3-betaine signals. 

Isolation of betaine for analysis by FABMS and desorption chem- 
ical ionization mass spectrometry (DCIMS). For FABMS anal- 
ysis of the conversion of dg-choline and da-betaine aldehyde 
to betaine by leaf disks, betaine was isolated according to Ler- 
ma et al. (1988) except that in experiments with d3-betaine alde- 
hyde, a mixed-resin column (Dowex 1[ (OH-)/BioRex 70 (H+), 
2//1, v/v) was used instead of Dowex/1, and dg-betaine replaced 
7-butyrobetaine as internal standard. For determinations of en- 
dogenous betaine content, betaine was routinely extracted and 
partially purified from freeze-dried leaf material, as follows. 
Samples (0.20-0.30 g DW) received an internal standard of dg- 
betaine (usually 0.9 gmol), and were rehydrated on ice with 
1 ml of cold water. The hydrated material was extracted succes- 
sively with one 4-ml, and three 2-ml, aliquots of methanol : 
chloroform : water (12/5/I, by vol.), and the extract was sepa- 
rated into aqueous and organic phases by adding 2.5 ml of 
chloroform and 3.75 ml of water. The aqueous phase was eva- 
porated in a stream of N2 at 40-50 ~ C, redissolved in 2 ml 
of water, and applied to a 1.5- or 2.0-ml column of Dowex/1 
(OH-)  in series with a/1.5-ml column of Dowex 50 (H+). Both 
columns were washed with 8 ml of  water, betaine was eluted 
from the Dowex 50 column with 8 ml of 6 N NH4OH, and 
the eluate was freeze dried. As specified in the text, the NH4OH 
eluate was in some cases further purified by thin-layer chroma- 
tography (TLC) on precoated Silica gel G plates (Polygram; 
Brinkmann Instruments, Westbury, N.Y., USA), developed in 
methanol : acetone : HC1 (90//10/4, by vol.). The betaine zone, 
located by reference to authentic betaine markers, was eluted 
with 50% methanol; the eluate was taken to dryness in a stream 
of N~. Desorption chemical ionization mass spectrometry was 
performed as described in Lerma et al. (1988) on underivatized 
samples. Preparation of n-butyl derivatives of betaine and be- 
taine aldehyde for FABMS, and FABMS analyses, were as 
in Rhodes et al. (/1987) and Lerma et al. (1988), with the follow- 
ing modification. For estimation of high d~-betaine levels by 
FABMS, it was necessary to correct for suppression of the 
internal standard d9-betaine signal by the do-betaine signal 
when the ratio do-betaine/dg-betaine was greater than 1. An 
equation established for standard compounds was used: y =  
0.6/19x+102, where x is the signal ratio for do (m/z 174)/d~ 
(m/z 183), and y is the estimated value for do-betaine expressed 
as a percentage of the true value. 

Extraction and assay of BADH. Leaf material was ground in 
a mortar at 0-4 ~ C in a buffer containing 50 mM 4-(2-hydrox- 
yethyl)-l-piperazine-ethanesulfonic acid (Hepes)-KOH, pH 8.0, 
I mM ethylenediaminetetraacetic acid (EDTA), 20 mM sodium 
metabisulfite, 10 mM sodium borate, 5 mM ascorbic acid and 
5 mM dithiothreitol (DTT) (extraction buffer, 2 ml/g of tissue). 
This buffer (Kelley and Adams 1977) was adopted to combat 
inhibitory effects of phenols/polyphenol oxidases, which were 
noted for several species in tests with a simpler extraction 
buffer. The extract was centrifuged for 10 min at 10000.g (4 ~ C) 
and the supernatant was drawn off. An ammonium sulfate (1.8- 
2.6 M) fraction containing most of the soluble protein was pre- 
pared from the supernatant as described by Weretilnyk and 
Hanson (1988), using a 3.8-M (NH4)2SO4 stock made up in 
extraction buffer. The precipitated material was dissolved in 
a buffer containing 50 mM Hepes-KOH, pH 8.0, 1 mM EDTA, 
5 mM DTT (assay buffer), and desalted either by dialysis 
against 10 mM 2-amino-2-(hydroxymethyl)-l,3-propanediol 
(Tris)-HC1, pH 7.8, 1 mM DTT and/10% glycerol (v/v), or with 
small columns of Sephadex G-25 (Pharmacia, Uppsala, Swe- 
den) equilibrated in assay buffer. Betaine aldehyde dehydroge- 
nase preparations from Escherichia coli strain K10 were as in 
Brouquisse et al. (1989), and BADH activity was determined 
spectrophotometrically in assay buffer, using 1 mM betaine al- 
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Table 1. Betaine levels in leaf tissue of control and salinized plants. Betaine (glycine betaine) was determined by FABMS of 
n-butyl esters, using the ion intensity at m/z 174 relative to the internal standard d9-betaine at m/z 183 

Order Family Species Betaine (gmol. (g DW)-1)  

Control  Salinized" 

Caryophyllales Chenopodiaceae Spinacia oleracea 120 371 
Amaranthaeeae Amaranthus  caudatus 85 164 
Portutacaeae Portulaca oIeracea 0.24 0.09 

Polemoniales Convolvulaceae Convolvulus arvensis 57 116 
Ipornoea purpurea b 0.50 

Scrophulariales Solanaceae Lyeium ferociss imum 101 171 
Nicotiana tabacum 0.32 - 
Lycopersieon lycopersicum ~ O. 19 - 

Asterales Asteraceae Aster  tripolium 110 164 
Helianthus annuus 63 108 
Lactuca sativa O. 13 - 

200 mM NaC1 for C. arvensis and H. annuus, 300 mM for other species 
b Stachydrine (butyl ester m/z = 200) abundant  
c Trigonelline (butyl ester m/z = 194) abundant  

dehyde and 1 mM N A D  + (Weretilnyk and Hanson 1989); one 
unit of enzyme activity = 1 ~tmol.min-1. Protein was deter- 
mined by the method of Bradford (1976). 

Immunoti tration.  Antiserum raised previously against BADH 
purified from Spinacia oleracea was used (Weretilnyk and Han- 
son 1989). Formalin-fixed Staphylococcus aureus cells, prepared 
according to Kessler (1975), were resuspended to a final concen- 
trat ion of 10% (packed cell volume) in assay buffer. Aliquots 
of desalted extracts were incubated without serum (control) 
or with various volumes of preimmune serum or antiserum. 
After 2 h incubation at 4 ~ C, 20 gl of S. aureus cell suspension 
were added per 1 ill of  serum used. Samples were incubated 
for an additional 30 rain at 4 ~ C, and then centrifuged for 
10 min at 16000.g (4 ~ C). The supernatant  was removed; the 
remaining pellet was washed with 100 gl of assay buffer, centri- 
fuged, and the supernatant pooled with the first. An aliquot 
of the pooled supernatants was assayed for BADH activity. 
Results were expressed as percent of BADH activity remaining 
in the supernatant,  taking the no-serum control as 100%. 

Gel electrophoresis and immunoblotting. Desalted extracts were 
separated by native polyacrylamide gel electrophoresis (PAGE) 
using a 6 9% polyacrylamide gradient, and stained for BADH 
activity, as described by Weigel et al. (1986). Sodium dodecyl 
sulfate (SDS)-PAGE and immunoblott ing were as given in Wer- 
etilnyk and Hanson (1988). 

Results 

Identification o f  betaine-accumulating species. The 
data of Table 1 confirm by FABMS that betaine 
is accumulated by some - but not all - members 
of the families Convolvulaceae, Solanaceae and 
Asteraceae. Thus, Convolvulus arvensis, L ycium fer- 
ocissimum, Aster tripolium and Helianthus annuus 
showed betaine levels in unstressed leaves compa- 
rable to that of  Spinacia oleracea, and in all cases 

salinization increased the betaine level, establishing 
that the pathway is stress-related. Betaine accumu- 
lation has been reported previously in Aster tripo- 
lium and Lycium ferocissimum (Wyn Jones and 
Storey 1981), but apparently not in Convolvulus 
arvensis or Helianthus annuus. 

The other members of the Convolvulaceae, So- 
lanaceae and Asteraceae tested had 100- to 1000- 
fold lower levels of  betaine (Table 1). These low 
levels were nevertheless well above the detection 
limit for FABMS, indicating that betaine was not 
entirely absent. To confirm the presence of  betaine 
in one representative case, a leaf sample of Nico- 
tiana tabacum ( l .0g  DW) was spiked with 
0.9 gmol of d9-betaine, and the betaine zone was 
isolated by TLC for subsequent FABMS analysis. 
This gave the expected signal at m/z 183 (d9-be- 
taine n-butyl ester), plus a strong signal at m/z 
174 (do-betaine n-butyl ester) equivalent to 
0.37 gmol of betaine, in good agreement with the 
value of 0.32 gmol. (g DW)-1 from Table 1. Simi- 
larly, DCIMS analysis of  the underivatized betaine 
zone from TLC gave the expected signals at m/z 
110 (d9-betaine [ M -  CD3 + H] +) and m/z 104 (do- 
betaine [ M - C H 3 + H ] + ) ,  equivalent to approx. 
0.30 gmol of betaine. 

Table 1 supports earlier findings (Wyn Jones 
and Storey 1981) that Amaranthus caudatus (Amar- 
anthaceae) is a betaine-accumulator, but not the 
report by Poljakoff-Mayber etal .  (1987) that 
Portulaca oleracea (Portulacaceae) has high 
( > 50 gmol. (g FW)-  1) betaine levels. Genetic dif- 
ferences may explain the latter discrepancy. The 
material analyzed by Poljakoff-Mayber et al. was 
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Table 2. Conversion of d9-choline to betaine aldehyde and be- 
taine by leaf disks of  betaine-accumulating and non-accumulat- 
ing plants. Also shown are contents of endogenous betaine (do- 
betaine). Batches of six disks were incubated in 0.5 mM d9- 
choline for 6 h in the light, do- and d9-Betaine were determined 
by FABMS as n-butyl esters, betaine aldehyde as the di-n-butyl 
acetal 

Species ~ Quaternary ammonium 
compounds (nmol/6 disks) 

d0-betaine d9-betaine 
m/z 174 aldehyde 

m/z 241 

dg-betaine 
m/z 183 

Spinacia oleracea* 603 2.6 307 
Amaranthus caudatus* 266 0.9 51 
Convolvulus arvensis * 408 0.6 233 
Lyeiumferoeissimum* 2130 0.9 335 
Nieotiana tabacum 4 0.4 < 2 
Lycopersicon lycopersicum 2 0.2 < 2 
Helianthus annuus* 655 3.3 3 

a Betaine-accumulating species are marked with an asterisk 

collected at an arid site in Central Australia, where- 
as our data are for a North American weed; desert 
and weed forms of Portulaca oleracea are probably 
distinct taxa (Burbidge and Gray 1970). 

In-vivo oxidation of deuterated betaine precursors. 
Leaf disks from five representative betaine-accu- 
mulating species (including Spinacia oleracea for 
comparison) were tested for the capacity to oxidize 
dg-choline to betaine aldehyde and betaine (Ta- 
ble 2). All showed activity, and in four species the 
d9-betaine synthesized during the 6-h incubation 
period increased the total betaine content by over 
15%. The exception was Helianthus annuus, which 
produced only a little d9-betaine yet showed more 
d9-betaine aldehyde accumulation than the other 
species. Experiments with two non-accumulating 
species (Nicotiana tabacum and Lycopersicon lyco- 
persicum) showed a trace of d9-betaine aldehyde, 
and no detectable d9-betaine (Table 2). These re- 
sults confirm that the choline~betaine pathway 
is present in betaine-rich members of the Amaran- 
thaceae, Convolvulaceae, Solanaceae and Astera- 
ceae. The data do not prove that other betaine- 
synthesis routes are absent. However, except in the 
case of Helianthus annuus, they do show that the 
capacity for oxidizing choline to betaine is quite 
adequate,to account for endogenous betaine levels. 
The result with Helianthus annuus could be related 
to slow entry of exogenous choline into the choline 
pool destined for betaine synthesis, as has been 
shown for Hordeum vulgare L. (Hitz et al. 1981). 

The ability of leaf disks to oxidize d3-betaine 
aldehyde to betaine was compared in betaine-accu- 

Table 3. Conversion of d3-betaine aldehyde to betaine by leaf 
tissue of selected betaine-accumulating and non-accumulating 
plants. Contents of endogenous betaine (do-betaine) are also 
shown. Batches of six leaf disks were incubated in 0.5 mM 
d3-betaine aldehyde for 6 h in the light, do- and d3-Betaine 
were determined by FABMS as the n-butyl esters 

Species" Betaine content 
(nmot/6 disks) 

do-betaine d3-betaine 
m/z 174 m/z 177 

Spinacia oleracea * 191 339 
Lycium ferocissimum * 163 190 
Nicotiana tabacum < 1 4 
Lycopersieon lyeopersieum < 1 11 

a Betaine-accumulating species are marked with an asterisk 

mulating (Lycium ferocissimum) and non-accumu- 
lating (Nicotiana tabacum and Lycopersicon lyco- 
persicum) members of a representative family, the 
Solanaceae (Table 3). Spinacia oleracea was also 
included. Spinacia oleracea and Lycium ferocissi- 
mum disks accumulated large quantities of  d3-be- 
taine, more than doubling their total betaine con- 
tents. Nicotiana tabacum and Lycopersicon lycoper- 
sicum both accumulated measurable d3-betaine, al- 
though the levels were less than 6% of  that in Ly- 
ciumferocissimum. Note that d3-betaine accumula- 
tion may overestimate capacity for betaine alde- 
hyde oxidation, as the d3-betaine aldehyde sub- 
strate contained a trace ( < 1 % )  of d3-betaine, 
which could itself have been taken up. It is never- 
theless probable that the non-accumulating species 
tested have a small capacity for betaine aldehyde 
oxidation, due either to non-specific aldehyde oxi- 
dase or dehydrogenase activity, or to a low level 
of BADH. 

Assays of BADH activity. Crude extracts from 
leaves of betaine-accumulating and non-accumu- 
lating species were assayed for BADH spectropho- 
tometrically, and by activity staining after native 
PAGE. Note that both these assays potentially de- 
tect not only substrate-specific BADH enzymes, 
but also other dehydrogenases that can attack be- 
taine aldehyde. Betaine aldehyde dehydrogenase 
activity varied greatly in betaine-accumulators but 
was always clearly detectable, whereas it was at 
or below the detection limit in the non-accumula- 
tors, except for Portulaca oleracea and Lycopersi- 
con lycopersicum, which had low but significant 
activity (Table 4). In agreement with these data, 
native PAGE resolved one or two bands which 
stained for BADH activity in all the betaine-accu- 
mulating plants save Helianthus annuus (Fig. 2). 
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Table 4. Betaine aldehyde dehydrogenase activity in leaf ex- 
tracts of betaine-accumulating and non-accumulating plants 

Species ~ BADH activity 
(nmol-min - 1 (mg protein)-  1) 

Spinacia oleracea* 3.34 
Amaranthus caudatus* 4.32 
Portulaca oleracea 0.09 
Convolvulus arvensis * 0.67 
Ipomoea purpurea < 0.03 
L yeium f eroeissimum * 2.38 
Nicotiana tabacum < 0.03 
Lycopersicon lycopersicum 0.06 
Helianthus annuus* 0.11 
Lactuca sativa < 0.03 

Betaine-accumulating species are marked with an asterisk 

Among non-accumulators, Portulaca oleracea, Ipo- 
moea purpurea and Lactuca sativa gave little or 
no staining reaction, whereas Nicotiana tabacum 
showed one band (Fig. 2); Lycopersicon lycopersi- 
cum (not shown) gave no stained band. 

Immunotitration of BADH activity. Antiserum ra- 
ised against Spinacia oleracea BADH was used for 
immunotitration analysis of  BADH activity in leaf 
extracts from five betaine-accumulating plants 
(Fig. 3). Titratable activity was present in each 
case, indicating that the species tested all had 
BADHs immunologically related to that of  Spina- 
cia oleracea. Although the shapes of  the titration 
curves differed, the strength of cross-reaction was 
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basically consistent with taxonomic relationships 
in that Amaranthus caudatus was clearly closer to 
Spinacia oleracea than the other three species. Al- 
though the curves for these three species might in- 
dicate two immunologically distinct enzymes with 
BADH activity, there is evidence against this be- 
cause Lycium ferocissimum and Convolvulus arven- 
sis gave only one band of  BADH activity after 
native PAGE (Fig. 2). Because Escherichia coli 
BADH differs from the Spinacia oleracea enzyme 
in subunit size and number (Andresen et al. 1988), 
we presumed it would be essentially unrelated to 
plant BADH, and tested it as a supplementary neg- 
ative control: no titration of  activity was observed 
(not shown). 

Immunoblotting experiments. Those species found 
to give a positive result in immunoprecipitation 
experiments also reacted under immunoblot condi- 
tions after SDS-PAGE. Thus, the antiserum raised 
against Spinacia oleraeea BADH detected a strong 
band or doublet at Mr 63 000 _+ 2000 in the betaine- 
accumulating species Amaranthus caudatus, Ly- 
cium feroeissimum and Helianthus annuus, as well 
as in the non-accumulator Portulaca oleracea 
(Fig. 4). A modest band was also present in the 
non-accumulator Laetuea sativa. No reaction was 
given by an Escherichia coli negative control, and 
little or none by the betaine-deficient species Nico- 
tiana tabaeum, (Fig. 4) and Lycopersieon lycopersi- 
eum (not shown). A faint band was present at Mr 
63 000 in the betaine-accumulator Convolvulus ar- 

Fig. 2. Detection of BADH activity following native PAGE of soluble leaf proteins from betaine-accumulating and non-accumulating 
species. Tracks 1, 2 and 6 contained 1 mU of BADH activity; other tracks contained 0.8 1 mg protein. The gel-staining mixture 
used betaine aldehyde as substrate, NAD + as cofactor. Key to species: 1 = Spinacia oleracea; 2 = Amaranthus caudatus; 3 = Portulaca 
oleracea ; 4 = Convolvulus arvensis ; 5 = Ipomoea purpurea ; 6 = L ycium f erocissimum ; 7 = Nicotiana tabacum ; 8 = Helianthus annuus ; 
9 = Lactuca sativa. Betaine-accumulating species are marked with an asterisk 
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Fig. 3. Immunotitration curves of BADH activity from betaine- 
accumulating species, using antiserum prepared against BADH 
from Spinacia oleracea. Crude extract from each species (con- 
taining 0.4-2.5 mU of BADH activity) was incubated with anti- 
BADH serum; immune complexes were precipitated with for- 
malin-fixed S. aureus cells, and the BADH activity remaining 
in the supernatant was determined. Open symbols are control 
data points for the highest level of preimmune serum tested 
for each species 

vensis but not in Ipomoea purpurea (not shown); 
however, in both these members of the Convolvu- 
laceae the antiserum also showed three bands out- 
side the BADH-peptide region, presumably fortui- 
tous cross-reactions. 

Analyses o f  species from the Magnoliales. Given 
the presence of betaine at a high or low level in 
all members of  the six diverse dicotyledon families 
tested, it was of interest to seek betaine among 
representatives of the Magnoliales, the most primi- 
tive living order of flowering plants, and the puta- 
tive ancestors or near-ancestors to the rest of  the 
angiosperms (Takhtajan 1969; Cronquist 1968). 
Leaf material of  Magnolia x soulangiana, Magnolia 
acuminata and Liriodendron tulipifera (all Magno- 
liaceae) was analyzed by the standard separation 

and FABMS procedures; all three species gave 
small signals at m/z 174 (glycine betaine n-butyl 
ester) corresponding to betaine contents of, in the 
order given, 0.5, 0.02, and 0.07 pmol.(g DW)-1 
The presence of glycine betaine was confirmed for 
Magnolia x soulangiana by co-chromatography of 
the sample with the internal dg-betaine standard 
followed by FABMS of the n-butyl esters and 
DCIMS of the underivatized sample (Fig. 5). The 
expected signals from the molecular cation of do- 
glycine betaine n-butyl ester (m/z 174, Fig. 5 A) and 
the fragmentation product of  do-betaine [ M -  
CH3 +H]  § (m/z 104, Fig. 5B) were observed rela- 
tive to the corresponding dg-betaine ions at m/z 
183 (Fig. 5A) and m/z l l 0  (Fig. 5B), respectively. 

Leaf extracts of  Magnolia x soulangiana were 
also tested for BADH activity, and for a positive 
immunoblot reaction. The BADH activity was at 
the limit of  detection in spectrophotometric assays 
and was not detectable at all by staining gels after 
native PAGE, but there was a clear band in the 
characteristic BADH-peptide region of  immunob- 
lots (Fig. 6). Lack of enzyme activity may have 
been related to high polyphenol/polyphenol oxi- 
dase levels in Magnolia x soulangiana; leaf extracts 
of this species gave more severe browning reactions 
than others. To check for BADH activity in vivo, 
leaf disks of Magnolia x soulangiana were fed d3- 
betaine aldehyde in an experiment like that of  Ta- 
ble 3. The d3-betaine yield was 21 nmol/6 disks, 
consistent with modest BADH activity. 

Discussion 

Two sets of  generalizations can be made from our 
results, as summarized in Table 5. First, betaine- 
accumulating species from four dicotyledon orders 
use the choline-*betaine a ldehyde~betaine path- 
way, have immunologically-related BADH en- 
zymes, and in general express these enzymes at 
high levels. Second, small amounts of betaine are 
present in species which do not accumulate it, and, 
consistent with this, such species may have low 
but measurable BADH activity and-or cross-reac- 
tive protein. It is important to remember that our 
data for in-vitro enzyme activity and immunoreac- 
tivity may have been influenced by extraction con- 
ditions, which were not optimized for each individ- 
ual species. Similarly, the staining of enzyme activi- 
ty in native gels may have been affected by enzyme 
stability during electrophoresis. These factors may 
account for some of the negative results in Table 5, 
such as the low enzyme activity in Helianthus an- 
nuus. Portulaca oleracea had more BADH activity 
than other non-accumulators, but the possibility 
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Fig. 4. Proteins detected by immunoblotting in betaine-accumulating and non-accumulating plants and in Escherichia coli strain 
KI0. Soluble proteins (150 gg per track) were separated by SDS-PAGE, transferred to nitrocellulose, and probed with antiserum 
raised against BADH from Spinacia oleracea. The bar graphs give the amount of BADH activity present in each track. Control 
blots probed with preimmune serum showed little or no positive reaction. Key to species: 1 = Spinacia oleracea; 2=Amaranthus 
caudatus; 3=Portulaca oleracea; 4=Lycium ferocissimum; 5=Nicotiana tabacum; 6=Helianthus annuus; 7=Lactuca sativa; 
8 =Escherichia coli. Betaine-accumulating species are marked with an asterisk. The M, of the BADH peptide from Spinacia 
oleracea is 63 000 (Weretilnyk and Hanson 1988) 
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by DCIMS (B). In the FAB mass spectrum, note the peaks given by the d9-betaine standard at m/z 183 and by endogenous 
do-betaine at m/z 174. In the DCI mass spectrum, the peaks at m/z 110 and 104 correspond to the [M-- CD3 + H] + and [M -- CH 3 + 
H] + ions of d 9- and do-betaine, respectively. The FABMS and DCIMS estimates of the endogenous betaine content were 0.40 
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Fig. 6. Detection of a BADH-like protein from leaves of Mag- 
nolia x souIangiana by immunoblotting. Soluble proteins 
(150 gg per track) were separated by SDS-PAGE, blotted to 
nitrocellulose, and reacted with antiserum to Spinacia oleracea 
BADH. No cross-reactions appeared on control blots probed 
with preimmune serum 

of accumulation in some plants of  this species (Pol- 
jakoff-Mayber etal .  1987) may make it a special 
case. 

The cross-reactivity of antiserum raised against 
Spinacia oleracea BADH with BADH from Con- 

volvulus arvensis, Lycium ferocissimum and Helian- 
thus annuus points to a single, ancient origin for 
the betaine pathway in dicotyledons, given the 
probable phyletic relationships (Fig. 1) between 
the four orders to which these species belong. This 
inference is strengthened by the presence of betaine 
and a cross-reactive protein in a species from the 
Magnoliales, the order from which the other an- 
giosperms are thought to derive. 

Identification of low levels of  betaine in non- 
accumulators implies that the capacity to synthe- 
size betaine is much more widespread than the abil- 
ity to accumulate it, as proposed for other small 
nitrogenous metabolites by Fowden (1972). The 
discontinuous taxonomic distribution of betaine is 
thus probably more apparent than real. The possi- 
bility that small amounts of betaine come from 
some unknown minor pathway(s) cannot be ruled 
out, but it is simpler to suppose that the chol ine~ 
betaine aldehyde~betaine pathway is used by spe- 
cies with low betaine levels, given its presence in 
high-betaine species from the same families, and 
the evidence for the occurrence of BADH in non- 
accumulators. If the capacity for betaine synthesis 
is common, but betaine accumulation occurs only 
in a few diverse families or genera, it would seem 
possible that betaine has a function other than that 
of  a major cytoplasmic osmolyte. For taxa where 
betaine is a major osmolyte, it is conceivable that 
the betaine pathway was recruited for a novel pur- 
pose, and that such recruitment occurred indepen- 

Table 5. Summary of evidence for the presence of betaine and the choline--* betaine aldehyde--, betaine pathway in betaine-accumulat- 
ing and non-accumulating species from seven dicotyledon families 

Species Lines of evidence" 

Endogenous Oxidation BADH BADH Immuno- Immuno- 
betaine of dg-choline assay gel titration blotting 
(Table 1) (Table 2) (Table 4) (Fig. 2) (Fig. 3) (Fig. 4) 

Betaine accumulators 

Spinacia oleraeea + + + 
Amaranthus caudatus + + + 
Convolvulus arvensis + + + 
Lycium ferocissimurn + + + 
Helianthus annuus + + + 

Non-accumulators b 

Portulaca oleracea + ? 
Ipomoea purpurea + 
Nicotiana tabacum + 
Lycopersicon 
lycopersicum + 
Lactuca sativa + 
Magnolia x soulangiana ~ + 

+ + +  + + +  + +  + + +  + + +  
+ +  + + +  + + +  + +  + + +  
+ + +  + +  + +  + • 
+ + +  + + +  + +  + + + +  
+ + -- + + +  

- t -  - -  + +  

- -  + _+ 

! m m 

- -  4 -  + 

_ _ + +  

Rating scale: --,  not detectable; + ,  detectable; + + ,  moderate level; + + + ,  high level 
b Blanks denote data that were not (column 2), or could not be (column 5), determined 

Data for endogenous betaine from Fig. 5, for BADH activity from the text, and for immunoblotting from Fig. 6 
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dently at several times and taxonomic levels during 
evolution of the dicotyledons. 

Alternative functions for betaine are readily 
envisioned from comparative physiology and bio- 
chemistry. First, betaine could be an essential os- 
molyte in a specific but rare cell type, so that its 
concentration on a whole-tissue basis would be 
low. This is precisely the situation in mammals, 
in which betaine is a major osmolyte in the inner 
medulla of the kidney, but seemingly nowhere else 
(Bagnasco et al. 1986). Second, betaine could serve 
as a methyl donor, as it does in mammalian liver 
(Skiba et al. I982). Experiments with [methyl- 
~4C]betaine have not provided evidence for such 
a role in betaine-accumulating plants (Bowman 
and Rohringer 1970; Ladyman etal .  1980), but 
[agC]methyl transfer could have been hard to de- 
tect because of isotope dilution by the large endog- 
enous pool of unlabelled betaine. This would not 
be a problem in low-betaine species, and in fact 
there is an early report (Byerrum et al. 1956) that 
[methyl-~4C]betaine is used as a methyl donor for 
nicotine synthesis in tobacco. 

Lastly, we should point out that our results 
are relevant to the proposal to genetically engineer 
the betaine pathway into betaine-deficient crop 
species, with the objective of enhancing stress resis- 
tance (Le Rudulier et al. 1984). Previous data (Wyn 
Jones and Storey 1981) invited the assumption that 
species such as tobacco and tomato lack betaine 
altogether. But they do not, and betaine could have 
a metabolic function in these and other low-betaine 
plants. If it does, there could be metabolic reper- 
cussions from expanding the cytoplasmic betaine 
pool by two or three orders of magnitude, as 
would be necessary to make betaine a major osmo- 
lyte. 
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