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Abstract-The dlstrlbutlon of alkaloids during development from seed germination to seed formation is 
described for three Lupznus species Alkaloid levels m seedlings decrease after germination before mcreasmg 
to ca 0 3-O 6% dry wt m vegetative tissue prior to first flowermg. The accumulation of alkaloids from 
vegetative parts to seeds IS extremely rapid during the later maturation phase of pods and seeds At maturrty 
the seeds contam more alkaloid than the total present m above ground tissues at 4-5 weeks before final 
harvest Apart from the seeds, and parts of flowers and fruits which become alkaloid rich, vegetative tissues 
contain alkaloid levels which are at the threshold values which dlfferentlate between ‘sweet’ and ‘bitter’ 
genotypes The concentration of alkaloid during development 1s discussed m relation to protection against 
predation 

INTRODUCTION 
Alkaloids are synthesized m different parts of 
plants m different species In Nzcotiana spp alkaloid 
synthesis 1s almost exclusively confined to root tips, 
whereas m Lupznus they are produced m green 
leaves and shoots [l] The concentration of alkaloids 
m roots and leaves of conrum maculatum 1s higher 
durmg the second flowering year of the blenmal 
growth cycle, and fruits are characterized by mcreas- 
mg levels to the half-r?pe stage followed by a gradual 
decrease to maturity [2] 

The role of alkaloids m metabolism IS far from 
clear From the evidence of rapld turnover, it would 
seem that they play an integral role m biosynthesis as 
distinct from being by-products of end- or slde-reac- 
tlons of other metabolic events The rapld fluctuation 
m the concentration of the pair of alkaloids, coniine 
and y-comceme, m fruits of Conzum was interpreted 
by Fairbalm [2] as evidence that they act as co- 
enzymes m oxldatlon-reduction reactrons m develo- 
pmg fruit Alkaloids have also been associated with a 
protective role against predation [3], but this 1s a 
tenuous posslblhty which so far lacks unequivocal 
supporting evidence Some of the claims such as the 
concentration-dependent mechamsms proposed to 
account for resistance in Lupznus species to 
Glaucopsyche lygdamus [4] are based on inadequate 
data and are therefore capable of alternatlve mter- 
pretatlon Of particular interest m this connection 1s 
the surprising difference that exists between species 
m their ability to accumulate alkaloids m seeds seeds 
of alkaloid-nch species of Mcotzana and Papauer [l] 
are almost free of alkaloid while those of legummous 
species frequently show spectacular Increases m 

concentration at the expense of other organs If al- 
kaloids are generally important m the evolution of 
protection against predation, it is not obvious why 
some species should exclude alkaloid accumulation m 
seed and seedlings which are particularly vulnerable 
to pests and pathogens 

This report describes changes m the distribution 
and accumulation of total alkaloid m Lupznus 
mutabzlzs, L angustzfolzus and L albus, throughout 
the hfe cycle from germination to seed formation We 
have also examined the relation between mor- 
phogenesls and the mob&y of alkaloids between 
sites of synthesis and the organs m which they ac- 
cumulate 

RESULTS 
Alkalozd concentratzon zn relation to morphogeneszs 

Tables l-3 give the total alkaloid m mg per plant 
and the percentage alkaloid m the dry matter at five 
different harvests corresponding to clearly dtined 
morphogenetlc stages 

Alkaloid content m cotyledons fell rapidly, the 
change being particularly marked m L angustifolzus 
m which the concentration m fully expanded coty- 
ledons had fallen to less than 10% of that m the seed 
In L mutabzlzs and L albus, although both show 
substantial losses m the early cotyledon stage, the 
change m alkaloid content was proportional to the 
total reduction m dry wt After the cotyledons had 
become fully expanded (harvest 1) reduction m al- 
kaloid in cotyledons m all species was relatively 
much greater than loss m dry wt These changes may 
simply reflect the earher onset of dry matter ac- 
cumulation and the more rapid catabohsm of the 
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alkaloids or their dlstnbutlon and consequent ddutlon 
m newly-formed tissues 

Although total amount and concentration of al- 
kaloid m vegetative tissues are not precisely com- 
parable m the species at the same development stage, 
there 1s a consistent general trend for the levels to 
decrease durmg early seedling development (harvests 
O-3) m both stems and leaves Increases m alkaloid 
are directly proportional to increases m dry wt and to 
the development of axdlary branches during the rapid 
expansion of the canopy (Fig 1) 

Of particular interest 1s the high alkaloid concentra- 
tion m reproductive tissues, flowers, pods and seeds 

Apart from low values m pod-wall tissues after 
senescence, flowers and frmts contain substantially 
larger concentrations of alkaloids than the highest 
levels recorded m stems and leaves 

The alkaloid levels between harvests 8 and 9 over a 
growth period of ca 28 days m L mutabdrs and 35 
and 48 days m L dbus and L angustifoltus, respec- 
tively, when seeds and pods were entering the final 
stages of maturation IS of interest in relation to the 
dlstrlbutlon of alkaloid Total alkaloid as well as dry 
wt increased rapldly during this period, resulting m 
doubling of per plant totals and the maintenance of 
constant alkaloid concentrations m both L albus and 

Table 1 Alkaloid concentration (mg) m seedlmgs at different growth stages (+ s e ) 

L mutabrlrs L albus L angustrfoltus 

Tissue and Total Total Total 
harvest no alkaloid Per cent alkaloid Per cent alkaloid Per cent 

(a) Cotyledons 
0 2 82 131-c005 3 19 138*0&I 2 58 127?006 
1 1 69 130?007 107 104~006 0 20 052*005 
2 0 36 0522004 0 30 054*003 0 12 0352003 

(b) Stems (main + side stem) 
2 1 11 057ao03 0 89 056*004 0 27 126+-006 
3 0 17 008+-002 0 40 0 12*002 151 137to07 
4 3 25 0 182003 3 77 0 19*003 2 40 023?002 
5 24 10 035-coo5 15 89 044+006 5 85 024?005 

(c) Leaves (mam + side stem) 
2 0 76 025-cOO3 0 83 050?004 0 15 0262003 
3 1 21 019*004 2 91 0 132003 006 011*003 
4 6 40 0 192008 15 31 022+003 448 031+005 
5 2170 024-cOO6 63 20 061?007 13 46 0231tOO2 

(d) Total per plant 
0 2 82 131 3 19 1 38 2 58 1 27 
1 2 26 1 38 2 36 1 53 072 071 
2 2 24 040 201 051 0 55 048 
3 1 38 0 17 3 31 0 13 1 58 0 39 
4 964 0 19 1908 0 23 6 88 0 28 
5 45 81 0 29 88 01 0 62 1930 0 23 

Table 2 Total alkaloid (mg) at different stages of adult growth 

Species and 
harvest no Stems Leaves Flowers Pods Seed 

Plant 
total 

L mutabhs 
6 
8 
9 

L albus 
6 
8 
9 

L angusttfolius 
6 
8 
9 

30 1 26 5 104 - - 67 0 
1085 68 8 - 1375 74 322 2 
810 NA - 20 1 382 2 483 3 

60 1 %2 44 103 - 1710 
185 3 2919 - 1502 22 0 6494 
173 8 NA - 27 5 874 8 1076 1 

28 9 88 7 29 - - 1205 
95 0 1548 - 62 9 52 317 9 
35 7 NA - 41 737 3 777 1 

NA = Not avadable 
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Species and 
harvest no Cotyledon Stems Leaves Flowers Pods Seed 

Plant 
total 

L mutabhs 
0 
5 
6 
8 
9 

L albus 
0 
4 
6 
8 
9 

L angustifolius 
0 
5 
6 
8 
9 

131*005 - - 
- 1352005 024?006 
- 030~005 026-cOO4 
- 0222003 029+004 
- 008*002 - 

- - - 131 
0 29 
0 32 
0 49 
0 26 

- - - 
153*007 - - 

074*006 060+005 
006+003 091-+007 

- 
- 

138?004 - - 
- 0 19-coo3 022?003 
- 050?002 056*003 
- 040*003 059*004 
- 021?003 - 

1 38 
0 23 
051 
0 55 
0 58 

- - - 
- - 

121?007 
0792006 
078*008 

- 
184+005 - 

1842009 
130*005 

- 
- 

127+006 - - 
- 024*005 023?002 
- 026*004 051~005 
- 024+-006 034*004 
- 004+003 - 

1 27 
0 23 
041 
0 33 
040 

- - - 
- - - 

- 
060+003 
114+006 

041-c003 - 
061?004 
001~001 

- 
- 

L angustrfolrus The pattern m L mutabrlrs during 
this stage IS anomalous with total alkaloid remammg 
constant m spite of a doubling m dry wt 

The close correlation between dry wt increase and 
total alkaloid (see also Fig 1) might suggest that they 
represent end products of synthesis If they were 
being mobilized as active intermediates or reactants 
m metabolism, one would have expected fluctuations 

m concentration reflectmg the varying growth rates at 
different stages of the life cycle 

Undoubtedly, the most slgmficant aspect of the 
distribution of alkaloids m these species 1s their rapld 
accumulation m seed tissues At the seed-ripe stage, 
between 80 and 95% (according to species) of the 
total alkaloid m the plant has been transported mto 
seeds Since the values of alkaloids m the leaves after 
senescence (harvest 9) are not available it 1s not 
possible to calculate accurately the total movements 
of alkaloids from vegetative tissues durmg the npen- 
mg period However, it 1s likely that most loss of 
alkaloid from all the vegetative parts 1s due to trans- 
fer to maturing seeds In addition to transfer of 
alkaloids previously accumulated m stems, pods and 
leaves, it 1s clear that the final seed totals m L albus 
and L angustlfolrus can only be accounted for d it 1s 
assumed that the major proportlon of the alkaloids 
synthesized between harvests 8 and 9 was directly 
transferred to seeds 

The expression of alkaloid-control@ genes dunng 
seedling development 

Alkaloid synthesis does not occur m the seed of 
Luprnus albus and L angustifolrus [5] so that seed 
alkaloids are determined by the genotype of the 
female parent plant, and seedlings do not express 
their genotype until de nouo alkaloid synthesis has 
commenced In order to support further the data on 
alkaloid levels m the early seedling stages, tests of 
alkaloid concentration were made on seedlings which 
were genetically competent to produce alkaloids, but 
because of the genotype of the female parent, were 
phenotyplcally low-alkaloid forms From previous 
evidence [6] seedlings express their own genotype as 
recorded by the Dragendorff reaction wlthm ca 30 
days after sowing or ca 2&24 days after germination 

In these studies two types of families were used for 
the test, one m L angustlfofus m which a low- 
alkaloid female parent was crossed with a hlgh-al- 
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Fig 1 Changes m alkaloid level and dry wt dunng the life 

cycle of L albus 
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kalold male (LN 289 x Edelweiss ~7) and the other (L 
albus) in which both parents (Ultra 0 x Neuland 6) 
were low-alkaloid forms due to homozygoslty for 
mutant alleles of mdependent, complementary genes 
In both, F, seed was ‘sweet’ with the seedlings 
becoming Dragendorff-positive (bitter) after the 
seedlmg genotype became expressed The develop- 
ment of the expression of low-alkaloid phenotypes 
was also recorded m seedhngs of F2 famlhes segre- 
gating for alkaloid concentration These were from 
the crosses, Lupml Bean 0 (bitter) X KlevsklJ Mutant 
c? (sweet) (L albus) and LN 28 0 x Edelweiss 8 (L 
angusftfohus) 

)- 

The data gven m Fig 2 are the means of total 
alkaloid peak areas on GC traces from two whole 
seedlings, including roots, sampled on different days 
after sowing The most striking change from the 
maternal to the high-alkaloid expression m seedlings 
was expressed by the F, Ultra ~Neuland Alkaloid 
concentration increased at ca 16 days from ger- 
mmation, and after a lag phase of ca 5 days, produc- 
tion became very rapid, resuitmg m a 15-fold increase 
m total alkaloid between days 21 and 35 

In L angusftfolw (LN 28 0 X Edelweiss c?), per- 
ceptible increase m total alkaloid was recorded 11 
days earlier than m the L albus cross Production 
was at a slow rate for a further 21 days and seedlings 
achieved the level m the high-alkaloid progeny at day 
30 The rate of alkaloid production m L angusftfohs 
seedlings was slgruficantly less than m the hlgh-al- 
kalold progeny m L albus Although It 1s not possible 
to determine from these data the amount of total 
alkaloid synthesized m cotyledons and the first true 
leaf, it seems that detectable synthesis begins wlthm 
5-15 days after germmatlon when total and percen- 
tage alkaloid are falling (Table 1) At this stage syn- 
thesis 1s msufficlent to compensate for reduction m 
concentration brought about either by redlstributlon 
or catabolism 

Fig 2 Total alkaloid (peak areas on GC) per seedling m 
lugh-alkaloid genotypes derived from crosses mvolvmg low- 
alkaloid female parents (0) Ultra P x Neuland 6, (x) 
Edelweiss selfed, (0) LN 28 P x Edelweiss 6, (A) mean 

competent seedlings compensates sufficiently for loss 
m alkaloid to avoid falling below the level which fads 
to gve a posltlve response with the Dragendorff 
reagent 

Additional evidence on timing of production and 
loss IS given by the pattern of development of the 
low-alkaloid phenotype m segregating F1 plants from 
high-alkaloid, heterozygous F, hybrids (Table 4) Al- 
kaloid concentration m the homozygous mutant 
segregates fell to below the Dragendorff-positive level 
at between days 26 and 29 after germination, or 31-35 
days from sowing the seed The high-alkaloid geno- 
types remained Dragendorff-posltlve during this 
period which suggests that synthesis m genetically 

Total alkaloid m cotyledons decreased rapidly m all 
three Luprnus species during the very early stages of 
germination Part of the reduction may be due to 
dlstrlbutlon to the roots The lowest alkaloid levels 
recorded m the cotyledon (0 35-O 54%) are on the 
threshold of the sensltlvlty of the Dragendorff test 
and of the concentration which gives the bitter 
organoleptlc response During the first stage of ger- 
mmatlon, loss m alkaloid parallels losses m dry mat- 
ter with the result that percentage concentration of 
alkaloid 1s stable, except m L angusftfolrus in which 
alkaloid reduction m cotyledons was markedly more 

Days from sowmg 

of all ‘sweet’ famlhes 

DISCUSSION 

Table. 4 Dragendorff tests on seedhngs of tugh- and low-alkaloid cultivars and on F2 plants from crossmg high-alkaloid 
female x low-alkaloid male 

Days sowing to 
Dragendorff test 

Luprnus albus Lupmus angustifolrus 

Parents Parents 
F2 F2 

Lupml Klevski) APxBd Edelweiss LN 28 BPxCG 
bean (A) mutant (B) + - (B) (C) + - 

< 31 All tests All tests 56 0 56 0 
35 

posltlve negative 
6 2 All tests All tests I 1 

39 5 3 posltlve negative 5 3 

+ , Dragendorff posltlve, -, Dragendorff negative Eight seedhngs per famdy m each test 
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rapid than loss of dry matter At this stage alkaloid 
synthesis 1s at a very low rate and insufficient to 
mamtam a constant concentratzon m the tissues 

Increase m total alkaloid occurs at ca 20 days 
before the onset of flowering which also nearly cozn- 
cldes with rapid increase m dry matter 171 At flower- 
mg and subsequently, the rate of increase of alkaloid 
and dry matter are szmzlar, thus the alkaloid concen- 
tration m tissues remains fairly constant nght up to 
maturity Alkaloid concentration m stems at the ear- 
her stages of development shows an unexpected zn- 
ztzal peak, presumably resulting from redzstrtbutzon 
from the cotyledons This pattern IS not quite as 
evident m L angustzfolzus where there was an m- 
creasing trend m alkaloid concentration in stems from 
the date of the first harvest In leaves where the 
pattern IS more consistent and therefore easier to 
interpret, the lowest alkaloid concentration was 
achieved during early stem expansion before the 
emergence of mflorescences Some of the values ( < 
0 20%) recorded at thzs stage were lower than the 
concentration zn seed of some mutant ‘sweet’ geno- 
types PI 

It IS thus clear that during the early stages of stem 
and leaf formation, rates of alkaloid production are 
szgnzficantly less than of dry matter accumulatzon 
After first flowering when plants have developed a 
full canopy, the relative production of alkalozd m 
stems and leaves increased rapidly to a relatively 
steady maxlmum of 0 3-O 6%, which at the lower end 
of the range 1s near the threshold concentration 
separating Dragendorff-negative (sweet) from 
Dragendorff-posztzve (bitter) phenotypes 

Fruits and pods had relatively hzgh alkaloid levels 
from the earlier stages of their development and like 
the stems, and presumably the leaves, the concen- 
tration zn pods fell to znszgmficant amounts at the 
seed-ripe phase The mztzatlon of rapid accumulatzon 
of alkaloid m reproductive tissue corresponded to the 
pattern of nitrogen accumulatzon [8] and was seen to 
commence when pod development was well advanced 
on both the primary and the later formed axzllary 
branches 

Since the seeds do not synthesize alkalozds [5], 
they are clearly powerful sinks for alkaloid trans- 
ported from vegetative tissues The same 1s probably 
true of flowers, since then potential for synthesis IS 
limited by the short period during which they are 
metabolzcally active before seed formation and by the 
small amount of tissue they contazn The role of pods, 

which become alkaloid rich at an early stage, 1s not so 
clear, but evidence of their relatively small con- 
tnbutzon to total dry wt accumulatzon in seed, sug- 
gests that they also probably contazn substantial 
amounts of alkaloid derived by transfer from stems 
and leaves 

It 1s significant that only seed tissues contain al- 
kaloid m quantities well above the concentration 
required to develop the bitter phenotype, while stems 
and leaves, especially zn L mutabzlzs and L albus, 
are near the threshold level that 1s associated wzth 
high-alkaloid, bitter phenotypes It 1s szgnzficant, 
however, that the alkaloid concentration m young 
seedlings from high-alkaloid parents does not fall 
below the level which 1s normally assoczated with the 
‘bitter’ phenotypes This indicates that seedlings of 
the ‘wild-type’ of lupm species may be adequately 
protected against predation during early germination 
stages when alkaloid synthesis 1s stzll at a very low 
level 

EXPERIMENTAL 
The plant material used IS hsted m Table 5 The plants 

were grown m open ground and sampled at predetermined 
developmental stages during growth according to the fol- 
lowing numbered harvests 0, seed, 1, cotyledons emerged 
and horizontal, 2, first leaf fully expanded, 3, 3-5 nodes 
vlslble-no laterals, 4, primary mflorescence visible, 5, first 
colour m petals (primary mflorescence), 6, open corolla on 
central flowers (pnmary inflorescence), 7, tirst colour m 
petals on secondary mflorescences, 8, all racemes with pods, 
and 9, seed ripe 

For tests on early seedling stages (Table 4) samples were 
taken every 3-5 days after germination untd the Dragen- 
dorff-negative phenotype was recorded 

Quantitative analysis of alkaloid concentration was ac- 
cordmg to methods described previously [5], each harvest 
conslsted of five plants selected at random and dried to 
constant wt Four replicate sub-samples were used for 
analysis For the study of expresslon of alkaloid-controllmg 
genes durmg seedlmg development (see Results), the al- 
kalold content at different dates from germmatlon was 
determmed from total peak areas on CC traces The plants 
were germmated simultaneously m seedling compost m a 
glasshouse, and two seedlmgs, mcludmg roots, were har- 
vested every 3 days after emergence above ground and the 
total seedlmg alkaloids extracted The results presented are 
means of the separate determinations on each of the two 
seedlmgs 

The terms ‘sweet’ and ‘bitter’ which are widely used to 

Table 5 Lupznus material examined for total alkaloid 

Species 

Lupznus albus 

Lupznus angustzfolzus 

Luprnus mutabzlzs 

Cultlvar 

Arkansas 10 
KlevsklJ 
Mutant 

Ultra 
Neuland 
Edelweiss 
LN 28 
LM 24 

Genotype 

Wild type 
pauper 

I 

low alkaloid 

pauper mutants 
exzgzzus 
Wdd type 
zucundus (low alkaloid) 
Wdd type 

Ongin 

USA 
USSR 

West Germany 
West Germany 
East Germany 
7 
Peru 
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describe lupm phenotypes, respectively low and high m 3 
alkaloid content, are here used to denote Dragendorff-nega- 
tlve and -posltlve phenotypes [S] 

4 
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