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ABSTRACT

Mangancse (Mn) and aluminum (Al) toxicitics arc potentially important growth-limiting
factors for crops on acid soils. Until recently, most studics related to metal toxicity on acid soils have
focussed on Al This disscriation contains important information on Mn-tolcrance and toxicity in
Triticurm aestivum L. (wheat). A screen of thirty cultivars of wheat identified a broad range of
tolerance of Mn (in 500 uM Mn, growth ranged from 8 to 88% of control) confirming that Mn
toxicily may be as important as Al toxicity for wheat growing on acid soils. In addition, a positive
correlation was found between Mn- and Al-tolerance, indicating potential for developing lines better
suited 1o arcas with acid soils. Two cultivars (Mn-tolerant 'Norquay' and Mn-scnsitive 'Columbus’)
were chosen to investigate the physiology of differcntial tolcrance of Mn. Precipitation of Mn
occurred on the roots of the tolerant cultivar when grown in excess Mn, whereas roots of the sensitive
cultivar remained white. Plart-induced changes in pH of nutricnt solutions appeared to control
precipitation of Mn onto root surfaces; however, this precipitation did not confer tolerance of Mn.
This result, along with results of other studics, suggests that internal tolerance mechanisms arc more

important than cxternal wolerance mechanisms in determining tolerance of Mn in wheat.

In wheat, Mn toxicity involves an array of physiological responses, including reduced
photosynthetic rates and chlorosis. When grown in a range of concentrations of Mn (0-1000 uM), the
tolerant cultivar maintained higher photosynthetic rates and concentrations of chlorophyll than the
sensitive cultivar despite accumulation of greater concentrations of Mn in leaves. Examination of
photosynthetic rate per unit chlorophyll indicated important differences between the cuitivars. The
primary toxic cffcct of Mn in the tolerant cultivar was a reduction in chlorophyll content which, in
turn, resulted in a lowered rate of photosynthesis. In contrast, Mn exerted its toxic effect in the
sensitive cultivar on photosynthesis and chlorophyll content independently. It has been suggested that
tolerance of high internal concentrations of toxic metals may be achicved via compiexation with
organic acids, cither in the cytosol or in the vacuole. In this study, growth in excess Mn increased
concentrations of aconitate, a-ketoglutarate, and succinate in leaves of the sensitive cultivar only.
However, incubation of leaf slices with [2-14C] sodium acetate indicated that these organic acids
were not derived [rom acetyl CoA feeding into the citric acid cycle. These results suggest that

biosynthesis of organic acids is not a primary mechanism of Mn-tolerance in wheat.

In summary, differential tolcrance of Mn has been demonstrated in wheat, and appears to be
related 1o chlorophyll content and/or the ability to maintain photosynthesis. In addition, this study has

generated some ideas for future rescarch which should help clarify the Mn toxic response.
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i. General introduction

1.ike many other Ph.D. candidutes, I had no idea of the dircctions my disscrtation rescarch
would take me. When I first arrived in Dr. Gregory Taylor's lab, he and his students were all working
on the physiology of the aluminum (Al) stress responsc in wheat. 1 had not yet decided what my
rescarch topic would be, although I was determined to work on a stress other than Al. Not wanting to
wander oo far from the interests of my coworkers, I decided to investigate another metal stress,
manganese (Mn) toxicity. For reasons which should become apparent as you read this disscrtation, [

soon discovered that 1 had stumbled across an intriguing topic.
1.1 Manganese toxicity: a problem of intermational importance

Manganese toxicity is part of the larger issue of soil acidity. Soil acidity is a major growth-
limiting factor for plants in many parts of the world (Foy 1983) and can be causcd by natural soil
propertics or by agricubural, manufacturing and waste disposal practices (Westerman 1987, Foy et al.
197%). Acid soil wxicity comprises a complex array of factors which may affect the growth of plants
through several physiological pathways, including mineral deficiency, mincral toxicity or drought
stress (Foy 1983). In particular, Al and Mn toxicitics have been identified as major growth-limiting
factors for crops on acid soils (Reisenaucr 1988, Westerman 1987, Foy 1983). Aluminum toxicity
can be severc in soils with pH < 5.0, but may also occur at pH 5.5 in kaolinitic (Al silicate) soils (Foy
et al. 1978). It is a particular problem in arcas with strongly acidic subsoils that are difficult to lime
and may be cxacerbated through the use of nitrogenous fertilizers. Manganese toxicity may arisc
under a variety of conditions including; high total soil Mn, pH of substratc below 5.5, low soluble
calcium (Ca) in relation to Mn, low soil oxygen caused by poor drainage, high temperature, soil
compaction and excessive irrigation or rainfall (Ritchic 1989, Reiscnaucr 1988, Foy 1983).
Manganese toxicity is of particular concern on acid soils since Mn in acid soil solutions is mainly in

an uncomplexed form (Mn2+) which can be readily 1aken up by plants (Ritchic 1989).

Given the worldwidc distribution of acid soils, it is not surprising that Mn toxicity is an
important concern for production of wheat (Triticum aestivum L.) on a worldwide basis. In Fig. 1.1,
the distribution of acid soils is superimposed on the distribution of arcas of wheat production . Large
arcas of Canada, the USA, castern Europe and China have potential Mn toxicity problems for wheat.
Amelioration of Mn-toxic soils in these arcas is not always feasible or cconomical, especially in
developing countries. Tt therefore becomes important to develop cultivars which are better suited to

such growing conditions (Foy et al. 1988). In order to breed plants for growth on Mn-toxic soils,



Figurc 1.1 Worldwide distribution of acid soils (////) and major areas of production of wheat (\W\W).
Arcas of overlap arc shaded black. Adapted from Van Wambcke (1976) and Brigglc and
Curtis (1987).



there must be appropriate genetic variation. Differential tolerance of Mn has been identified in many
plant specics and cultivars (Evans e: al. 1987, Foy and Campbell 1984, Osborne et al. 1981, Foy et
al. 1969). Cultivars of wheat also cxhibil a range of tolerance to Mn (Necnan 1960, Foy et al. 1988),
offering potential for growing wheat in acidic soils where Mn and Al toxicity may be growth-limiting
factors, Furthermore, the genetic potential of wheat for improvement through plant breeding seems
promising. Control of Mn-tolcrance in many specics appears to be multigenic (Heenan et al. 1981,
Brown and Devine 1980). While tolerance of Mn in wheat is quantitatively inherited (Moroni 1991),
it scems 1o have a relatively simple pattern of inheritance (Scott and Fisher 1989, Foy et al. 1988).

The factors outlined above arc only part of the rcason I elected to work with wheat as an
experimertal species. Wheat is an interesting crop in its own right. It is grown around the world in a
widc range of environments; in fact, more land is devoted worldwide to the production of wheat than
10 any other commercial crop (Briggle and Curtis 1987). Wheat provides more nourishment for
humans than any other food source (Johnson ez al. 1978) and significant amounts are uscd for animal
feed (Briggle and Curtis 1987). In Canada, wheat is the predominant crop grown, and 95% of all
Canadian wheat is grown in the southern portions of the prairic provinces (Peterson 1965). As the
globad population increasces, there will be a need to increase production of food crops. Greater
production of wheat can be achicved in Lwo ways, by (i) expanding the arca sown and/or (ii)
improving the yicld per unit arca sown (Briggle and Curtis 1987). The extent to which wheat can be
grown on marginal lands depends on the nature of the stresses involved. Several cultivars of wheat
have alrcady been developed (through a cooperative program between Brazil and the International
Maize and Wheat Improvement Center in Mexico) that yield twice as much as traditional cultivars
under Al-wxic conditions (Briggle and Curtis 1987). The results of Chapter 2 (Macfic et al. 1989)

indicate that a similar potential cxists for Mn-tolerant lincs.
1.2 Manganese toxicity: symptoms and toxic effects

Symptoms of Mn toxicity arc most noticeable in aerial tissues and include marginal leaf
chlorosis, interveinal chiorosis, crinkle leaf and necrotic spots, particularly on older leaves (Ritchie
1989, Horst 1988, Westerman 1987, Foy and Campbell 1984). Generally, damaged tissues have
higher concentrations of Mn than surrounding tissues (Vlamis and Williams 1973). The first rcport of
Mn toxicity was published in 1909 by Kelley who described toxicity for Ananas comosus growing on
manganiferous soil in the drier regions of the Hawaiian Islands (Schlichting and Sparrow 1988).

More recently, Mn-toxic soils have been noted in sections of Puerto Rico, Africa, Brazil, Australia

and the USA. This list is likcly incomplete, however, since little data have been published for



temperate, continental regions. In general, Mn-toxic soils are characterized by the weathering of
parcnt material rich in bascs (eg. basalt and limestone) in hot to warm regions, whercas the influence

of ground water is also a factor in warm to cool regions (Schlichting and Sparrow 1988).

While differential tolerance of Al hay been well described (see for example Taylor 1988, Foy
1983), relatively litile attention has been paid to Mn-tolerance. This probably reflects the fact that,
until recently, Al was considered to be of greater concern for plants growing on acid soils (Foy e al.
1978). Prior to this disscriation, the most recent comprehensive report of differential Mn-tolerance in
wheat was published over 30 ycars ago (Necnan 1960) and did not include information on Canadian
cultivars. To address this issuc, my investigations began with a screen of 30 cultivars (Chapter 2,
Macfic et al. 1989). While the majority of the cultivars screened were sensitive of Mn, the range of
differential tolerance measured was comparable 1o previously documented differences in wlerance of
Al (Briggs et al. 1989). This broad range of tolerance of Mn has been confirmed by more recent
investigations at the University of Alberta (Moroni 1991). These results indicate that Mn toxicity is

potentially as important as Al toxicity for plants growing on acid soils.

The physiclogy of Mn toxicity has received attention in the recent literature (sce review by
Horst 1988); however, the mechanisms of Mn phytotoxicity and differential tolerance remain unclear.
The biochemistry of Mn in plants is equally ill-defined, although it is clcar that Mn plays an
important role in many biochemical processes, especially the water-splitling reaction in
photosynthesis. The lack of understanding of the specific effects of Mn deficiency and for toxicity
results from the fact that, unlike other essential trace elements (such as Cu, Fe, Mo and Zn), Mn
usually acts as a cofactor for enzyine-catalyzed reactions rather than as an integral componcent of
cnzymes (Burnell 1988). The inplication of this is that Mn often replaces, or is replaced by, other
divalent cations. Nieboer and Richardson (1980) classificd metal ions based on their chemical
properties and biological activity. According tG their classification, one would expect Mn2+ 10 have
phytotoxic effects similar 1o those of other "borderline” metals (eg. Cd2+, Co2+, Cr2+, Cu2+, Fe2+,
Ni2+, Pb2+, Sn2+, Ti2+, V2+ and Zn2+), However, in some biological systems, Mn2+ can substitute
for Ca2+ while in others it can substitutc for Mg2+ (Hughes and Williams 1987), both of which were
classificd as "class A" metals by Nicboer and Richardson (1980). Indeed, one of the difficultics in
understanding the biochemistry of Mn2+ is the identification and differentiation of those systems
which require it and not Mg2+ (Hughes and Williams 1987). It is not my intention to clucidate the
biochemistry of Mn toxicity; however, the results of experiments presented in this dissertation do help

1o identify pathways which are prime candidates for further investigation.



1.3 Mangancse tolerance: physiological and biochemical aspects

The physiological bases for differential metal tolerances arc also ill-defined; however, two
broad categorics of metal tolerance mechanisms are currently recognized, (i) exclusion mechanisms,
where the toxic metal is excluded from the symplasm and (ii) internal tolerance mechanisms, where
the toxic metal crosses the plasma membranc but is cither detoxified or removed from sensitive
melabolic sites. General examples of exclusion mechanisms include (i) cxudation of chelate ligands
into the rhizosphere, (ii) selective permeability of the plasma membrane, (iti) metal ion efflux, (iv)
compartmentation of the metal in the cell wall, (v) plant-induced pH barrier in the rhizosphere and
(vi) plant-induced redox barrier in the rhizosphere (Cumming and Taylor 1990), not all of which can
explain tolerance of Mn.  In soils, Mn forms chelates with citrate and oxalate at pH < 6, with malate
and malonate at pH < 5.7 and with succinate at pH < 5.4 (Cline ez al. 1983). There has been no
cevidence, however, that cxudation of organic ligands acts as a Mn-tolerance mechanism. Indeed,
clevated concentrations of Mn found in tissues of Mn-tolerant plants (Foy 1984) would indicate that
Mn is wken up by the plant . Sclective permeability of the plasma membrane is unlikely to account
for tolerance of Mn, since Mn enters the cell readily (Graham 1979) and there have becn no reports on
possible Mn cfflux pumps in plant membrancs. Similarly, there is no evidence of compartmentation
of Mn in the cell wall (Memon and Yatazawa 1982). However, plant-induced oxidation of Mn 2+ 10
Mn3+ has been well-documenied for many wetland plants (Armstrong 1970). Plant-induced changes
in pH of the rhizosphere can also be sufficient to render Mn insoluble (Foy et al. 1988). The relative
effectivencss of these plant-induced changes would appear to be genotype-specific. In wheat, roots of
plants grown in excess Mn turned a brown colour (Horiguchi 1987, Foy 1984), possibly reflecting
precipitation of Mn on the root surface. During the dose-response experiments which I ran as part of
Chapter 2 (Macfic et al. 1989), I noticed that the Mn-tolerant cultivar induced a rise in pH of solution
by the end of the experimental period, and that the roots of these plants turncd brown. Chapter 3
(Macfic and Taylor 1989) describes an experiment in which pH of solution was manipulatcd by
altering supply of ammonium to test whether precipitation of Mn on root surfaces could account for
ditferential tolerance of Mna. Plant-induccd changes in pH of the nutrient solution were correlated
with precipitation of Mn on the root surface; however, it was clear that this phenomenon did not
confer tolerance of excess Mn. Thus, the majority of evidence indicates that high internal tolerance is
more important than exclusion in determining Mn-tolerance of genotypes within species such as

wheat (Foy et al. 1988, Scott and Fisher 1989).

As is the case with exclusion mechanisms, a variety of internal mechanisms might operate to

detoxify or immobilize metals in the cytosol. These mechanisms include; (i) metal-binding proteins,



(ii) cvolution of metal-tolerant enzymes, (iii) increascs in enzyme activity, (iv) compartmentation of
the metal in the vacuole (or another site removed from metabolic activity) and (v) chelation in the
cytosol with organic ligands (Taylor 1991). Once again, not all of these mechanisms are applicable o
tolerance of excess Mn. Mcmon and Yatazawa (1982) found that Mn is not complexed with proteins
in the cytosol in leaves of Mn-accumulating plants, indicating the lack of specific Mn-binding
protcins which confer tolerance of Mn. Information on the effects of Mn on enzyme activity is
scarce. Insufficient studies have been done to conclude whether or not enzyme tolerance could
cxplain Mn-tolerance. On the other hand, there is ample evidence that compartmentation is an
imporwant mechanism of Mn-tolerance. For example, Mn in leaves of a Mn-tolerant cultivar of Vigna
unguiculata was uniformly distributed and in an casily extractable form, whereas in a Mn-sensitive
cultivar, Mn was localized and not as casily extractable (Horst 1980). In cxcised Zea mays root
tissue, Mn was irrcversibly sequestered in the vacuole (Pleffer e al. 1986). Also, Memon er .
(1980) noted that the highest concentrations of Mn occurred in the epidermis, collenchyma and
bundle sheath cells in the Mn-accumulator Acanthopanax sciadophylloides, further indicating that

Mn-tolerance likely involves some form of comparimentation,

I became interested in whether the phytotoxic effects of Mn were directly related to
concentrations of Mn in the leaf, or if a tolerant cultivar could grow normally despite high internal
concentrations of Mn. In Chapter 4, I explored the relationship between concentrations of Mn in
lcaves, photosynthetic rate and chlorophyli content (Macfic and Taylor Submitted). The results were
genotype specilic. Mn toxicity affected concentrations of chlorophyll and photosynthetic rate
indcpendently in a Mn-sensitive cultivar, whereas reduced photosynthetic rate in a Mn-tolerant
cultivar could be accounted for simply by the toxic effect of Mn on chlorophyll content. Results from
this experiment clearly demonstrated that the Mn-tolerant cultivar could maintain higher
concentrations of chlorophyll and rates of photosynthesis than the Mn-sensitive cultivar in the face of
higher concentrations of Mn in leaves. It is not clear from these results, however, whether differential
tolerance is a result of differential compartmentation of Mn, detoxification of Mn or differential

cnzymc responsc 1o Mn.,

Complexation with organic ligands in the cytosol is another potential mechanism for Mn-
tolcrance (Horst 1988). Organic ligands could chelate with Mn in the cytosol, cffectively removing
Mn {rom metabolic activity. In my final study (Chapter 5), I investigated the relationship between
concentrations of organic acids, biosynthesis of organic acids and tolerance of excess Mn. The results
indicated that concentrations of organic acids varicd in response to excess Mn; however, after

cxposure o cxcess Mn, the concentrations of some organic acids were higher in the Mn-sensitive



cultivar than in the Mn-tolerant cultivar. Thus, the production of organic acids is not likcly a primary

mechanism of Mn-tolerance in wheat.

The experiments reported in this dissertation have contributed towards our understanding of
the toxic effects of Mn in wheat. A broad range of Mn-tolerance was found which indicates that Mn
toxicity is potentially an important growth-limiting factor for wheat in many arcas of the world. In
addition, I have narrowed the ficld by more clearly identifying potential mechanisms of Mn-tolerance.
The results of my rescarch indicate that differential tolerance of Mn is probably related to some
component of photosynthesis, be it enzyme activity or detoxification of Mn within the cell. My work
has also raised scveral important questions which remain unanswered. In the general discussion of

this thesis I present directions for future research which I believe will further our knowledge of Mn

toxicity and tolerance.
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2 Differential tolerance of manganese among cultivars of Triticum aestivuml

2.1 Introduction

Mangancse (Mn) and aluminum (Al) toxicitics arc two important growth-limiting factors for
plants in acid soils (Foy 1983). Toxic levels of these clements may develop if pH falls below 5.5 in
the case of Mn (above 5.5 under waterlogged conditions) or 5.0 in the case of Al (Osborne et al.
1981). Plant specics, cultivars and ecotypes respond differently to toxic levels of Mn or Al in their
substrate. For example, differential tolerance of Al has been identified in over 40 plant specics
including wheat (7riticum aestivum, sce review by Taylor 1988). While Mn-tolerance has received
fess attention, differential tolerance has been reported in Amaranthus tricolor (Foy and Campbell
1984), Gossypium hirsutum (Foy et al. 1969), Medicago sativa (Ouellette and Dessurcaux 1958),
Trifolium subterranean (Evans et al. 1987, Osborne et al. 1981) and whcat (Neenan 1960). Recent

work on wheat, and information on North American cultivars of wheat are lacking.

Because Al and Mn toxicitics are related to soil acidity, plants growing in acid soils might be
expected (o be tolerant of both Al and Mn (Foy et al. 1973). Tolerances of Mn and Al were related in
Medicago sativa ccotypes selected for acid soil tolerance (Oucllette and Dessurcaux 1958). However,
Mn-tolerance was not related to Al-tolerance in studies with Amaranthus tricolor (Foy and Campbell
1984) or Gossypium hirsutum (Foy et al. 1969). Foy et al. (1973) found that a cultivar of wheat

tolerant of Al was scnsitive of Mn (and vice versa), yet there is a high probability of obtaining this

result in an experiment restricted to two cultivars.

The objectives of this study were (i) 1o determine the range of Mn-tolerance in 30 cultivars
of wheat, (i) 10 identify and characterize Canadian standards for Mn-tolerance and Mn-scnsitivity and

(1i1) t determine the relationship between Mn- and Al-tolerance in wheat.

1 A version of this chapter has been published. Macfie, S.M.,

Taylor, GJ., Briggs, K.G. and Hoddinott, J. 1989. Differential
tolerance of manganese among cultivars of Triticum aestivum.
Can, J. Bot. 67:-1305-1308.



22 Methods
2.2.1  Screening for manganese tolerance in solution culture

Thirty cultivars of wheat were sclected for experimentation. Thesc included three winter
wheat cultivars ('Atlas 66', 'Monon', 'Scout 66'); two cultivars of Brazilian origin ('Maringa’,
'PF7748'); four of Kenyan origin ('K.Kongoni', 'K.Nyumba', 'K.Tembo', Romany"); ninc registered
Canadian Western Red Spring (CWRS) cultivars (‘Benito', ‘BWY2', 'Columbus', ‘Conway’, 'Katenwa',
"Kenyon', 'Lancer’, 'Neepawa', Park') and 12 experimental lines or cultivars with established high yicld
potential. The winter wheats were selecied because "Atlas 66' was known o be Mn-sensitive and Al-
tolerant, '"Monon' was known to be Mn-tolerant and Al-sensitive (Foy et al. 1973) and 'Scout 66" was
known to be Al-scnsitive (Taylor and Foy 1985) and expected 1o be Mn-tolerant. Seventy sceds of
cach cultivar were surface sterilized in 1.2% sodium hypochlorite for 20 min and germinated
overnight in an acrated solution of 0.005 g L-1 Vitavax to prevent fungal growth. Scedlings were
placed on nylon mesh suspended over 10 L of nutricnt solution and grown for 3 days in a solution
containing (uUM): Ca, 1000; Mg, 300; NO3, 2900 and NH4, 300; then for 5 days in a complete nutrient
solution containing (uM): Ca, 1000; Mg, 300; K, 800; NO3, 3300; NHy4, 300; PO4, 100; SO4, 101; CI,
64; Na, 20, Fe, 10; B, 6; Mn, 2; Zn, 0.5; Cu, 0.15 and Mo, 0.1 (Briggs et al. 1989). Iron was supplicd
as Fe-EDTA preparcd from equimolar amounts of FeCl3 and NagEDTA. Al growth solutions were

acidificd to pH 4.8 with HCI.

Sixtcen uniform, ninc-day-old scedlings of each cultivar were mounted with strips of
polyurcthanc foam on Plexiglas frames which covered each of 60 polycthylene containers of 10 L.
capacity. Each frame supported cight plants in four groups of two and shiclded growth solutions from
light to inhibit algal growth. Plants were grown in a conurolled environment room with temperature
mainuiined between 19 and 200C during a 16-h light pericd and between 15 and 169C during
darkncss. Relative humidity was maintained between 50 and 60% during the light period and
between 74 and 86% during darkness. Solution temperatures were maintained between 18 and 199C
by immersing all containers in a common water bath. The growth room was illuminated by 12 HID
mcrcury halide (400W) and 4 HID high pressure sodium (400W) lamps located 1.3 m above the plant
bascs. The photosynthetic photon flux density (PPFD) was 325+29 umol m-2 s-! at plant basc level.

A randomized, block factorial design with 30 cultivars, two Mn treatments and three
replicates (totalling 180 containers) was used. Due to space constraints, thrcefold replication was

achicved in time. All treatments involved the complete nutrient solution described above, except that



the concentrations of NHz and NO3 were increased to 600 uM and 3200 pM respectively. The
control treatment consisted of unaltered nutrient solution (as described above). For the Mn treatment,
5(X) M Mn, supplicd as MnClp.4H20, was superimposed over the basal nutrient solution. Control
and Mn treatments for cach cultivar within each replicate were blocked together to minimize
variation. The pH of acrated nutrient solutions were adjusted initially to 4.8 with HCI or KOH and
were recorded three times weekly. Nutrient solutions were adjusted periodically to 10 L with distilled

water to compensate for water loss by cvaporation and transpiration.

Afler a 14-day treatment, the plants were harvested, divided into roots and shoots, dricd at

600C, and weighed. A root weight index (RWI) and shoot weight index (SWI) were calculated by
dividing the root or shoot dry weight of plants grown with an extra 500 UM Mn by the respective
values for control plants. Tolerances of Mn were compared to tolerances of Al determined by Briggs
et al. (1989). Data were analyzed using Duncan’s Muitiple Range Test and simple regression with

significance defined at a=0.05.
2.2.2  Standards for manganese tolerance and sensitivity.

For the purposes of this dissertation, the terms "Mn-tolerant’ and "Mn-sensitive' arc uscd to
describe relative growth under conditions of Mn stress, a tolerant plant will grow better than a
sensitive one at any given concentration of Mn in solution. Based upon the results of the screening
experiment, two Canadian cultivars were selected as standards for Mn tolerance ('Norquay') and Mn
sensitivity (‘Columbus’). These cultivars were grown over a range of concentrations of Mn (0, 5, 1v,
25, 50, 100, 250, 500, 750, 1000 uM) supcrimposed on a basal nutrient solution which lacked Mn.
All other techniques were as described in the screening experiment. Treatments were randomly
assigned within cach of three blocked replicates. After a 14-day treatment, plants were harvested,

divided into roots and shoots, dricd at 60°C and weighed.

The standards were further characterized in a time course study using a randomizcd, block
factorial design with two cultivars, two treatments, eight harvest dates and three replicates.
Treatments included a control (basal nutrient solution) and 500 M Mn superimposed on the basal
nutrient solution. Control and Mn trcatments within each replicate were blocked together to minimize
variation. Plants were harvested at 0, 2, 4, 6, 8, 10, 12 and 14 days after treatment. All other
procedures were as described in the screening experiment. Data were analyzed using analysis of

variance (ANOVA) with significance defined at ¢=0.05.



23 Results

The 30 cultivars of wheat differed in tolerance of Mn based upon both RW1 and SWI (Table
2.1). Both root and shoot biomass were depressed in the presence of 500 uM Mn; however,
symptoms of Mn toxicity were most evident on shoots. Roolts appeared healthy while shoots were
chlorotic and speckied with necrotic spots, especially in the more sensitive cultivars, Toxicity
symptoms werce similar to thosc described in Foy er al. (1973). Despite the lack of diagnostic
symptoms on roots, the RWI was deecmed to be a more suitable measure of tolerance since it provided
a better scparation of tolerant and scnsitive cultivars (0.08 to 0.88) than the SWI (0.41 to 0.89). This
is in agrcement with previous studies which suggested that RWI was a more reliable indicator of Al-

tolerance in wheat (Briggs et al. 1989, Zhang and Taylor 1988, Taylor and Foy 1985).

Bascd upon the RWI, all nine CWRS cultivars tested were sensitive of Mn (0.08 < RWI <
(.40). The Brazilian and Kenyan cultivars had RWI values between 0.24 and 0.58. Cultivars with
high yicld potential showed moderate tolerance ¢f Mn (0.50 < RWI < (0.70). 'Norquay' (RWI = (.88),
a delicensed, high yicld cultivar, was the only cultivar with a RWI above 0.70. Twenty nine of the
cultivars tested for Mn-tolerance in this study were previously screened for Al-tolerance by Briggs et
al. (1989) using a similar experimental design. Using results from both studics, a positive, but weak

corrclation between Al- and Mn-tolcrance was observed (r = 0.57, Fig. 2.1).

The cultivars 'Norquay' and 'Columbus’ were sclected to serve as standards for Mn tolerance
and Mn scnsitivity. Root dry weight of both cultivars decrcased under Mn-deficient and Mn-toxic
conditions, however, Mn-sensitive ‘Columbus' reached a maximum root weight at an external Mn
concentration of 10 uM, whereas roots of Mn-tolerant ‘Norquay' increased in weight up 1o 100 uM
Mn (Fig. 2.2). The mean root weight for 'Norquay' did not reach 100% of maximum because of
variation between replicates. In one replicate, maximum growth was achicved at an cxicrnal
concentration of 50 uM Mn, while in the other two replicates, maximum growth occurred at 100 pM
Mn. At 500 uM Mn, root weight of 'Columbus’ was 20 % that of 'Norquay'. Roots of 'Norquay'
maintained significantly greater biomass than 'Columbus’ up to 1000 UM Mn. Analysis of variance
(ANOVA) of root weight data indicated significant main cffects attributable to cultivar and

concentration of Mn, as well as a significant cultivar by concentration of Mn interaction (p < 0.001).
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Table 2.1. Differential tolerance ¢f 30 cultivars of Trivicum aestivum grown in solution culture as
measured by root weight index (RWI) and shoot weight index (SWI). The ANOVA was performed on
the arcsine square root of the raw data. Mcans followed by the same Ictier arc not significantly

different at the 5% level according to Duncan's Multiple Range Test.

Cultivar RWI + s.c. SWl +s.c.

Lancer 0.08+0.01a 040+ 0.04a

Columbus 0.09+0.01a 041+ 0.04 ab

Neepawa 0.15+0.04 ab 0.56 + 0.11 abcd
Conway 0.16 + 0.01 ab 0.53 + 0.01 abcd
Katepwa 0.16 £ 0.03 ab 0.59 + 0.10 abcde
Kenyon 0.18 + 0.06 ab 0.60 + 0.11 abcde

Scout 66 0.19 + 0.07 abc 0.43 + 0.06 ab

Marshall 0.21 + 0.01 abc 047+ 0.05 cdelg
Glenlea 0.21 + 0.05 abc 0.64 + 0.09 abc

Benito 0.23 + 0.02 abc 0.69 + 0.11 defghij
Maringa 0.24 +0.04 abed 0.66 £ 0.05 cdefghi
BW92 0.24 +0.02 abcd 0.65+ 0.03 cdefg
K.Nyumba 0.32+0.12 bede 0.62 + 0.05 bedef

Atlas 66 0.38+0.02  cdef 0.70 + 0.07 defghij
QT8132 0.39 +0.09  cdef 0.62 + 0.08 bedef

Park 0.39 £0.06  cdefl 071+ 0.04  defghij
Oslo 043+ 0.11 delg 0.60 + 0.08 abcde
K.Kongoni 046 +0.11 cfgh 0.80+ 0.14 ghijk
K.Tembo 0.50 £ 0.10 cfgh 069+ 0.05  defghi
Owens 0.52 + 0.08 cfgh 0.81 + 0.04 fghijk
P1325 0.53+0.13 cfgh 0.84 + 0.07 hijk
HY 320 0.53+0.14 cfgh 0.71 + 0.09  defghij
Maonon 0.55+0.12 fgh 0.77 £ 0.05 clghijk
Romany 0.55 + 0.09 fgh 0.78 £ 0.08 cfghijk
P74l 0.58 +£0.13 fgh 0.85 + 0.09 ijk
PET748 0.58 + 0.09 fgh 0.88 + 0.01 jk
PT329 0.61 £0.19 gh 0.77 + 0.19 cfghij
PT726 0.66 + (.12 h 0.88 + 0.08 jk
Pr742 0.67 +0.13 0.83 + 0.03 ghijk
Norquay 0.88 + 0.03 0.89 + 0.07 k
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Figure 2.2. The cffect of concentration of manganese (UM) on the root weight of Mn-tolerant

{'Norquay') and Mn-sensitive (‘Columbus') cultivars of Triticum acstivum grown in solution culture.

Mean root dry weight is expressed as a percent of maximum weight for cach cultivar.
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The differences between root weights of ‘Norquay' and ‘Columbus’ were also demonstrated in
the time course study (Fig. 2.3). In the first cight days of treatment, root weights of ‘Norquay' grown
in 500 LM Mn did not differ from control, but dectined to 50 % of control by the fourteenth day, In
contrast, root weights of '‘Columbus' grown in 500 M Mn were less than control by the fourth day,
and liule additional growth was observed for the remainder of the experimental period. By the

fourtcenth day, root weight was only 10 % of control.

2.4 Discussion

Differences in tolerance of Mn among cultivars of wheat have been reported (Foy ef al.
1973, Neenan 1960); however, these studies utilized a narrow range of germplasm, and differences
between caltivars were small. For example, Neenan (1960) reported variation in the relative root
growth of four cultivars from Ircland. Root growth in soils containing 137 pg g1 Mn ranged from 20
10 37% of control. Foy et al. (1973) reporied differences between two cultivars from the USA. Root
growth in solutions containing 75 mg L-1 Mn were 33 and 41% of control. The data reported here are
the first to document large variation in cultivar tolerance of Mn among a wide range of germplasm
developed in four countrics. The range of tolerance of Mn (RWI = 0.08 10 0.88) was similar o the

range measured for Al-tolerance (RWI = 0.25 10 1.10; Briggs et al. 1989).

The results of the screening test were interesting because the RWI values were related to
cultivar origin. Cultivars of Brazilian and Kenyan origin were only moderately tolerant or sensitive
of Mn despite the predominance of acid soils in these regions. Canadian Western Red Spring
(CWRS) cultivars werc uniformly sensitive of Mn, whereas cultivars with documented high yicld

potential were more tolerant.

Thesc results paralleled findings of Briggs et al. (1989) with respect o Al-tolerance. The
CWRS cultivars were derived from repeated backcrossing with a narrow germplasm basc lacking Al
(and likely Mn) tolerance, whercas the high yield cultivars came from a broader base of germplasm
grown under generally high fertitity ficld conditions (Briggs e¢ ./ 1989). Briggs et al. (1989)
speculated that the relationship between Al-tolerance and high vicld potential may be related 10
nitrogen (N} usc efficiency, although the hypothesis has yet to be tested. The same situation may
hold true for Mn; however, Mn-tolerance has often been associated with tolerance of waterlogged

soils (sec Foy 1983). Perhaps Mn-tolerance is also related to root oxidizing potential (Taylor 1987).
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The sclection of cultivars which had been previously screencd for Al-tolerance (Briggs ef al.
1989) permitted investigation of the relationship between Mn- and Al -tolerance in wheat. Many of
the Mn-tolerant cultivars identificd in this study were identificd as Al-tolerant by Briggs et al. (1989).
Likewisce, many of the Mn-sensitive cultivars were identificd as Al-sensitive. In light of the similarity
hetween the results of this study and Briggs et al. (1989), the positive correlation between Al- and
M- tolerance reported here (Fig. 2.1) was not surprising. Nonctheless, this finding contradicts a
previous report in which Al-tolerance was associated with Mn-sensitivity and Al-sensitivity was
associated with Mn-tolerance (Foy et al. 1973). Although the results of Foy ef al. (1973) for two
cultivars were confirmed, their findings cannot be extrapolated to wheat in general; tolerance of Al
and Mn were not opposite in the 30 cultivars studied here. While tolerances of Al and Mn were
correlated, the relationship was weak (r = 0.57). The weakness of this correlation may be explained
by variation in soil conditions in which the cultivars were developed, or by different mechanisms of

metal tolerance under different genctic control(s).

The two cultivars characterized in this study would appear to be suitable standards for Mn-
tolerance and sensitivity. Differcnces in tolerance were observed over a broad range of
concentrations, similar to those previously reported for differential Al-tolerance (Briggs et al. 1989,
Zhang and Taylor 1988). The Mn-tolerant cultivar, 'Norquay', exhibitcd maximum root growth at a
concentration of Mn which was toxic to the Mn-sensitive cultivar, 'Columbus'’. This suggests that
Mn-tolerance in 'Norquay', and perhaps other Mn-tolerant cultivars, may be associated with an
increased requircment for Mn. Previous studics have reported an increased need for metals in metal-
lolerant ccotypes of many species (Shaw 1987, Foy er al. 1973, Antonovics et al. 1971). The widc
range and co-occurrence of Al and Mn tolerance in certain cultivars suggests that the development of

wheal adapted 10 Al- and Mn-toxic soils is feasible using conventional breeding techniques.
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3. The effects of pH and ammonium on the distribution of manganese in Triticum aestivum

grown in solution culture2

3.1 Introduction

Many symptoms of mangancsc (Mn) toxicity have been described for acrial plant parts
including; (i) interveinal chlorosis rescmbling iron (Fc) deficiency (Foy 1984, Foy and Campbell
1984, Kohno et al. 1984, Kohno and Foy 1983b, White 1970), (ii) brown spots consisting of
precipitates of Mn oxides (Amold and Binns 1987, Wissemeicr and Horst 1987, Foy and Campbell
1984, Sirkar and Amin 1974, Kang and Fox 1980, Mengel and Kirkby 1980, Viamis and Williams
1973, White 1970), (iii) crinkle lcaf (Sirkar and Amin 1974, Foy 1984, Foy and Campbell 1984,
Kicsling et al. 1984), (iv) stunting and stiffncss of leaves (Kicsling et al. 1984, Ohki 1984), and (v)
nccrotic lcaf tips (Kicsling et al. 1984, Ohki 1984). Despilc the prevalence of studics using solution
culturcs, most reports of Mn toxicity symptoms have focused upon acriai parts, with little attention
paid to roots. Scveral studies have reported that severe Mn toxicity causes plant roots to turn brown,
usually after the tops have been injured (Foy 1984). Aoba et al. (1977) reported that roots of Citrus
reticulata injured by excess Mn were staincd dark brown. Roots of HHordeum vulgare, Lycopersicon
esculentim, Medicago sativa, Oryza sativa and Triticum aestivum (wheat) also turned a brown colour
when grown in culture solutions with high concentrations of Mn, whereas roots of Cucurbitu
moschata did not (Horiguchi 1987). Thesc reports have implied that browning of roots is a symptom
of Mn toxicity, however, the authors did no more than describe root colour. There has not heen

discussion of cause or cffect of root discolouration.

Brown colouration, identified as oxidized Mn, accounted for over half of total Mn in roots of
Hordeum vulgare and wheat (Horiguchi 1987). There has been discussion of precipitated metal
oxides conferring metal tolerance in some species, including Aster tripolium (Oute et al. 1987), Typha
domingensis (Hocking 1981), Typha latifolia, and Oryza sativa (Crowder et al. 1987, Marschner et
al. 1987), but such a mechanism cannot explain tolerance in other specics. While oxidation of metals
on root surlaces may affect distribution of metals between tops and roots (Horiguchi 1987), tolerance
of Mn in some specics and cultivars is observed despite high tissuc concentrations of Mn (Evans er al.

1987, Miller 1987, Kohno et al. 1984, Foy et al. 1973). To date, there have been no published studics

2 A version of this chapier has been published. Macfie, $.M. and Taylor, G.J.
1989. The effects of pH and ammonium on the distribution of manganesc
in Triticum aestivum grown in solution culture. Can. J. Bot. 67:3394-34(X).
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relating the effect of Mn precipitates on plant roots to tolerance of Mn.

In a preliminary study with wheat, a precipitate of Mn was observed on roots of a Mn-

wlerant cultivar grown with excess Mn, after pH of solution rose above 5.0 (approx. 10 days in
culture). The plant-induced rise in pH coincided with depletion of NHg4+, followed by an increasc in

the uptake of NO3- (Taylor 1988b, Foy 1984). In contrast, a Mn-sensitive cultivar did not increasc
pi of solution above 5.0, and its roots remaincd white. From these results one might suggest that
‘hrown rools’ are not a symptom of toxicity. They may, in fact, be an indicator of tolerance. The
objectives of this study were: (i) to determine the effect of pH and ammonium supply on the
formation of a precipitate of Mn on roots of wheat, (ii) to determine the effect of Mn precipitation on
the distribution of Mn between roots and leaves and (jii) to determinc the relationship between the

presence of a M precipitate and relative tolerance of Mn.
3.2 Mcthods
321 Effect of ammonium supply

A Mn-tolerant cultivar (Norquay') and a Mn-sensitive cultivar (‘Columbus') of wheat were
selected for experimentation. Seven hundred seeds of cach cultivar were surface sterilized in 1.2%
sodium hypochlorite for 20 min and germinated overnight immersed in an acrated solution of 0.005 g
I.-1 Vitavax to prevent fungal growth. Scedlings were grown for 3 daysina solution containing
(uM): Ca, 1000; Mg, 300; NO3, 2900 and NH 300; then for 5 days in a complete nutrient solution
containing (uM): Ca, 1000; Mg, 300; K, 800; NO3,3300; NH4,300; P0O4,100; SO4,101; Cl, 34; Na,
20: Fe, 10: B, 6; Mn, 2; Zn, 0.5; Cu, 0.15 and Mo, 0.1. Iron was supplied as Fe-EDTA prepared from
cquimolar amounts of FeCl3 and NaEDTA. Al growth solutions were acidified to pH 4.8 with HCL.

Ninc-day-old seedlings of cach cultivar were mounted on Plexiglas frames which covered
polyethylenc containers of 10 L capacity. Each frame supported 12 plants in four groups of three, and
shiclded growth solutions from light to inhibit algal growth. Plants were grown in a controlled
environment room with tcmperature maintained between 22 and 230C during a 16-h light period and
between 16 and 180C during darkness. Relative humidity was maintained between 70 and 76%
during the light period and between 86 and 90% during darkness. Solution tempceraturcs were
maintained between 18 and 190C by immersing all containers in a common water bath. The growth

room was illuminated by 12 high-intensity discharge (HID) mercury halide (400W) and four HID
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high pressure sodium (400W) lamps located 1.3 m above the plant bases. The photosynthetic photon

flux density (PPFD) was 334 + 27 umol m-2 -1 at plant base level.

A randomized block factorial design with two cultivars, three concentrations of Ma, three
treauncnts affecting solution pH, and three replicates (totalling 54 containers) was used. All
containcrs were filled with the complete nutrient solution described above. The pH of acrated
nutricnt solutions were adjusted initially to 4.8 with HCI or KOH and were recorded three times
weekly. Nutrient solutions were adjusted periodically to 10 L with distilled water to compensate for

walcr loss by cvaporation and transpiration. Three concentrations of Mn were supenmposed over the
basal nutrient solution (0, 200, and 500 uM Mn, supplicd as MnClp.4H20). The three treatments

affecting pH included; (i) an unaltered solution with no addition of cxtra NH4NO3 or adjustment of
pH (ii) addition of a further 0.3 mM NH4NO3 and a reductivii in the number of plants to eight per
containcer, and (iii) control of pH at 4.8 by twice daily addition of cither HCl or KOH . Treatments

(ii) and (iii) were designed to prevent precipitation of Mn on root surfaces by keeping pH below 5.5,

After a 14-day treatment, plants were harvested, rinsed for approximately 4 min in distilled
water, desorbed for 30 min in 1 mM CaSOg, rinscd in distilled water for another 4 min, divided into
roots and Ieaves, dricd at 60°C, and weighed (Zhang and Taylor 1988). Plant matcrial was prepared
for Mn analysis by ashing approximatcly 0.5 g (dry weight) at 5000C for two days. The ash was
dissolved in 0.4 ml concentrated reagent-grade HNO3- and 0.4 ml 51% H203, and brought to 20 ml
with deionized H20 (after Taylor and Foy 1985a). Concentrations of Mn were determined by atomic
absorption spectrophotometry (AAS) using Fisher Scientific atomic absorption standard Mn reference
solution. All concentrations of Mn measured exceeded the detection limit of 5 pg g-! by at least a
factor of 20. Data were analysed using analysis of variance (ANOVA) and Scheffe's test with

significance defined at a=0.05.

3.2.2  Dose response

To test the cffect of precipitation of Mn on roots on the distribution of Mn in the plant, dosc
response experiments were conducted. 'Norquay' and 'Columbus' were grown over a range of Mn
concentrations (0, 5, 10, 25, 50, 100, 250, 500, 750, and 1000 uM) superimposed upon a basal
nutricnt solution which lacked Mn. In one experiment, the basal nutricnt solution described
previously (which allowed a Mn precipitate to form on the root surface) was used. In a second

cxperiment, the concentration of NH4+ was increased (o 0.6 mM to prevent precipitation of Mn. For

cach dosc response cxperiment, a randomized block factorial design with two cultivars, 10



concentrations of Mn, and three replicates was used. Eight plants were grown in cach containcr, all
other techniques were as described for the control plants in the ammonium supply experiment. Data

were analysed using ANOVA and simple lincar regression with significance defined at =0.05.

33 Resulis

3.3.1  Effect of ammonium supply

When grown with 0.3 mM NHg+, the two cultivars studied had different patterns of pH

change over the experimental period (Fig. 3.1). For all three concentrations of Mn added, the Mn-
tolerant cultivar ('Norquay') reduced solution pH from 4.8 to 4.0 by days 7 to 9, after which pH rosc
rapidly to 6.5 (Fig. 3.1A). The initial decline in pH reflects uptake of NH4+ by the plant; deplction of
NH4+ and a subsequent increasce in the uptake of NO3- coincides with the point of inflcction for the
rapid risc in pH (Taylor and Foy 1985¢c). A similar paitern was observed for the Mn-sensitive cultivar
(‘Columbus’) grown in control solution; however, pH of solutions with excess Mn declined steadily
throughout the experimental period (Fig. 3.1B). Roots of 'Norquay' grown in excess Mn turncd brown
by day 12 at which time the pH was approximately 5.5. Roots of 'Columbus’ from all concentrations
of Mn remained white and the only visual symptom of Mn toxicity was a reduction in biomass. The

observed rise in pH was prohibited both by doubling of NH4* to 0.6 mM (treatment 2) and by

maintenance of pH at 4.8 (trecatment 3; data not shown).

An ANOVA for concentration of Mn in roots indicated significant main cffects due to
concentration of Mn in solution, cultivar, and pH treatment. Interaction effects were not significant.
An ANOVA for roots of 'Norquay' alone, indicated significant main effects of concentration of Mn in
solution and pH trcatment. In contrast, an ANOVA for 'Columbus' indicated a significant main effect
of concentration of Mn in solution only. In both cultivars, concentrations of Mn associated with roots
increased with concentration of Mn in solution, regardless of amount of ammonium added to solution
(Fig. 3.2). Roots of 'Norquay' grown ia excess Mn and 0.3 mM NHyt contained higher
concentrations of Mn, reflecting the precipitation of Mn on root surfaces (Fig. 3.2A). No precipitate
formed on roots of 'Columbus’, accounting for the lack of a significant pH treatment effect. For each
concentration of Mna in solution, roots of 'Norquay' contained higher concentrations of Mn than did
roots of '‘Columbus’. An ANOVA for concentration of Mn in leaves indicated significant main effects
duc 1o concentration of Mn in solution and cultivar, but not for pH treatment. Interaction effects were
not significant; however, the interaction between cultivar and concentration of Mn was nearly

significant (p = 0.056). Concentrations of Mn associated with leaf tissues increased with
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concentrations of Mn in solution for both cultivars (Fig. 3.3). 'Norquay' contained greater

concentrations of Mn than did 'Columbus’.

Analyses of variance for root and lcaf dry weights indicated significant main cffects due 0
cultivar, concentration of Mn in solution, and pH treatment, as well as an interaction between cultivar
and concentration of Mn. Root and leaf dry weights of "Norquay' declined with concentration of Ma
in solution, but 10 a lesscr cxtent than thosc of ‘Columbus' (Table 3.1). The cffect of pH treatment
may reflect reduced biomass of plants grown in 0.6 mM NHa+ as a result of mild NH4* toxicity. The
significant intcraction term was due 1o greater biomass of 'Columbus' at low concentrations of Ma and

maintcnance of greater biomass of '"Norquay' at high concentrations of Mn,
3.3.2  Dose Response

With 0.3 mM NHg* in solution, roots of 'Norguay' accumulated more Mn than roots of
‘Columbus’ over a range of concentrations of Mn (50-1000 uM) in solution (Fig. 3.4A).
Concentrations of Mn in lcaves showed little difference between cultivars (Fig. 3.4B). Increasing
NH4* 10 0.6 mM NHg* in solution prevented precipitation of Mn on roots, hence less Mn was
associated with root tissucs, and more was found in leaves (Fig. 3.5). Nonctheless, with 0.6 mM
NHg* in solution, Mn-tolerant 'Norquay' had higher tissuc concentrations of Mn than Mn-sensitive

‘Columbus’ when concentrations of Mn in solution were greater than 100 pM.

Root dry weight decreased with incrcased concentrations of Mn in roots for both cultivars
(‘Norquay' r = -0.59, 'Columbus' r = -0.85; Fig. 3.6A). Similarly, Icaf dry weight decreased with
concentrations of Mn in leaves ('Norauay' r = -0.75, 'Columbus' r = -0.89; Fig. 3.6B). Above 2.0)
mg/g Mn in roots and lcaves, 'Norquay' plants had greater dry weights than 'Columbus’ plants. Roots
and Icaves of 'Columbus' with more than 3.0 mg/g Mn had the same biomass at the end of the
cxperiment as they did at time of planting whereas 'Norquay' continued to grow despite higher

concentrations of Mn in its tissues (up to 12.0 mg/g in roots, 7.3 mg/g in lcaves).
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Table 3.1. Dry weights (g) + s.c. of root and leaf tissucs for Mn-tolcrant 'Norquay' and Mn-sensitive

‘Columbus’ grown in solutions with three concentrations of Mn and cither 0.3 mM NHyt, 0.6 mM

NHg4* or pH held constant at 4.8.

Mangancsc added (uM)
0 200 500
pH trcatment LEAVES
NORQUAY 0.3 mM NH4+t 3.55+0.26 345+ 0.04 3.39 +0.15
0.6 mM NH4+ 2.50 +1.30 3.05 +£0.05 2.42 +0.09
pH=48 3.27 +0.04 3.01 £0.06 3.01 +0.20
COLUMBUS 0.3 mM NHg4*+ 3.58 +0.01 3.58 +0.13 1.92 + 0.002
0.6 mM NHs4+  3.28 +0.02 2.39 +0.07 1.78 + 0.04
pH=4238 3.87+0.10 3.22 +0.08 1.79 + 0.01
ROOTS
NORQUAY 0.3 mM NHs+  1.18 +0.07 1.26 + 0.04 1.08 + 0.02
0.6 mM NH4+ 1.84 +0.76 0.98 + 0.003 0.63 + 0.01
pH=4.28 1.12 +0.01 1.21 +0.01 1.03 £ 0.07
COLUMBUS 03 mM NH4+  2.02 +0.03 0.70 + 0.01 0.16 + 0 001
0.6 mM NHa4t 1.49 +0.002 0.45 +0.01 0.11 - €.001
pH=4.38 1.95 +0.04 0.56 + 0.01 0.20 + 0.001
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34 Discussion

The patterns of pH change reported in this study were similar 1o those observed in aluminum
(AD-tolerant and Al-sensitive cultivars of wheat (Taylor and Foy 1985b, 1985¢, Foy and Fleming
1982). Foy and Fleming (1982) and Kang and Fox (1980) suggcested that acid soil, Al-tolerant
cultivars may be more efficicnt at nitrogen uptake than sensitive cultivars. These authors argued that
mctal-tolerant cultivars are more cfficient at extracting nitrate from solution, thereby inducing a
higher pH of nutricnt solution by the end of the experimental period. High rhizosphere pH may
protect plants from metal toxicity by decreasing the chemical activity of metals in the rhizosphere;
hence, less metal would be available to the plant at higher solution pH. However, diffcrential
tolerance has been obscrved prior to depletion of NH4+ from solutions (Taylor 1988b), and Taylor
(1988a) demonstrated that Al-tolerance of wheat was not a result of the plant's ability 1o raise the pH
of a solution with mixed sources of nitrogen. In Mn-tolerant and Mn-sensitive cultivars of Phaseolus
vulgaris, differential patterns of pH were not observed (Kohno et al. 1984), indicating that Mn-

tolerance was not related to plant-induced changes in pH of solution in that specics.

An aliernate hypothesis is that differential uptake of nitrogen and differences in plant-
induccd pH are a result, not a primary mechanism, of metal tolerance (Taylor 1988b). In this study,
the failurc of Mn-sensitive plants to induce a risc in pH of Mn-toxic solutions may reflect the toxic
clfeet of Mn on nitrogen assimilation rather than the basis of differential olerance of Ma. Reduced
plant growth in solutions with excess Mn may have resulted in less uptake of both ammonium and
nitrate and a less marked change in pH of solution. When Mn toxicity was not a lactor, the patterns
of pH change for ‘Columbus' grown in control solutions werc similar to those of ‘Norquay'. With
toxic but sublethal doses of Mn it might be expected that a slow pH decline followed by a rise (as
obscrved for tolerant cultivars) would also be observed for sensitive cultivars, but over a longer time
period; and that the extent of lag in pH change would be positively correlated with the concentration
of Mn in solution.. The patterns of pH change would reflect the sensitivity (or tolerance) of the

cultivar to Mn, rather than cfficiency of nitrogen uptake.

In this study, plant-induced changes in pH of solutions appearcd to control precipitation of
Mn on root surfaces. With excess Mn, roots of Mn-tolerant '"Norquay' showed brown discolouration
when pH of solution rose above 5.5. Addition of extra NH4* to solutions (0.6 mM total) delayed the
pH risc and prevented deposition of Mn on root surfaces. In contrast, roots of Mn-sensitive
‘Columbus’ grown in excess Mn remained white, and pH of solutions remained below 4.8,

Precipitation of Mn might have occurred on these roots if pH of solutions rose above 5.5, but pH risc
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was inhibited with excess Mn in solution (Fig. 3.1B). Although control plants of both cultivars
induced a similar risc in pH, low concentrations of Mn in these solutions did not permit visual
discolouration of roots. The control of precipitation of Mn on roots may be similar to that for
precipitation of Fe. In natural wetlands, precipitation of Fe on roots of Typha latifolia was positively
correlated with pH of soil (Macfic and Crowder 1987). Plants with the most Fe on their roots grew in
soils with pH near 7.0. 1n a ficld study, oxidation of Fc on root surfaccs was also influenced by
amount of extractable Fe in the soil, and percentage of inorganic and organic carbon (Macfic and
Crowder 1987). In solution culture, oxidation of Fe on roots of T. latifolia was influenced by

concentration of Fe, Fe source, and pH of solution (Taylor et al. 1984).

Precipitation of Mn on root surfaces affected the distribution of Mn in root and lcaf tissues.
Precipitation of Mn was reflected by higher concentrations of Mn associated with roots. A
concomitant decrease in concentration of Mn in leaves may reflect a reduction in the mobility of Mn
through roots. It is interesting; however, that both cultivars showed similar patterns (Figs. 34,3.5)
cven though roots of 'Norquay' grown with 0.3 mM NHg4+ had dark brown discolouration swhercas
roots of '‘Columbus’ remained white. While the pH of solutions for 'Columbus' did not rise above 3.5,
it is possible that some Mn had precipitated onto root surfaces; such precipitatcs may have been
sufTicient to alter Mn distribution, but insufficicnt to cause discolouration of roots. The increasc in

concentration of Mn in Icaves of 'Columbus’ grown with 1000 uM Mn may reflect an influx of Mn

into the plant caused by severe Mn toxicity.

It has been suggested that immobilization of metals at the root surface may contribute to
tolerance in some species (Horiguchi 1987). In these species, tolerant plants (with the precipitate)
might be cxpected to show lower concentrations of the metals in aerial parts than sensitive plants.
This pattern of metal distribution was observed in this study, and preventing precipitation of Mn on
roots resulted in decreased concentrations of Mn in root tissues and incrcased concentrations of Mn in
leaf tissucs. Nevertheless, Mn-tolerant 'Norquay' accumulated greater amounts of Mn in roots and
Icaves than Mn-sensitive 'Columbus' both with and without precipitation of Mn on roots. In many
species, however, Mn-tolerant cultivars are capable of sustained growth despite high internal
concentrations of Mn ((Ohki 1984, Foy et al. 1973, White 1970). For example, in two populations of
Vaccinium vitis-idaea, which showed no visual or physiological symptoms of Mn toxicity, tissuc
concentrations of Mn ranged from 6000 to 15000 pg g-! dry weight in one population and from 18 to
158 pg g-1 dry weight in the other (Miller 1987). In Phaseolus vulgaris, symptoms of Mn toxicity
were observed in Mn-sensitive plants when concentrations of Mn in leaves rosc above 90 ug g-1dry

weight, while Mn-tolerant plants showed toxicity symptoms only above 348 pg g-1 dry weight
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(Kohno and Foy 1983a). Thus, tolcrance of Mn in 'Norquay' may not be unusual despite higher

concentrations of Mn in tissues rclative to 'Columbus'.

In contrast with previous reports (Aoba 1977, Foy 1984), sustained growth of Mn-tolerant
‘Norquay' despite precipitation of Mn on roots, and reduced growth of Mn-scnsitive "Columbus' in the
absence of a precipitate of Mn indicate that brown discolouration of roots is not a symptom of Mn
toxicity. Precipitation of Mn on root surfaces of wheat was correlated with a plant-induced rise in
solution pH above 5.5 and affected the distribution of Mn within the plant. Such changes in
distribution, however, did not confer tolcrance of Mn. Greater biomass production of '"Norquay' over
‘Columbus’ in both the presence and absence of Mn precipitation further indicated that wlerance of

Mn was unrelated to oxidation of Mn at the root surface.
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4, The effects of excess manganese on photosynthetic rate and concentration of chlorophyll

in Triticum aestivum grown in solution culture3

4.1 Introduction

A typical symptom of mangancsc (Mn) toxicity in vascular plants is interveinal chlorosis
resembling iron (Fe) deficiency (Foy 1984, Ohki 1984, Campbell and Nable 1988). Nable ez al.
(1988), however, have determined that this chlorosis is not related to Fe deficiency. For this symptom
to be expressed, Mn must have a direct effect on either chlorophyll synthesis or degradation. It is
known that Mn plays a role in the biosynthesis of chlorophyll, and several enzymes along the
isoprenoid biosynthetic pathway (which produces plant pigments such as chlorophyll) are sensitive to
hoth manganese deficiency and toxicity (Wilkinson and Ohki 1988). In Nicotiana tabacum callus,
chlorophyll synthesis was inhibited by 10-100 mM Mn (Clairmount et al. 1986). In the blue-green
alga Anancystis nidulans, Mn toxicity interrupts the insertion of Mg into protoporphyrin (Csatorday et
al. 1984) resulting in reduced synthesis of chlorophyll. Chlorophyll degradation may also be affected
by Mn toxicity. At normal concentrations, Mn plays a role in protecting chlorophyll from
photooxidation, however, it is possible that oxidized Mn in the leaf causes oxidation of either

chlorophy!l or chloroplasts (Horiguchi 1988).

Another effect of Mn toxicity is a decline in photosynthetic rate in plants such as wheat
(Iriticum aestivum, Ohki 1985), Nicotiana tabacum (Nable et al. 1988) and Glycine max (Ohki 1981).
In addition to the effects of Mn on chlorophyll synthesis and degradation, toxic concentrations of
metals such as Mn may inhibit photosynthesis at a variety of physiological levels (Clijsters and Van
Assche 1985). In contrast 10 metals such as copper (Cu) and cadmium (Cd), Mn does not appear to be
involved in the stomatal mechanism (Ohki 1985). However, Mn is functionally associated with
proteins on chloreplast thylakoid membranes which are involved with the water splitting apparatus
{(Cheniac and Martin 1968, Dismukes er al. 1983) and functions as a structural component in the
lamellar membrane of the chloroplast (Weiland et al. 1975). Manganese also sccms to act as an
clectron transter agent in photosystem I1 (Wilkinson and Ohki 1988), however, Hill activity was

utiaftected by Mn toxicity in Nicotiana tabacum (Houtz et al. 1988). It is clear that Mn deficiency

3 A version of this chapter has been submited for publication. Macfie, S.M. and
Taylor, G.J. The cffects of excess manganesc on photosynthetic rate and
concentration of chlorophyll in Triticum aestivium grown in solution culture.

Submitted to Physiol. Plant.
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will affect photosynthesis. 1t is also rcasonable, however, to suggest that Mn toxicity will also have
an adverse cffect. Addition of 5 uM Cu, Cd and Zn (borderline metals which have ligand binding
preferences similar to Mn, Nieboer and Richardson 1980) 1o a membranc preparation from Anacystis
nidulans was inhibitory to Hill activity and O3 cvolution (Singh and Singh 1987). In Phaseolus
vulgaris scedlings treated with excess Zn, ribulose-1,5-bisphosphate carboxylase (rubisco) activity
(Van Assche and Clijsters 1986b), clectron transport and photophosphorylation (Van Assche and
Clijsters 1986a) were also inhibited. In contrast, in Nicotiana tabacum, Mn toxicity affected rubisco

activity, but not clectron transport (Houtz et al. 1988).

Ohki (1985) grew wheat in solution culture under Mn-toxic and Mn-deflicient conditions and
measurcd photosynthetic rate and total plant chlorophyll in relation to the concentration of Mn in the
Icaf tissuc. As the concentration of Mn in the lcaf increased above optimal levels, both
photosynthetic ratc and concentration of chlorophyll declined. While these data clearly indicate that
both photosynthesis and chlorophyll content are affected by excess Mn, it was not clear whether the
reduction in photosynthetic rate was a direct result of Mn toxicity or whether it simply reflected a
reduction in chlorophyli content. In addition, Ohki's experiments used a single cultivar of wheat thus
there was no indication of a relationship between differential tolerance of excess Mn and the plant's
ability to maintain photosynthesis and chlorophyll content in the face of Mn stress. In a preliminary
study with wheat, the photosynthetic rate for a Mn-tolerant cultivar grown with SO0 pM Mn in
solution remained unaffected up to 4 days of exposure to Mn. After this time, the rate declined to
approximately 60% of control. In a Mn-sensitive cultivar, the photosynthetic rate declined to near
20% of control by the end of day 1. The question arises as to whether the greater cffect of Mn on
photosynthetic rate in the Mn-sensitive cultivar reflected a higher concentration of Mn in the leaf, a
larger decline in chlorophyll content, or a loss of photosynthetic activity per unit chlorophyll. The
objectives of this study were; (i) to determine the effects of excess Mn on photosynthetic rate and
concentration of chlorophyll, (ii) to relate photosynthetic rate to concentrations of Mn and chlorophyll
in a single leaf and (iii) to identify the rclationship between photosynthetic rate, chlorophyll content

and differential tolerance of Mn.
4.2 Methods
Two cultivars of wheat (Triticum aestivum), Mn-tolerant ‘Norquay' and Mn-sensitive

‘Columbus' (Macfic et al. 1989) were sclected for experimentation. Two hundred sceds of ecach

cultivar were surface sterilized in 1.2% sodium hypochlorite for 20 min and germinaied overnight
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immersed in an acrated solution of 0.005 g L-1 Vitavax (o prevent fungal growth. Scedlings were
placed on nylon mesh suspended over 10 L of nutrient solution and grown for 3 days in a solution
contining (uM): Ca, 1000; Mg, 300; NO3, 2900; NH4, 300; then for 5 days in a complete nutricnt
solution containing (UM): Ca, 1000; Mg, 300; K, 800; NO3, 3300; NH4, 300; PQg4, 100; SO4, 101; Cl,
34; Na, 20; Fe, 10; B, 6; Mn, 2; Zn, 0.5; Cu, 0.15; Mo, 0.1. Iron was supplied as Fe-EDTA prepared
from cquimolar amounts of FeClz and NaEDTA. All growth solutions were acidificd to pH 4.8 with

HCL.

Nine-day old scedlings were mounted on Plexiglas frames which covered cach of 36
palyethylene containers of 10 L capacity. Each frame supported cight plants in four groups of two,
and shiclded growth solutions from light to inhibit algal growth. Plants were grown in a controlled
cnvironment room with temperature maintained between 23 and 260C during a 16-h light period and
between 17 and 190C during darkness. Relative humidity was maintained between 56 and 62%
during the light period and between 68 and 70% during darkness. Solution temperaturcs were
maintaincd between 20 and 23°C by immersing all containers in a common waterbath. The growth
room was illuminated by 12 HID mercury halide (400W) and 4 HID high pressure sodium (400W)
lamps located 1.3 m above the plant bascs. The photosynthetic photon flux density (PPFD) was 230 +

14 umol m-2 -1 at plant base level.

A randomizcd, block factorial design with 2 culiivars, 6 concentrations of Mn (0, 100, 250,
500, 750, 1000 uM) and 3 replicates was used (totalling 36 containers). For the Mn treatment, Mn
supplicd as MnClp-H20, was superimposed over the basal nutrient solution. Due to sampling
restraints, threefold replication was achicved in time such that germination, planting and sampling
dates were staggered by a day interval. The pH of aerated nutrient solutions were adjusted initially to
4.8 with HCl or KOH and were recorded every third day. Nutrient solutions were adjusted
periadically to 10 L with distilled water to compensate for water loss by evaporation and

transpiration,

Plants were harvested on days 0, S, 8, and 12. For each harvest, net photosynthetic (Ps) and
respiration (Rs) rales were measured for blade 1 (the most recently matured leaf with developed
ligule) from one plant in cach container. These same leaves were then cut from the plants and split in
two lengthwisc, one half for chlorophyll analysis, the other half for determination of concentration of
Mn. On subscquent harvest days corresponding leaves from different plants in cach container were

used. Wilkinson and Ohki (1988) determined that blade 1 is a good physiological indicator of the Mn



status of wheat grown in solution culure. On day 12, the roots from all plants in cach container were
collected, dried at 600C and weighed. A root dry weight index (RWI) was used as a measure of
relative tolerance of excess Mn (root dry weight of plants grown in excess Mn divided by root dry

weight of control plants).

Rates of net Ps and dark Rs were measured using an ADH portable infrarcd gas analyser
(IRGA) sct on differential mode, with a flow rate of 180-190 ml min-1, a PPED of 240-250 pmol m-
2¢-1 and an air temperature of 230C. Chlorophyll content was determined following the methods of
Hiscox and Israclstam (1979). Approximately 0.1 g of fresh Icaf tissue (cut in 5 mm strips) was
heated at 65°C for 2 hours in 7 ml dimethyl sulphoxide (DMSQ). The leal tissue was removed and
the liquid brought up 10 10 ml with DMSO. Chlorophyll absorbance was read at 645 and 663 nm on a
Milton Roy Spectronic 1201 spectrophotometer. To determine concentration of Mn, half leaves
(approximately 0.125 g, werce ashed at 5000C for 48 h. The resulting ash was dissolved in 0.1 ml
HNO3, oxidized with 0.1 ml H02 and diluted to 5 ml with distilled water. Concentrations of Mn
were determined using a Perkin-Elmer atomic absorption spectrophotometer (AAS). Diata were

analysed using analysis of variance (ANOVA) with significance defined at o=0.05.

43 Results

The two cultivars differed in tolerance of Mn based on the RWI (Fig. 4.1A). Root weight of
the Mn-sensitive cultivar 'Columbus' declined 10 41% of control with 100 uM Mn in solution and 10
10% of control at 250 4M Mn. Little additional inhibition was obscrved at higher concentrations, In
contrast, root weight of the Mn-tolerant cultivar 'Norquay' remained greater than 42% of control with
1000 uM Mn in solution.

Results of the various ANOVAs performed for this experiment are tabulated in appendix 1
10 cnable simpler comparisons. Detailed descriptions of the results follow., An ANOVA for
concentration of Mn in leaves indicated significant main effects due 0 cultivar and concentration of
Mn in solution for harvest days 5, 8 and 12. The cultivar by concentration of Mn interaction was
significant for days 5 and 8 and only marginally significant on day 12 (p=0.0568). There were no
differences between the cultivars on day 0. Data from day 5 were sclected for illustrative purposes
(Fig. 4.1B). For all concentrations of Mn in solution above control, ‘Norquay' containcd higher
concentrations of Mn in leaves than 'Columbus’, accounting for the cultivar effect. For both cultivars,

the concentration of Mn in lcaves increased with increasing Mn in solution, accounting for the
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trcatment effect. The significant interaction cffect was a result of "Norquay' accuntulating

proportionatcly more Mn as the concentration of Mn in solution increased.

An ANOVA for respiration (Rs) rate indicated significant main cffects for cultivar on day 5
only and significant main cffects for concentration of Mn in solution on days S, 8 and 12. The
cultivar by Mn trcatment intcraction was a significant on day 5 only. On day 5, the Rs rate for
‘Norquay' increascd to 170% of control with up to 750 UM Mn in solution, above which Rs rate
declined to 114% of control (Fig. 4.2A). For 'Columbus’, the Rs rate increased to 183% of control
with 100 uM Mn in solution, but fell back to 109-80% of control with 250-1000 uM Mn. On days &

and 12, the Rs rate for both cultivars declined with increasing Mn in solution (Appendix 2).

An ANOVA for photosynthetic (Ps) rate indicated significant main effects for cultivar and
concentration of Mn in solution, as well as a significant cultivar by Mn trcatment interaction for
harvest days 5, 8 and 12. Once again, there were no differences between cultivars on day 0. The Ps
rate declined with increasing Mn in solution for both cultivars, but more so in 'Columbus' (Table 4.1).
The Ps rate for 'Norquay' grown in 1000 uM Mn fell to 57% of control by day 12 whercas the
respective rate for ‘Columbus’ dropped 1o 6% of control. Comparing sequential harvest days
dcemonstrates that Ps rate declined over time (even in control plants); however, the extent of this
decline was greater with higher concentrations of Mn in solution. The Ps data for day 5, expressed as
a pereent of control (Fig. 4.2B) are representative of data from days 8 and 12. The Ps rate of
'Columbus’ declined 10 69% of control with 250 uM Mn in solution and to 27% of control with 1000
UM Mn. In contrast, the Ps rate for 'Norquay' declined from 100 to 75% cf control with 1000 pM Mn

in solution.

Analyses of variance for concentrations of chlorophyll (chl) a and b indicated significant
main cffects due to cultivar and concentration of Mn in solution for days 5, 8 and 12. The cultivar by
Mn treatment intcraction was a significant on days 5 and 12 for chl a and day 12 for chl b. Again,
data for day 5 werc chosen as representative, and are presented in Fig. 4.3, 'Norquay' maintained
higher concentrations of chl a and b across all concentrations of Mn accounting for the significant
clfect due to cultivar. For 'Norquay', the concentration of chl a rose to 138% of control with 100 pMn
in solution (Fig. 4.3A). The concentration then declined gradually to 97% of control with increasing
Mn. The concentration of chl b in 'Norquay' increased to 109% of control with 250 uM Mn (Fig.
4.3B). At higher concentrations of Mn, the concentration of chl b declined rapidly to approximatcly

50% of control. For ‘Columbus’, the concentrations of both chl a and b declined with increasing Mn
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Figure 4.2, Mean relative rates of respiration (Rs, A) and photosynthesis (Ps, B) + s.c. for Mn-
tolerant 'Norquay' and Mn-sensitive ‘Columbus’ grown in a range of concentrations of Mn in solution
on day 5. Coatroi razes of Rs were 1.2 + 0.1 and 1.2 + 0.1 mg CO2 gFW-1 h-1 for Norquay and
Columbus respectively. Control rates of Ps were 10.8 + 1.0 and 11.2 + 1.0 mg CO2 gFW-1 h-1 for

Norquay and Columbus respectively.
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Tablc 4.1. Mcan photosynthetic rate + s.c. for Mn-tolerant ‘Norquay' and Mn-sensitive ‘Columbas’ on

days 0, 5, 8 and 12 after exposure (o a range of concentrations of Mn in solution,

Mean photosynthetic ratc (mg CO, gFW-1 h-1)

Days after exposure to Mn

Cultivar [Mn] 0 5 8
0 12.4+0.4 11.2+£1.0 98+1.0
100 12.8+0.6 9.7+40.9 11.040.3
Norquay 250 13.0+0.3 10.4+0.6 8.240.6
500 12.740.2 7.740.3 7.940.7
750 13.1£0.3 8.6+0.6 5.1£1.6
1000 12.9+0.4 8.4+0.3 27x101
0 13.4+0.8 10.8+1.0 10.5£0.5
100 12.8+0.4 8.9+1.3 8.2+0.6
Columbus 250 12.7+0.7 7.5+¢1.4 4.1+0.2
500 12.0+0.6 4.2+0.2 3.0£1.0
750 13.1£0.3 3.0£0.2 2.0£0.3
1000 12.620.5 3.040.5 1.740.7

l'b

11.8+1.4
9.8+0.5

R.1+0.7
6.742.5

10.9+1.2
3.7+0.4
3.540.6
1.940.3
1.740.2

0.6+0.2
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in solution (Fig. 4.3B). With 1000 uM Mn, the concentration of chl a el to 50% of control and the
concentration of chl b fell 10 36% of control. In general, the ratio of chl a:b remained consistent
across the range of concentrations of Mn in solution for cach cultivar on a given harvest

day (Tablc 4.2). An ANOVA for the ratio of chl a to b indicated a signiticant main clfect due to
cultivar on days 0, 5 and 12. On cach of thesc harvest days, 'Norquay' had a higher chl a:b ratio than
did 'Columbus' across the range of concentrations of Mn in solution. There was also a significant
main cffect duc to concentration of Mn in solution on day 5 at which time the ratio of chl a:h
increased with incrcasing Mn in solution. The cultivar by Mn trcatment interactions were not

significant.

For both cultivars, the Ps rate declined with increasing Mn in leaf tissues (Fig. 4.4A);
however, 'Norquay' maintained a higher Ps rate with high concentrations (greater than 1000 g g 1) in
the leal. Similarly, the concentration of chl declined with increasing Mn in leal tissue (Fig, 4.4B).
Again, 'Norquay' maintained a higher concentration of chl than 'Columbus’ with increasing Mn in the
lcaf. The Ps rates of both cultivars increased with increasing cnl in leaf tissues with no apparent
difference between the cultivars (data not shown), The Ps rate per unit chl decreased in ‘Columbus’ as
concentration of Mn in solution increased for cach sampling day (Fig. 4.5A). In contrast, the Ps per
unit chl remained constant across the range of concentrations of Mn for 'Norquay’ on days S and 8 and

increased for plants grown in 750 and 1000 uM Mn on day 12 (Fig. 4.5B).

4.4 Discussion

The usc of a RWI to measure the relative tolerance of whealt to excess Mn is appropriate
since wheat roots are more sensitive to Mn toxicity thaa leaves based on dry weight (Ohki 1984).
This index confirms the tolerance of 'Norquay' and the sensitivity of ‘Columbus’ to excess Mn over a
broad range of concentrations of Mn in solution (Fig. 4.1A, Chapt. 2, Macfic et al. 1989).
Furthermore, the extent of differential tolerance of Mn is comparable o the more widely documented
differences in tolerance of Al ( Briggs et al. 1989, Zhang and Taylor 1988), indicating that Mn
toxicity may be as important as Al toxicity for plants growing on acidic soils. The patterns for
concentrations of Mn in leaves reported here (Fig. 4.1B) are also consistent with previous reports
(Chapt. 3, Macfic and Taylor 1989, Ohki 1984) in that concentrations of Mn in lcaves were
proportional to concentrations of Mn in solution. Ohki (1984) found that concentrations of Mn
incrcased progressively with age in leaves of wheat, but the slope of the relationship between internal

and external Mn did not vary with age. It is therefore appropriate to use blade 1 as an indicator of the



‘Tuble 4.2. Mean ratio of concentration of chlorophyll a:b # s.d. for Mn-tolerant ‘Norquay' and Mn-

sensitive 'Columbus’ on days 0, 5, 8 and 12 after exposure to a range of concentrations of Mn in

solution,

Mecan ratio of chlorophyll a:b

Days after cxposure to Mn

Cultivar [Mn} 0 5 8 12
0 2.89+0.46 5.0940.10 4.49+0.90 6.37+1.12
100 3.2340.06 5.52+0.70 4.59+1.40 6.7310.14

Norquay 250 3.46+0.08 4.72+41.79 4.54+1.79 6.71+0.13
500 3.9140.21 7.59+0.10 4.1240.55 5.88+0.004
750 3.99+0.29 6.26+0.14 5.21+1.96 5.86+0.05
1000 3.6610.22 6.33+0.09 5.31+0.23 5.47+0.08
0 4.85+0.90 4.07+2.08 4.54+0.48 5.92+0.21
100 3.98+0.21 4.62+0.27 4.34+0.60 6.35+£0.09

Columbus 250 4.01+0.07 5.18+0.22 5.23+2.06 5.27+0.07
500 4.54+0.06 6.44+1.32 4.21+0.05 4.96+0.11
750 4.5040.39 5.57+0.03 4.46+0.28 4.78+0.10

1000 4.00+£0.04 5.13+0.27 4.90+0.16 5.74+1.67
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plant’s Mn staus. Comparison of the RWI and data on the concentration of Mn in leaves indicate that
‘Norquay' is morc tolcrant of cxcess Mn than 'Columbus', despite increased concentrations of Mn in
acrial tissucs. The chemical form and distribution of Mn within the leaf was not investigated here. In
Vigna unguiculata, the concentration of Mn in the Icaves of a Ma-tolerant cultivar was uniformly
distributed and in an casily extractable form, whereas in a Mn-sensitive cultivar, Mo was localized

and not as casily cxtractable (Horst 1980).

Relative rates of respiration for both cultivars declined with time, however, the rates for
‘Norquay' were higher than those of ‘Columbus' over the range of concentrations of Mn supplicd (Fig.
4.2A). Campbell and Nable (1988) suggested that a decline in respiration afier a period of Mn
deficicncy reflects a sccondary cffect related to the impairment of photosynthesis and the supply of
assimilates. It is possible that the same explanation holds for Mn toxicity. However, Mn is also
involved in several enzyme-catalysed reactions (Burncll er al. 1988) thus, it is possible that Mn has a
primary toxic cffcct on respiration as well. In this study, relative rates of photosynthesis also declined
with increasing Mn in solution (Fig. 4.2B). It is common for mctal toxicity to cause a decline in
phetosynthetic rate. This has been reported for Mn toxicity of Nicotiana tabacum (Houtr et al. 1988,
Nable et al. 1988), Cd toxicity of Lycopersicon esculentum (Baszynski et al. 1980), Al woxicity of
Oryza sativa (Sarkunan et al. 1984), and for Cu, Cd, Pb and Zn toxicity of both /Hordeum vulgare and
Zew mays (Stiborova et al. 1987). In a similar study with wheat, Ohki (1985) measured a decline in
photosynthetic ratc with increasing Mn in solution, but took only a single measurement at the end of a
12-day cxposure to cxcess Mn. A decline in pholosynthetic rate with time was also found in this
study. In Glycine max, photosynthetic rates declined both with age of Ieaf and time in plants grown
under Mn deficiency (Cooper and Girton 1963). It is perhaps not surprising that Mn toxicity had a
similar cffect. 1t is apparent, however, that Mn-tolerant 'Norquay' was able 10 maintain higher rates of
photosynthesis in the face of Mn toxicity. Wilkinson and Ohki (1988) suggested that reductions in net
photosynthetic rate and growth are a direct result of reduced pigment content, although they did not
present data to climinate the possible direct effects of excess Mn on photosynthesis.  Houtz et al.
(1988) determined that Mn-induced reduction in photosynthesis in Nicotiana tabacum was a direct
result of altered carboxylasc/oxygenase activity of rubisco. Perhaps the differences between cultivars

obscrved in this study reflect differential sensitivity of rubisco o excess Mn,

Although concentrations of chlorophyll a and b declined with increasing Mn in solution and
with time, 'Norquay' maintaincd higher concentrations than did 'Columbus’ (Fig. 4.3). Once again, it

is common for metal toxicity to induce a decline in chlorophyll concentration. A reduction in total



53

chlorophyll was obscerved after exposure to excess Mo in Phaseolus vulgaris, Zea mays (Horiguchi
1988), Glycine max (Ohki 1981) and wheat (Moroni 1991). In Hordeum vulgare and Zea mays, total
chlorophyll concentrations declined with increasing concentrations of Cd, Cu and Pb in nutricnt
solution (Stiborova et al.1987). A decrease in total chlorophyll content was also reported for Cd
wxicity of Lycopersicon esculentum (Baszynski et al. 1980) and Hordeum vulgare (Stobart et al.
1985) and for Al wxicity of wheat and Sorghum bicolor (Ohki 1986). The ratio of chlorophyliato b
was also sensitive o Mn toxicity (Table 4.2). These findings werc consistent with those of Wilkinson
and Ohki (1988) and Kriedmann ez al. (1985) who determined that the ratio of clitato b incrcased as
Mn in solution increased despite a decrease in the concentrations of chiorophylls a and b, In contrast,
Moroni (1991) found no change in the chl a:b ratio for wheat grows in 1000 uM Mn. Interestingly,
Baszynski et al. (1980) reported that Cd toxicity caused a decreasc in the ¢hl a:b ratio in
Lycopersicon esculentum and Sarkunan et al. (1984) reporied a similar decline in Oryza sativa grown
with excess Al. 1t would scem that the specific effect of a metal on chlorophyll conient and the chl

a:b ratio depends on the nature of the toxic response.

In this study, rates of photosynthesis declined with increasing concentrations of Mn in the
leaf, however, Mn-tolerant ‘Norquay' maintained higher rates of photosynthesis over a broader range
of concentrations of Mn (Fig. 4.4A). Oncc again, a number of studics have demonstrated that
photosynthetic raies decline as tissuc concentrations of a toxic metal increase. In wheat and Sorghum
hicolor, rates of photosynthesis declined with increasing Al (Ohki 1986) and Mn (Ohki 1985) in lcaf
tissues. Similarly, the concentrations of chlorophyll decreased as tissuc concentrations of Mn
increased (Fig. 4.4B). Wilkinson and Ohki (1988) also found that the molar ratio of chlorophyll to Mn
in leaves of wheat decreased as concentration of Mn in solution increased. In this study, it is unclear
whether Mn toxicity is first reflected in chlorophyll content or photosynthesis, since both parametcrs
had declined by the first sampling day. In Nicotiana tabacum grown with cxcess Mn in solution
culture, a decline in net photosynthesis preceded any changes in chlorophyll abundance by at least 2-3

days (Nable et al.1988).

Not surprisingly, there was a positive relationship between photosynthetic rates and
concentrations of chlorophyll in the leaf for both ‘Norquay' and 'Columbus’. Interestingly,
photosynthesis per unit chlorophyll declined with increasing Mn in solution for the sensitive cultivar,
yet remained constant or increased for the tolerant cultivar (Fig. 4.5). Nable et al.(1988) detcrmined
that photosynthesis per unit chlorophyll declined with time for Nicotiana tabaccum grown in excess

Mn, but not in control plants. 1f photosynthesis per unit chlorophyll remained constant, it would
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indicate that the observed decline in photosynthetic rate was a dircet result of reduced chlorophyll
content. A decline in photosynthesis per unit chlorophyll indicates that the toxic clement acted
directly on photosynthesis. A risc in photosynthetic rate relative to concentration of chlorophyll has
been interpreted to reflect a toxic effect on antennac chiorophyll (Baszynski ef al, 1980). The
response of the sensitive cultivar in this study could therefore indicate that Mn exerted its toxic effect
on photosynthesis and chlorophyll content independently. The rapid decline in photosynthetic rate
was a function of reduced chlorophyll as well as inhibition of photosynthesis. 1n contrast, the
responsc of the tolerant cultivar could indicate that the primary toxic effect of Mn was on the
concentration of chlorophyll in the leaf, reduction in photosynthetic rate reflecting a secondary
response. The increase in photosynthesis per unit chlorophyll observed at high concentrations of Mn
in solution on day 12 could reflect increased concentrations of Mn in leaves, possibly accounting for

reduced concentrations of antennac chlorophyll. This hypothesis has not been tested here.

The results reported here clearly indicated differences between 'Norquay' and 'Columbus’ in
the physiology of the Mn stress response. In Mn-sensitive ‘Columbus', concentrations of Mn in the
lcaf above 500 pg g-! coincided with decreased chlorophyll content and photosynthetic rate. In Mn-
tolcrant ‘Norquay', similar decreases were not observed until concentrations of Mn in leaves exceeded
1200 pg g-1. The cultivars also differed with respect to photosynthetic rate per unit chlorophyll
indicating that the primary targets(s) of Mn toxicity differ between the cultivars, Morc insight into
the physiological mechanism(s) of this differential tolerance requires rescarch into the
compartmentation of Mn within the lcaf tissuc and potential differential sensitivity of rubisco
isozymes to Mn. It would also be interesting 1o test whether the primary effect of Mn on chlorophyll

acts with respect to synthesis or degradation and whether the cultivars vary in this respect.
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5. Production of erganic acids in Triticum aestivum grown in excess mungzmese“
5.1 Introduction

Metal tolerance is not necessarily dependent upon exclusion of the toxic metal {from the
plant. Indeed, it is common for tissucs of tolerant ecotypes to have concentrations of a toxic metal
which exceed concentrations which are injurious to non-tolerant ccotypes (Thurman 1983, Mathys
1980). Sevcral mechanisms may operate to enable higher plants to tolerate high internal
concentrations of toxic metals;( i) evolution of tolerant enzymes, (ii) clevated enzyme activity, (iii)
complexation with metal-binding proteins (the phytochelatins), (iv) chelation by ligands in the cytosol
and (v) compartmentation in the vacuole or other locations removed from metabolic activity (Taylor
1991). The rolc of carboxylate anions as metal chelators in the cytosol has received much attention in

recent literature. They have also been implicated in the compartmentation of metals in the vacuole.

Jones (1961) was the first to suggest that carboxylate anions in the cytosol may chelate toxic
mctals, thereby reducing their phytotoxicity. He identificd aluminum (Al)-citrate and Al-oxalate
complexes in lcaves of Al-tolerant Hordeum vulgare and roots of Al-tolerant Pisum sativum. In
1980, Mathys proposed a model for zinc (Zn) tolerance based on data which implicated malate and
oxalate as chelators of Zn. With 0.4 mM Zn in solution, leaves of Zn-tolerant Silene cucubalis and
Rumex acetosa produced increased concentrations of oxalate, whereas oxalate production was
inhibited in Zn-sensitive cultivars.  Mathys (1980) also found that Icaves of Zn-tolerant ccotypes of
Silene cucubalis, Rumex acetosa, Agrostis tenuis and Thlaspi alpestre contained higher concentrations
of malate than their Zn-sensitive counterparts. Mathys (1980) suggested that Zn is chelated by malate
in the cytosol and transported to the vacuole where, afier dissociation from malate, it forms a stable
complex with oxalate. In Zn-tolcrant Deschampsia caespitosa, greater concentrations of malate were
also found and Zn scemed to be transported into the vacuole (Thurman and Rankin 1982), although in
the same specics, Godbold et al .(1984) suggested that vacuolar Zn (based on analysis of root sap)

was complexed with citrate, not oxalate.

4 A version of this chapter is being prepared for publication. Macfie, S.M. ,
Cossins, E.A. and Taylor, G.J. Production of orsanic acids in Triticum aestivum

grown in excess manganese. Being prepared for Plant Physiol.
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Since Mathys' model was pu.iished, many rescarchers have demonstrated positive
correlations between organic acid content and tolerance to toxic metals. Unfortunately, the bulk of
this literature is of a purcly descripuve nature. Concentrations of citrate and/or nialate tncreased with
Al stress in Al-tolerant cultivars of Sorghum bicolor (Cambraia et al. 1983) and Zea mays (Suhayda
and Haug 1986). Lee et al. (1978) identificd 17 nickel (Ni)-tolerant specics which responded to Ni
atress with increased concentrations of citrate in leaves. Similarly, increased concentrations of citrate
and malaic correlated witli increased tolerance of excess copper (Cu; Emst 1976) and Zn (Thurman
and Rankin 1982). In Hordeum vulgare, Pisum sativum and Triticum aestivum (wheat), the absolute
concentrations of citrate and malate declined under Al-stress; however, Lolerant cultivars were able 10
maintain higher tissue concentrations than sensitive cultivars (Klimashevski and Chernesheva 1980).
A notable exception to this trend was reported for wheat grown in excess Mn, where concentrations of
trans-aconitate (Scott et al. 1987, Burke et al. 1990, Foy et al. 1990), citrate and malate (Scott et al.
1087, Burke et al. 1990) were higher in the sensitive cultivar. While there is obviously a correlation
in many species between maintenance of high internal concentrations of carboxylate anions
fespecially citrate and malate) and superior tolerance to metal stress, causal relationships cannot be

inferred from these data.

The relationship between tolerance to toxic metals and organic acid content has also been
studied i+ viero. For example, the activitics of two membranc-associated ATPascs in Pisum sativium,
which had been inh'* o Uby addation .o #1C)y, were restored by adding citrate, glutamate or malate
to the assay (Matsumowo and Yamaya 1956). Similari, an Al-indvced reduction in ATPase activity
in roots of Zea mays was ameliorated by pretreatment with ciirzee (Susiayda and Haug 1986).

i orestinly, growth of roots of wheat, which had been inhibited by Al, was restored by the addition
ot cirate to the grow th medium (Ownby and Popham 1989). Wile addition of various organic acids
10 metal-stressed plants ameliorated metal toxicity, Krotz et al. (1989) found that neither Cd nor Zn
stimulited citrate or malate biosynthesis in Nicotiana tabacum suspension cells. There is little doubt
that the presence of carboxylate anions such as citrate and malate at sufficient concentrations can
reduce or prevent the toxic effects of metals a the cellular level (Suhayda and Haug 1986), but it is

net clear that this process acts as a primary metal tolerance mechanism.

Most rescarchers in this ficld have not attempted to explain the mechanism of differcntial
organic acid production, although some have suggested that it is a result of specific cnzymc activily.
For example, Thurman and Rankin (1982) looked for differential stimulation or inhibition of citric
actd ovele enzymes, but found no differences in the sensitivity of malic dehydrogenase, aconitase,

pyrovate hinase, PEP carboxylase or ciwric acid synthase in Zn-tolerant and scnsitive cultivars of
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Deschampsia caespitosa. Brookes ez al. (1981) suggested that Ni inactivates malic dehydrogenase in
the citric acid cycle, leading to build-up of malate and Cambraia er al. (1983) ascribed increased
concentrations of aconitate in a tolerant cultivar to inhibition of aconitase and isocitrate
dehydrogenase. Burke er al. (1990) also suggested that inhibition of citric acid cycle enzymes, cither
dircctly or indirectly, may result in build up of citric acid cycle intermediates. The studies of Brookes
et al. (1981) and Cambraia ¢t al. (1983); however, did not test enzyme sensitivity 1o the various metal
stresses. In many ways, it seems counterintuitive to expect a mechanism of metal wlerance 1o involve

sclective sensitivity of certain enzymes 10 the metal stress.

The objectives of this study were (i) to determine the effects of excess Mn on concentrations
of organic acids in Mn-tolerant and Mn-sensitive cultivars of wheat and (i) (o determine the specitic
radioactivity of these organic acids in leaves of these cultivars incubated with [2-14C |sodivn acetate.
This radiolabel was chosen in order 10 test the role of the citric acid cycle i any observed changes in
organic acid content. 1f a specific enzyme (or enzymes) was inhibited, I would expeet 1o see a
concomitant increasc in the radioactivity of onc or more organic acid intermediates. In a previous
study with wheat (Chapter 4, Maclic and Taylor Submitted), I found that Mn toxicity affecte  oth
photosynthctic and respiratory rates. In this study I will also report on altered photosynthetic and

respiratory rates in relation to observed changes in organic acid content and specific radioactivity.

3.2 Mcthods

52,1 Concentrations of organic acids in root and leaf tissues from intact plants

Two cultivars of wheat (Triticum aestivum), Mna-tolerant 'Norquay' and Ma-sensitive
‘Columbus’ (Macfic er al. 1989) were sclected for experimentation. Four hundred seeds of cach
cultivar were surface sterilized in 1.2% sodium hypochlorite for 20 min and germinated overnight
ymmersed in an acrated solution of 0.005 g L-1 Vitavax to prevent fungal growth. Scedlings werce
placest on nylon mesh suspended over 10 L of nutrient solution and grown for 3 days in a solution
containing (UM): Ca, 1000; Mg, 300; NO3, 2900; NH4, 300; then for § days in a complete nutrient
solution containing (UM): Ca, 1000; Mg, 300; K, 800; NO3, 3300; NHg, 300; PO4, 10X, $04, 101; CI,
34; Ny, 20; Fe, 10; B, 6; Mn, 2; Zn, 0.5; Cu, 0.15; Mo, 0.1. Iron was supplicd as Fe-EDTA preparcd

from cquimolar amounts of FcCl3 and NaEDTA. All growth solutions were acidificd 1o pH 4.8 with

HCI.
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Nine-day old seediings were mounted on Plexiglas frames which covered cach of 18
polycthylene containers of 10 L capacity (cxperimental day 0). Each frame supported cight plants in
four groups of two, and shiclded growth solutions from light to inhibit algal growth. Plants were
grown in a controlled environment room with temperaturc maintained between 26 and 270C during a
16-h light period and between 18 and 190C during darkness. Relative humidity was maintained
between 63 and 68% during the light period and between 73 and 81% during darkness. Solution
temperatures were maintained between 18 and 190C by immersing all containers in a common
waterbath. The growth room was illuminated by 12 HID mercury halide (400W) and 4 HID high
pressure sodium (400W) lamps located 1.3 m above the plant bases. The photosynthetic photon flux

density (PPFD) was 296 + 22 umol m-2s-1 at plant basc level.

A randomized block factorial design with 2 cultivars ('Norquay' and 'Columbuy’), 3
concentrations of Mn (0, 200, 500 uM) and 3 replicates was used (totalling 18 containers). For the
Mn treatment, Mn supplicd as Mn Cla-Ho0 was superimposed over the basal nutricnt solution. The
pH of acrated nutrient solutions were adjusted initially to 4.8 with HCi or KOH and were recorded
every day. On day 7, 5 ml of 600 mM NH4NO3 was added to cach container to keep the pH of
solution below 4.8, Nutricnt solutions were adjusted periodically to 10 L with distilied water 1o

campensate for water loss by cvaporation and transpiration.

Plants were harvested on days 5, 7.9 and 11. Onc plant from cach container was harvested
on cach samphng day. Plants were rinsed three times in deionized distilled water, blotted dry with
filier paper and divided into root and leaf tissues after which fresh weights were recorded. An
additional plant frors cach container was harvested on day 12 and used for fresh weight information
onlv. To determine organic acid content, approximately 1g fresh weight of each tissuc for cach
sample was frozen with liquid nitrogen and ground using a pre-frozen (-700C) mortar and pestic.
Samples were homogenized for 3 min at high speed in 5 ml1 0.01 N H3PO4 .iien centrifuged at 18,000
REPM tor 20 min. The supernatant was purificd using reverse phase octadecyl (Cjg) columns. The
first ml of sample was allowed to pass thiough the column, the next 2 ml were collected and passed
through a 0.45 pm millipore filter. Cne hundred pi aliquots were injected into a Waters high
performance liquid chromatography (HPLC) system. Organic acids were separated on an Amincx
HPX-X7H reverse-phase ion exchange column, Scparation was performed isocratically at a flow rate
of 0.5 mlmin ! with 0.01 N HzPO4 as the mobile phase.  Authentic organic acid standards were
obtiined from Sigtia. Data were analyzed using analysis of variance (ANOVA) with significance

denmed at a= 0.03,
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5.2.2  Radiolabelling of leaf tissue

The same two cultivars of wheat, Mn-tolerant ‘Norquay' and Mn-sensitive 'Columbus’, were
sclected for experimentation. Four hundred sceds of cach cultivar were sterilized, germinated and
grown for cight days as described in the first experiment. Nine-day old scedlings were mounted on
cach of 12 polycthylene containers (experimental day (). The growth conditions were the same as
described above cxcept for the following differences; the temperature was maintained between 22 and
230C during the light period and between 18 and 199C during darkness, relative humidity was
maintained between 60 and 65%, the PPFD was 253 + 29 umol m-2 s-1 and the containers were not

immersed in a waterbath.

A randomized block factorial design with 2 cultivars, 2 concentrations of Mn (0, 500 uM)
and 3 replicates was used (totalling 12 containers). One plant from cach container was harvested on
day 11. Leaves were rinsed three times in deionized distitled water, blotted dry and chopped into
2mm slices. Approximately 0.7g fresh weight of cach sample was placed in a 100 m) beaker covered
with Parafilm then pre-incubated in Sml of 1mM KPO4 plus 1% sucrose (w/v) at pH 6.0 in a shaking
watcer bath for 3h at 250C (Mansficld and Key 1987). Samples were then incubated with 5 pCi ol |2-
4Csodium acetate (specific activity 27.2 uCi umol-1, 1006.4 Bg nmol-1) in i00 pl. distilled water
for 1h in the dark in a shaking water tath at 250C. A second set of leaves from of control plants were
harvested, pre-incubated and radiotabelled as above, but with 500 tM Mn added to the labelling
solution.  After Th incubation, {3ml boiling EtOH (95%) was addcd to each sample which was then
boiled for an additional 3 min. Samples were ground for 5 min in a mortar with approximately 0.5 g
sca sund. Extracts were removed by centrifugation at 6000 RPM for 15 min. Alter two extractions,

the supernatants were dried using a flash evaporator then stored at 40C.

Plant extracts were separated into four fractions, lipids, sugars, amino acids and organic acids
following the resin cxchange procedures of Canvin and Beevers (1961). Pigments aid lipids were
extracted with 15 ml dicthyl ether. The water soluble fraction was dissolved in 15 ml disiilled waler
and passcd through a cation exchange resin (Dowex-50W, 200-400 mesh, hydrogen form). Sugars
and organic acids werc cluted with 40 mi distilled water, amino acids were displaced from the column
with 50 ml 6N HCI. The sugar and organic acid fraction was passed through an anion exchange resin
(Dowex-2, 100-200 mesh size, chloride formj. Sugars were cluted with 60 mi distilied water, organic
acids were displaced from the column with i} ml 4 N formic acid followed by S0 ml ¥ N formic

acid. Radioactivity of cach fraction was det.. wmiined by scintillation counting (Beckman 1S 6000 TA)
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using 0.1 to 0.5 ml aliquots brought o 4 ml volume with Bray's solution (4 g 2,5-diphenyloxazol
(PPO), 0.2 g 1,4 di|2-(5-phenyloxazolyl)} benzene (POPOP), 60 g napthalene, 100 ml methanol, 20
ml cthylencglycol and dimenthoycthane to make 1 L; Bray 1960). Concentrations of organic acids
were determined from 100 pl aliquots using the same HPLC system described above. The
radioactivity of cach organic acid detecied was determined by collecting 0.5 ml fractions from the
HPLC system. Gluwmate and aspartate were scparated from the neutral and basic amino acids using

Dowex-2 anion exchange resin (acetate form) eluted with 0.5 N acetic acid (Hirs et al. 1954).

On day 12, another plant was harvested from cach container (2 from control solutions) and
the same procedures as above were followed except that leaf slices were incubated in 14C-sodium
acetate under a 250W mercury lamp (453.3 umol m-2s-1). Data were analyzed using analysis of
variance (ANOVA) with significance defined at 0=0.05. To achieve homogeneity of variance, the
ANOVA of data expressed as a percent of total label was performed on the arcsine square root

trunsformation ol the data.
5.2.3  Rates of photosynthesis and respiration

The same two cultivars of wheat, Mn-tolerant '‘Norquay' and Mn-sensitive '‘Columbus’ were
selected for experimentation. Fifty sceds of each cultivar were sierilized, germinated and grown for
cight days as described above. Nine-day old seedlings were mounted on 12 containers (experimental
day ) as described in the experiment above with the following exceptions; the icmperature was
naintained between 26 and 270C during the light period and between 20 and 210C during darkness,
relative humidity was maintained between 61 and 70% during the light period and between 75 and
83% during darkness and the growth room was illuminated by 6 mercury halide (400W) and 6 sodium

(400W) lamps located 0.8 m above the plant bascs, with 2 PPFD of 613 + 21 umol m-2 s-1 at plant

base level,

A randomizced block factorial design with 2 cultivars, 2 concentrations of Mn (0, 500 pM)
and 3 replicates was uscd (totalling 12 containers). Photosynthetic and respiratory rates were
measured using a portable infrared gas analyzer (IRGA) sct on differential mode, with a flow rate of

180 mt min-1, a PPFD of 620 umol m-2s-1 and an air tcmperature of 250C. Mecasurcments were taken
mmediately prior to adding the plants to the Mn treatments, after 6 hours of exposure to excess Mn,

then daily for a total of 9 measurements.



5.3 Resulls

5.3.1  Effects of manganese on growth, photosynthetic rate and respiratory rate

Fresh weights of Ieaves and roots of Mn-tolerant 'Norquay' increased with time and were
unaffected by concentration of Mn in solution (Fig. 5.1A,C), although both root and leaf weight may
have started 1o declinc on day 12. In contrast, leaves and roots of Mna-sensitive 'Columbus’ were
clearly affected by excess Mn by day 11 (Fig. 5.1B,D). Roots of ‘Columbus' were more severely
affected than lcaves. On day 12, leaf weights of plants grown with 250 and 500 pM M fell 1o 81 and

70% of control respectively and root weights decrcased o 68 and 37% of control.

The photosynthetic rate also declined in the Ma-sensitive ‘Columbus' immiediately after
cxposure 10 excess M. After 6 h, the rate fell to 60% of control (Fig. 5.2A). Between | and 7 days
of growth in 500 uM Mn, photosynthetic rates remained approximately 20%: of control.  In contrast,
the photosynthetic rates of Mn-tolerant 'Norquay' stayed greater than or equal to control rates for up
to 3 days after exposurc to excess Mn. By day 6, the rate declined 10 65% of control. Respiratory
tates lor both cultivars increased up to 4 days after growth in 500 M Mn, after which they decreased
(Fig. 5.2B). In 'Columbus', respiratory rates increased o ncar 400% of control by day 4, on day 7,
they declined o 65% of control. In contrast, respiratory rates in "Norguay' increased to 310% ol

control on day 4, and fell to 110% of control on day 7.

5.3.2  Concentrations of organic acids in root and leaf tissues

Six carboxylate anions were detecied by HPLC analysis in root and leal tissues; aconitate
(cis- and trans-aconitste combined), a-ketoglutarate, citrate, malate, succinate and an unknown,
Identification of the carboxylate anions was based on comparison 10 retention times of known
carboxylate anions (Fig. 5.3). Slight shifts in retention times were found for the root and feaf =xoacts,
therefore identification was confirmed by use of inicrnal standards. The small unidentified peaks at
7.8 and 22.8 min represent products leached from the plastic HPLC inserts used for sample injection.
These peaks increased with time but were never greater than shown in Fig. 5.3. In attempting to
identify the unknown peak fumarate, glycolate, glyoxalate, lactate, malonate, oxalacetate, oxalate,
oxalsuccinate and tartarate were climinated based on differences in retention times (retention times
for these were; 18.51, 15.20, 11.56, 19.08, 12.12, 10.68, 9.50, 9.61, 10.46 respectively). Using cither
H3PO4 or H3804 as the mobile phase, the unknown organic acid co-cluted with acetate. Usc of an

internal acetate standard also indicated that the uriknown acid “vas acctate.
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Figure 5.1, Mcan fresh leal weights + s.e. of (A) Ma-tolerant 'Norquay' and (B} Mn-sensitive
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‘Columbus’ and mean fresh root weights + s.e. of (C) '"Norquay' and (D) 'Columbus’ grown with 0, 250

or 500 uM Mn added o solution culture.
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Figure 5. 2. (A) mean photosynthetic rate and (B) mean respiratory rate (expressed as a percent of

control + s.¢.) for Mn-tolerant 'Norquay' and Mn-sensitive 'Columbus’ grown with 5(X) uM Mn in

solution culture.
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However, evaporation of leaf cxtracts to dryness reduced amounts of the unknown organic acid by
92%, whereas the acetate peak was climinated from a mixture of standards which had been dried. In
addition, if the unknown acid was acetate, I would have expected a specific radioactivity
approximately 100 times higher than was observed (assuming that the radiolabelled acetate was in
equilibrium with the plant's pool of acetate). [ have calculated the concentration of the unknown acid
as if it were acctate for comparative purposcs, but until an independent analysis confirms its identity |
prefer to refer to it as an unknown. It is interesting to note that Krotz et al. (1989) found an organic
acid which co-cluted with acetate in Nicotiana tabacum and that both Scott et al. (1991) and Foy et
al. (1990) reported high concentrations of acetate in roots and leaves of wheat, perhaps reflecting a

compound similar to that reported here.

Concentrations of cach of the organic acids detected responded differently to concentrations
of Mn in the growth solutions and to length of time grown with excess Mn. Different responses were
also obscrved between leaves and roots and between cultivars. An ANOVA - for concentrations of
organic acids in roots indicated a significant main cffect of cultivar for the unknown acid and
significant main clfects of Mn treatment and time for o-ketoglutarate and succinate, Cultivar by
manganese, and cultivar by time interaction cffects were not significant. Concentrations of the
unknown acid were higher in roots of Mn-tolerant '"Norquay’ at all concentrations of Mn in solution,
accounting for the significant cultivar cffect (Fig. 5.4D). Concentrations of aconitate and the
unknown acid did not vary with concentration of Mn in solution or with time (Fig. 54A and D).
Concentrations of a-ketoglutarate and succinate did not vary with cultivar, but did decline with time
and concentration of Mn in solution (Fig. 5.4B and C). Concentrations of malate did not vary with
cultivar, timc or treatment, concentrations of citrate were at or below the detection limit of 3 pg

10ul-1 (data not shown).

An ANOVA for concentrations of organic acids in Ieaves indicated a signiticant main ctfect
of cultivar for aconitate and succinate, a significant main cffect of Mn treatment for aconitate, -
ketoglutarate and succinate, and a significant main cffect of time for aconitate, a-ketoglutarae,
succinatc and the unknown. The cultivar by Mn treatment and cultivar by time interactions were
signilicant for aconitate, a-ketoglutarate and succinate. Concentrations of both aconitate and -
ketoglutarate increased with increasing Mn in solution in Mn-sensitive ‘Columbuy’, but remained
constant with time and treatment in Mn-tolerant ‘Norquay' (Fig. * “~,B). Concentrations of succinate
declined in the tolerant cultivar with time but increased with increasing concentration of Mn in

solution in the sensitive cultivar (Fig. 5.5C). Concentrations of the unknown acid in leaves declined
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Figure 5.4. Mcan concentrations + s.c. of (A) aconitate, (B) a-ketoglutarate, (C) succinate and (D)
unknown organic acid in roots of a Mn-tolerant (filled symbol) and a Mn-sensitive (open symbol)

cultivar of Triticum aestivum grown with 0, 250 or 500 pM Mn added to solution culture.
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Figure 5.5. Mean concentrations + s.c. of (A) aconitate, (B) a-ketoglutarate, (C) succinate and (D)
unknown organic acid in lecaves of a Mn-tolerant (filled symbol) and a Mn-sensitive (open symbol)

cultivar of Triticum aestivum grown with 0, 250 or 500 uM Mn added ¢ solution culture.
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with time in both cultivars and were unaffected by concentration of Mn in solution (Fig. 5.5D).
Concentrations of malate did not vary with cultivar, time or trecatment, concentrations of citratc were

at or below the detection limit of 5 pg 10 pl-1 (data not shown),

533 Radiolabelling leaf tissue

Fractionation of 14C-labelled Icaf slices into lipids, amino acids, sugars and organic acids
indicated some differences between cultivars, Mn treatment and dark/light trcatment (Table 5.1). An
ANOVA of the proportion of 14C incorporated into the four metabolic pools indicated significant
main effects duc o culdvar, dark/light treatment and Mn treatment for lipids, aniino acids and organic
acids, For sugars, main cffects due to cultivar and dark/light treatment were significant. The
dark/light treatment by Mn treatment interaction was also significant for percent of total 14C in lipids
and amino acids. For . oth cultivars, more 14C was incorporated into lipids than into the other three
pools (37-83% of total label, Table 5.1). In all cascs, the least amount of radioactivity was

incorporated into sugars (0.8-3.8%).

A smaller proportion of 14C was incorporated into lipids when leaf slices were incubated in
the dark, with teaves of 'Norquay' incorporating proportionatcly more 14C in all Mn weatments. This
pattern accounted for the significant main effects due to dark/light treatment and cultivar, When
incubated in the dark, more 14C was incorporated into lipids of Icaves which had cither been
pretreated with Mn, or had been incubated in the presence of Mn accounting for the significant main
cffeet due 1o Mn reatment. When incubated in the light, Mn treatment did not affect incorporation of
1€ into lipids for eit’  cultivar (Table 5.1). The proportion of 14C incorporated into amino acids
declined in leaves incubated in the dark for both Mn treatments ('Norquay' 37.9 7.6%, 'Columbus'
39.8-11.5%), with Mn-trcated ‘Columbus’ having a larger proportion of 14C in the amino acid pool
compared to 'Norquay', accounting for the significant main effects (Table 5.1). In addition, the
proportion of 4C incorporated into glutamate and aspartate decreased in leaves incubated with cxcess
Mn (data not shown). ‘The proportion of 14C incorporated into sugars did not vary with Mn treatment;
however, it was higher for leaves incubated in the light and was higher in 'Columbus' than in
‘Norquay'. The proportion of 14C incorporated into organic acids was higher for ‘Columbus' leaves
meubated in the dark. Treatment with Mn resulted in less incorporation of 14C into organic acids in

leaves of "Norquay' incubated in the light.

The organic acids measured in leaf slices, in order of increasing abundance, were succinate,

citrate, and malate (Table 5.2). If the unknown is acctate, it would rank third in abundance.



Table 5.1. Incorporation of 14C (percent of total + s.¢.) into four metabolic pools for Ma-tolerant

‘Norquay' and Mn-scnsitive ‘Columbus’ incubated in the dark or the light,

Dark  Cultivar  Treatment Lipids Amino acids  Sugars Organic acids
Norquay  control? 47.3+4.5 37.9+3.3 1.240.3 13.6+1.9
500 uM Mnb 72,5482 7.8+1.7 0.8+0.06 19.046.5
contsol + Mn®  82.9+2.0 7.6+0.9 1.740.01 12.0+1.0
Columbus control 36.7+7.5 39.8+5.0 1.8+0.3 21.842.5
500 uM Mn 56.6+1.6 14.7+1.6 2.1+0.8 20.043.6
control + Mn 61.846.2 11.5+2.8 1.1+0.3 25.543.0
Light  Norquay  control 71.9+3.2 7.8+2.6 3.3+0.9 17.141.0
500 uM Mn 78.7+3.7 7.8+1.4 2.0+0.4 R
control + Mn 76.1+3.3 10.9+1.0 1.5+0.2 Fi5+4000
Columbus  control 68.9+0.9 12.9+1.1 3.8+0.2 14,4404
500 uM Mn 72.046.9 10.8+1.1 3.8+1.0 13.544.8
control + Mn 69.6+2.6 14.8+1.9 2.3+0.2 13.4+1.0

4 plants grown in control solution, incubated in control solution
b plants grown with 500 uM Mn, incubated in control solution

€ plants grown in control solution, incubated with 500 pM Mn



Table 9.2, Mean concentration (pg g- 1 tresh weight) £ s.e. of four organic acids in

twlerant ‘Norquay' and Mn-sensitive 'Norquay' incubated in the dark or the light.
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.aves of Mn-

Dtk Cultivar Treatent Citrale Malatc Succinatce Unknown
Norquay — controld 23.240.5 829.7+21.8  0.015+0.001 524.5+70.5
SO0 uM Mnb 20.0+2.7 98924 2.7 0.029+0.009 2764126
control + Mt 21,2464 776 i 0.012+0.002 2040475
Columbus  control 35.2+1.5 A+12.3 0.019+0.001 820,585 2
S(X) uM Mn 30.9+6.4 1722459.6 0.053+0.025 112.8+69.9
contro! + Mn 3544104 816.4+92.6 0.024+0.009 13R.9--2.2.7
Light  Norquay  control 42.5+8.2 670.1+15.6 0.020+0.006 372.9+44.2
S00 uM Mn S3R+10.7 1015.2482.8  0.045+0.004 127.5+17.0
control + Mn 42.8+5.4 H35 9480 4 0.017+0.006 88.3+25.5
Columbus  control 4404147 938.4+38.7 0.027+0.0Co 120.445 5
S00 M Mn 45,5+9.6 1554.9+67.3 1.056+0.013 120.5+23.4
control + Mn 33.74+6.3 880.2+14.5 0.675+0.007 107.8+%.6

+plants wown in control solution, incubated in control solution

b plants grown with 300 uM Mn, irc bated in control solution

Coplants grown i control solution, incubated with 500 uM Mn
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Concentrations of citrate were unaftected by Mn treatment, but were hagher in leaves of "Norquay’
incubated in the light. Higher concentrations of malate and succinate were found i deaves which had
been pretreated with Mn (119-191% of control), but concentrations in leaves incubated in Mn did not
difter from control. Concentrations of the unknown acid declined with Mn treatment for leaves ol
‘iorquay’ under both tight conditions (53- 34% of controb). and for Ieaves of "Cotumbus’ incubared

the dark (14% of control, Table 5.2).

The specific radieactivitics of citrate, malate and succinate declined with Mo treatient for
both cultivars incubated in the light and the dark (Table 5.3). The specific radivactivities ol cirate
and malate were higher tor 'Norquay' when incubated in the light. The specific radioac vty ol
succinate was higher for ‘Columbus” when incubated in the light, In contrast, the specitic
radioactivity for the unknown acid increased in response 1o Mn treatment for "Norquay” under both

light conditions and for 'Columbus’ incubated in the dark.

54 Discussion

Based on Iresh tissue weight (Fig. 5.1) and rates of photosynthesis and respiration (Fig. 5.2y,
‘Norguay' was demonstrated (o be Mn-tolerant and ‘Columbus’ was demonstiated 1o be Mo-sensiive
over the course of the experimental penod. The patterns for increase in fresh weight with time
reported here are consistent with previous reports (Macfic and Taylor 1989) in that root weights of
Mn-tolerant ‘Norquay' grown in excess Mn did not vary from control values until after 11 days of
cxposure 1o excess Mn, wherceas tissue weights of '‘Columbus’ responded more quickly to M stress,
In addition, the tolerant cultivar mainwined higher rates of photosynthesis under conditions of Mn
stress over the experimental period. This result is consistent witk: an carlier report (Chapt. 4, Maclic
and Taylor Submitted) in which ‘Norquay' maintsined higher rates of photosynthesis across a range of
concentrations uf Mn in solution. In this study, the raies of respiration increased in e poase 10 Mn
stress (Fig. 5.2) confirming the resulws of Horiguchi and Fukumoto (1987 w ho reported tha
respiration rate increased up o 196% of control in Oryza sative, Zea mays, Hordeum vadvare,
Medicago sativa > 2d Phaseolus vulgaris after 14 days exposure to 583 uM in solution. Manga - o is
involved in several enzyme-catalyzed reactions and therefore can be expected o affect proce-. h

as respiration (Burnell 1988).

To determinc the reiationship between tolerance of Mn and organic acid conient,
concentrations of organic acids in roots and leaves were measured using HPLC wechnigues. In both

cultivars, concentrations of aconitate, a-ketog'utarate and succinate were lower in raot tissues than in
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Table 5.3, Mean specitic acuvity (Bg nmol-1) + s.c. of four organic acids in leaves of Ma-wlerant

Norquay' and Mn-sensitive ‘Norquay' incubated in the dark or the light.

Dark  Cultivar Treatment Citrate Malate Succinate Unknown
Norquay  controld 10.15+0.20 0.58+0.01 3848.2+56.9 0.015+0.003
SO0 UM Mnb 4.19+0.03 0.31+0.04 1898.9+67.2 0.070+£0.012
control + Mnt  2.3240.42 0.36+0.08 1305.4+11.6 0.181+0.05

Columbus  control 18.98+().36 0.56+().05 3927.3+130.2 0.053+0.012

SO0 tM Mn 12.85+0.22 0.42+0.02 1833.6+57.9 0.200+0.060

control + Mn 6.61+0.44 0.51+0.04 917.0+113.2 0.265+0.043

Light Norquay  control 17.2440.20 1.59+0.02 3763.9+200.4 0.071+0.006
S00 UM Mn 9.17+0.44 0.63+0.01 1958.5+163.2 0.342+0.020

control + Mn

10.45+0.50

U.7740.10

2364.04£129.2

0.448+0.011

Columbus  control 24.44+1. 70 1.6240.11 5955.1+£167.3 0.259+0.044
500 UM Mn 13.66+0.81 0.42+0.03 2393.3+106.9 0.261+0.021
control + Mn 1.70+0.32 0.39+0.08 1468.5+245.9 0.230+0.041

 plants grown in control soluticn. - ibated in control solution
b plants grown with 500 UM Mn scubated in control solution

¢ oplants grown in control solution, incubated with 500 uM Mn



leaves (Figs. 5.4 and 5.5). Foy et al. (1990) also found lower concentrations of srans -aconiiate and
succinate in roots and Burke et al. (1990) found that concentrations of organic acids were, on average,
six tim- s lower in roots than in leaves. In my study, concentrations of aconitate in roots were
approxamately 10 times lower than in leaves. This is in contrast 1o the results rejnorted by Cambraia et
al. (1983) who found 2.5 time: maore trans-aconitate in roots of Al-tolerant Sos ke bicolor, 1n this
study, only concentrations of a-ketoglutarate and succinate varied in response (o concentration of Ma
in solution, concentrations of the other organic acids did not respond 1o Mn treatment. Burke of af.
(1990) found that concentrations of organic acids in roots of Triticum aestivam were uneclated 10
concentration of Mn in solution. Similarly, up t0 300 UM Zn had no effect on concentrations of
citrate and malate in roots of Zn-sensitive clones of Deschampsia caespitosa (Thurman and Rankin
1982). While both Zn and Cd stimulated citrate and malate levels in roots of Zn-Cd-1olerant
Deschampsia caespitosa, Co, Cu, Hg and Ni had no effect on organic acid concentsations (Thurman

and Rankin 1982).

In leaves, concentrations of aconitate, a-ketoglutarate and succinate increased m N
sensitive "‘Columbus’ grown in excess Mn by the end of the experimental period (Fig, 5.5). In Ma-
tolerant "Norquay’, concentrations of only aconitate and a-ketoglutarate increased i response o M
stress. Incontrast to many previous reports on different plant species, higher concentrations of
organic acids in the Mn-sensitive cultivar were measured in this study. In comparing, Al-sensitive and
Al-tolerant cultive - Zea mays, Suhayda and Haug (1986) mcasured 1.5 times higher
concentrations ot ic.iate and trans-aconitate in the tolerant cultivar when under Al suess. Similarly,
Cambraia et af. (1983) found a 55% increasc in trans-aconitate and malate in Al-tolerant Sorghum
hicolor in response to Al. Foy and Lee (1987) found that concentrations of malate increased with
concentration of Alin solution in Al-seasitive and Ai-wlerant cultivars " Hordewn sulpare, whereas
concentrations of citrate and succinate declined in the sensitive cultivar but were unchanged in the
tolerant cultivar.  Interestingly, my results agree with other reports of the effects of metal stress on
organic acid concentrations in wheat. Burke et al. (1990) found that concentrations of aconitule,
malate and citrate increascd (14, 2.8 and 3.4 fold respectively) with increasing Mn in solution in Ma-
sensitive cultivars of wheat but did not change in Mn-toierant cultivars. Similarly, Scott et a! (1991)
Tound that concentrations of cis-aconitate, malate, succinate and acetate increased more in an Al-

sensitive cultivar than in an Al-tolerant cultivar when grown in excess Al

The observed increases in concentrations of organic acids in Ma-sensitive cultivars, coupled
with icsser or no increases in Mn-tolerant cultivars, indicates that the accumulation of organic acids is

not a primary mechanism of Mii-iolerance ia wheat. A similar conclusion has been reached by other
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workers. For example, Taurman and Rankin (1982) suggested that organic acid metabolism docs not
play arole i Zn-tolerance ‘eschampsia caespitosa, Similarly, Foy et al. (1990) concluded that
dilferental tolerance of Al in wheat was not correlated with changes in concenirations of organic
acds 1 either toots or leaves. They suggested that observed differences in organic acid
Concentrations are a result, not a cause, of differential tolerance of Al. If this is the case, it could
explinn discrepancics between studies with respect o which organic acids increase in tolerant
culuvars as well as the observations in wheat in which higher concentrations are found in sensitive

culuvars,

The relative proportion of HMC incorporated into lipids, sugars, amino acids and organic acids
should give some indication of the metabolic activity of the leaf slices with and without Mn stress and
and in characterzation of the Mn stress response. In this study, proportionately more 19C was
meorporated i lipids and proportionately less 14C was incorporated into amino acids (specifically
plutamalte and aspartate) in leaf slices incubated in the dark with [2-14C]sodium acetate and excess
Mn (Table 5.1). This indicawes that the normal synthesis of amino acids via a-ketoglutarate in the
aitne acid cycle was probably inhibited by Mn toxicity, and that more 14C was diverted to lipid
synthests. Incubation in the light lessened these responses to Mn stress, possibly indicating that
sufhicient sugars were available 1o the citric acid cycle when photosytithesis was operating. Use of
pereent incorporation of 14C into the vanious metabolic pools provides information on synthesis of
the constituents only, it would also be interesting 10 look at the absolute concentrations of these
components in response 1o Mn stress in order to detect changes in responsc Lo the breakdown or
degradation of various metabolic products.  In roots of Sorghum bicolor, concentrations of sugars,
amino acids and organic acids increased after treatment with Al (Cambraia et al. 1983). Similarly,
Rao and Gupta (1979) reported that Mn toxicity in Saccharum officiale resulted in higher
concentrations of amino acids. Unfortunately, concentrations of lipids, sugars and amino acids were
not measured in this study. The observed decreases in photosynthetic rates and increases in
resgeration rates (Fig. 5.2), however, would indicate that concentrations of sugars in lcaves should
have decreased. The observed incre ses in respiration rates (Fig. 2) indicate that the citric acid cycle
was tunctioning, Indeed, the concentrations of malate, succinate and - urknown organic acid
mereased (Table 5.2). Interestingly, however, the specific radioactivities of citrate, malate and
succinate decreased (Table 5.3), indicating that organic acid synthesis was occurring, but not via
acerd CoA feeding into the citrie acid cycle. In addition, the relative distribution of radiolabel among
ciie, malate, succinate and th-r nnknos-n did not change with dark/light or Mn treatment, further

sanicating that C was being diverted into these pools during Mn stress. Again, it is possible that Mn
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toxicity resulted in the breakdown of amino acids into glutamate and aspartate which could feed into

the citric acid cycle.

Another interesting observation is that Mn treatment alfected concertrations of malate and
suceinate in both cultivars vnder both light treatments (Table 5.2). In all cases, increases in
concentrations of malate and succinate were only observed in feaves from plants which had grown in
500 uM Mn for 11 days. Leaves from plants grown in control solutions which were subsequently
radiotabelled in the presence of excess Mn did not show increases in concentrations of malate or
succinale, These results indicate that chaness in organic acid concentrations are a whole-plant
phenomenon, or that there is a time lag between exposure 1o excess Mn and changes in organic acid
content. M the latter is true, then this is further evidence that changes in organic acid content retlect a

secondary response to Mn toxicity.

An increase in the cellular concentration of any metabolite can be the result <of cither
increased production, or decreased utilization by enzymatic reactions for which it s a substrate or
product. While both explanations arc possible, Burke e al. (1990) suggested that metabolite
accumulation is almost always due to decreased activity of a single enzyme for which the metabolite
serves as a substrate. Based on my results, it seems unlikely that the activity of a single citric acid
cycle enzyme was affected by Mn resulting in increased organic acid synthesis. Had this been the
case, the specific radioactivity of one or more of the organic acids would have increased.  The
increase in specific radioactivity for the unknown organic acid may indicate that it alone was
synthesized in response 1o Mn stress. Interestingly, Krotz et al. (1989) reported biosynthesis of an
organic acid which co-cluted with acetate in Nicotiana tabacum suspension cells grows with excess

Cd and Zn. Further work is needed 1o positively identify this constituent.

Bascd on the results of this study, it is clear that concentrations of some organic acids
increasce in response to Mn stress; however, the increases were greater for the Mn-sensitive cultivar
making it unlikely that organic acid synthesis acts as a mechanism of Mn-tolerance.  Furthermore,
increases in concentrations of organic acids did not occur via the normal functioning of the citric acid
cycle (eg. not via acetyl CoA) since the specific radioactivitics of these imermediates decreased. One
possible interpretation is that sugars were not available for degradation in Mn-stressed plants as a
result of inhibition of photosynthetic rate. While the derivation of stress-induced organic acids were
not tested in this study, the data are consistent with L-¢ breakdown of amino acids providing -

ketoglutarate which could feed into the citric acid cycle.
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6. General discussion

When I started my investigations, information on differential lerance of M Canadian
cultivars of wheat was lacking, and studies on wie physiology of Mn toxicity were few. The results
presented in this dissertation provide valuable information with respect to M toxicity in wheat. In

addition, my cxperiments have generated several pathways for future rescarch,

Reflecting the lack of published information on Mn, my first task was 1o identify the range of
tolerance of Mn within Canadian wheat germplasm, Thirty cultivars of wheat were screened for
tolerance of Mn using conventional solution culture techniques (Chapter 2, Maclic ef al. 1989),

While the Canadian germplasm was predominantly sensitive of Mn, the range of tolerance micasured
was as broad as that reported for tolerance of Al (Briggs et al. 1989). This indicates that Mn .oxicity
may be as important as Al toxicity for plants growing on acid soils. Furthermore, the selection of
cultivars which had been previously tested for tolerance of Al permitted investigation of the
relationship between tolerances of the two metals. Contrary to previous reports, a positive but weak
correlation between tolerance of Mn and tolerance of Al was found. It is important o consider
tolerance of both metals when breeding for wlerance of acid soils since both Al and Ma toxicities are
related to soil acidity. Identification of Al/Mn-tolcrant germplasm should provide plant breeders with

important information for use in developing lines better suited to arcas with acid soil.

Based on the results of Chapter 2 (Macfic et al. 1989), two cultivars were chosen 1o
investigate the physiology of differential tolerance of Mn; Mn-tolerant '"Norquay' and Mn-sensitive
‘Columbus'. Ideally, investigations into differential tolerance should involve cultivars which are very
closcly related, differing only in the tolerance gene(s). By using such isolines, physiological
responses 1o specific stresses can be more clearly attributed to tolerance mechanisms. A backeross
program designed 1o introduce tolerance of Mn into Canadian Western Red Spring (CWRS) cultivars
ts now underway in the Department of Plant Science at the University of Asberta (Dr. Keith Briggs,
pers. comm.).  Unfortunately, isogenic germplasm is not yet available.  One avenue for future work
would be to continue studies on differential tolerance on these isolines once they become available.
As a follow-up to my screcning cxperiment, Moroni (1991) investigated the probable origin of
tolerance of Mn in Canadian wheat germplasm. His results are interesting b causc it would appear
that tolerance of Mn can be traced back 1o two Brazilian land races, 'Polyssu’ and/or ‘Alfredo Chaver,

6.21°
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In looking for potential mechanisms of wolerance of Mn, 1 started with an investigation into
exclusion of Mn through plant-induced changes in the rhizosphere (Chapter 3, Maclic and Taytor
1989). It would appcar that precipitation of Mn in the apoplasm or cell wall did occur, and that plant-
induced changes in pH of nutricnt solution controlled precipitation of Mn onto root surfaces. Such
precipitation; however, did not confer tolerance of Mn.  Based on these results, and the fact that Mn
readily crosses the plasma membrane (Graham 1979), it would scem that internal mechanisms are
more important than external mechanisms in determining tolerance of Mn in wheat. Indced,
concentrations of Mn in tissucs of Mn-tolerant cultivars are often higher than those of Mn-scnsitive
cultivars (Scott and Fisher 1989, Foy et al. 1988). The rcladonships which I observed between
concentrations of Mn in leaves, photosynthcetic rates and concentrations of chlorophyll supported this
view, and indicated imporiant differences between Mn-tolerant 'Norquay' and Mn-scnsitive
‘Columbus’ (Chapter 4, Macfic and Taylor Submitted). In both cultivars, photosynthetic rates and
concentrations of chlorophyll declined in response to Mn toxicity; hewever, the tolerant cultivar
maintained higher photosynthetic rates and concentrations of chlorophyll than the sensitive cultivar,
Examination ol photosynthetic rate per unit chlorophyll indicated that the cultivars differed in their
response i Mn stress, The primary toxic effect of Mn in the tolerant cultivar appeared 10 be a
reduction in chlerophyll content which, in turn, resulied in a iowered rate of photosynthesis. In
contrast, Mn seemed to exert its toxic clfect in the sensitive cultivar on photosynthesis and
chlorophyll content independently. While this information does not identify the Mn-tolerance
mechanism, some interesting questions arisc from these results. It is worth investigating the cffccts of
Mn on photosynthesis in more detail to test (i) whether the activities of photosynthetic enzymces in the
tolerant cultivar increase in response to Mn and (i) whether Mn is compartme - 247¢u "1 a location
removed [rom photosynthetic activity,  The response of chlorophyll to Mn is '« i7a7 ding.
Manganese is known to affect both chlorophyll synthesis (Wilkinson and Ohki 1988) and degradation
(Horiguchi 1988). It would be interesting to know whether Mn affects chlorophyll synthesis and/or
degradation difterently in the two cultivars. In my opinion, closer examination of the effects of Mn
on pberosynthesis and chlorophyll content provides the most promising avenue fo.r identification of

the o obhanism(s) of Mn-tolerance.

The dramatic effects of excess Mn on photosynthetic and respiratory rates led niz we
investigate the relationship between organic acid content and tolerance of excess Mn (Chapter 5). In
routs, concentrations of aconitate, a-ketoglutarate, citrate, malate and succinate did not ditfer
between Ma-tolerant and Mn-sensitive cultivars, with or without excess Mn. In lcaves, growth in
excess Mn resulted in increases in concentrations of aconitate, a-ketoglutarate, and succinate in the

Mu-sensitive cultivar only. Increased concentrations of organic acids has been associated with
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Lolerance of certain metals (for cxample Al and Zn) in many plant species. One must be carctut,
however, in ascribing such changes in concentrations of organic acids o a metal wlerance
mechanism. they may simply reflect a sccondary response 1o metal toxicity. Indeed, if changes in
organic acid content reflect toxicity rather than tolerance, it would explain the diversity of responses
seen in organic acid concentrations in different plant species exposed o a variely of metal stresses
(see for example, Burke er al. 1990, Foy et al. 1990, Scott et al. 1987, Klimashevski and Chernesheva
1980, Mathys 1980, Jones 1961) . To my knowledge, this is only the second study o use
radiolabelled material 1o test whether organic acids arc actually synthesized in response o metal
stress, Krotz e al. (1988) found that neither Cd nor Zn stimulated citrate or malate hosynthesis in
Nicotiana tahacum suspension cells. In this study, the specific radioactivitics of citrate, malate and
succinate declined in response to excess Mn yet remained in equilibrium with cach other, indicating
that these organic acids were not derived from acetyl CoA feeding into the citric acid cycle.
Interestingly, both Krow er al. (1988) and 1 reported an increase in the specific rardioactivity ol o
compound which coelutes with acetate (using HPLC) in response w metal stress. An obvious tollow-
up experiment would be 10 use a technique other than HPLC (such as nuclear magnetic resonance, pas

chromatography or mass spectrometry) o identify this compound.

The results presented in Chapter 5 indicated that biosynthesis of organic acids is not o
primary mechanism of Mn-tolerance in wheat, indeed synthesis of organic acids through the aitric
acid cycle is probably inhibited by Mn wxicity. Observed increases in concentrations of organic
acids could have arisen from the breakdown of amino acids, providing o-ketogluiarate which would
feed into the citric acid cycle. Clearly, organic acid content is alterc | by metal stress, but the
biochemistry of this response remains unclear. An interesting dircction for future rescarch would be
to usc a radioactive label 1o quantify the responsces of specific amino acids (such as aspartate and

glutamate) to Mn toxicity.

In closing, I would like 10 acknowledge that the studics reported in this dissertation involve a
single pt.ylotoxic metal and a single specics, and that the results may not necessarily be extrapolated
to the toxicity of other metals or plant specics. Nevertheless, I have made progress with respect to
potential mechanisms of Mn-tolerance in wheat. The majority of evidence indicates that wlerance of
cxcess Mn occurs within the cytosol and my results indicate that differential tolerance is related to the
toxic effects of Mn on chlorophyll content and photosynthetic processes. In addition, it would seem
that observed changes in organic acid content arc likely a result of Mn toxicity rather than differential
tolerance of Mn. Thesc results have generated some interesting ideas for future rescarch which

should help 1o clarify the physiology and biochemistry of the Mn toxic response.
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7. APPENDIX 1. Summary of ANOVA rcsults in Chapter 4.

Variable Source of variation Significant at p=0.05?
Day 0 Day 5 Day 8 Day 12
Mn in lcaf cultivar no yes yes yes
Mn in solution no yes yes yCs
cultivar x Mn in solution no yes yes no
Respiration cultivar no ycs no no
Mn in solution no yes yes yes
cultivar x Mn in solution no yes no no
Photosynthesis — cultivar no yes yes yes
Mn in solution no yes ycs ycs
cultivar x Mn in solution no ycs ycs yes
Chlorophylla  cultivar no yes yes yes
Mn in solution no yes ycs yes
cultivar x Mn in solution no yes no yes
Chlorophyll b cultivar no yes yes yes
Mn in solution no yes yes yes
cultivar x Mn in solution no no no yes
Chl a:Chi b cuitivar yes ycs no yes
Mn in solution no ycs no no

cultivar x Mn in solution no no no no




% APPENDIX 2. Mcan rates of respiration + s.c. for Mn-tolerant

'Norquay' and Mn-scnsitive

‘Columbus' on days 8 and 12 after exposurc Lo a range of concentrations of Mn in solution.

Mcan respiratory rate (mg CO, gFW-1 h-1)

Days aftcr exposure o Mn

Cultivar [Mn] 8 12
0 3.740.4 2.9+0.4
100 3.9+0.3 2.5+0.5
Norquay 250 2.6+0.6 2.0+0.1
500 2.9+0.7 2.1+1.2
750 2.4+0.6 2.0+0.7
1000 2.240.1 2.0+0.5
0 3.6£0.5 3.9+1.2
100 3.240.2 3.0+04
Columbus 250 2.720.2 29404
500 2.6+0.1 1.8+£0.3
750 1.6+0.3 1.7+0.2
1000 1.9+0.7 1.0+0.2
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