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Abstract

Chemical defense in African savanna woody species have been inferred from foliar
condensed tannin and total phenolic concentrations. However these measures are
controversial since condensed tannin chemical heterogeneity compromises its simple
quantification and total phenolics, which is a measure of general foliar phenolics,
includes many different low molecular weight phenolics. Some of these low molecular
weight phenolics have been shown to deter herbivory individually or in combination with
others. The growth differentiation balance hypothesis predicts a trade-off between costs
of chemical defenses or carbon based secondary metabolites relative to the demand for
photosynthate by growth. However, this hypothesis was developed in northern boreal
and temperate forests and the extent to which it applies to African savanna woody
species remains unclear. In this study we: 1) Compared the use of Quebracho with
Sorghum tannin as standards for condensed tannin quantification, relative to absolute
condensed tannin concentration in selected species; 2) Determined low molecular
weight phenolic profiles of 6 species with different life history, morphological and
functional traits; and 3) Investigated whether the growth differentiation balance
hypothesis explains allocation to carbon based secondary metabolites in Combretum
apiculatum along a 6-level N gradient; and following 100% simulated herbivory along the
N gradient.

Condensed tannins were extracted from 5 tree species and purified. Condensed
tannin concentrations were determined using the acid-butanol assay and expressed as
Quebracho, Sorghum and absolute tannin concentrations. Chemical composition of
different tannin polymers were determined by thiolysis using HPLC and HPLC-MS.
Photosynthesis, growth variables and phenotypic phytochemical responses to the

different N and N x herbivory treatments were measured in C. apiculatum. Low



molecular weight phenolics were determined and identified using HPLC and HPLC-MS
respectively.

Results from this study suggest: that the continued use of Quebracho tannin as
condensed tannin standard in the acid-butanol assay is unjustified; that generalizations
based on life history, morphological and functional traits may be misleading since foliar
low molecular weight phenolics are not necessarily related to these traits; and that the
growth differentiation balance hypothesis does not explain allocation to carbon based

secondary metabolites in C. apiculatum.
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1. General Introduction

This thesis concerns plant secondary metabolites in African savanna tree species that
may influence diet selection in mammalian herbivores. Specifically | investigate the
appropriate use of reference material for a ubiquitously used condensed tannins method,
identify and quantify low molecular weight phenolics, and evaluate whether the growth
differentiation balance hypothesis (Loomis 1932, Herms & Mattson 1992) explains
allocation to carbon based secondary metabolites in tree species.

Plants are preyed upon by a myriad of different herbivores, from tiny insects to
large mammals (White 2005). To survive such herbivore stress, they appear to have
evolved an array of chemical compounds that serve as antifeedants (Agrawal 2006,
Bryant et al. 1991, Leimu & Koricheva 2006, Moore et al. 2014, Stamp 2003). The bulk
of these compounds are carbon based secondary metabolites (CBSMs) that do not have
any apparent role in the cell’s primary functions such as growth and reproduction
(Salminen & Karonen 2011). CBSMs are thought to act as protective agents against UV-
B radiation, desiccation, pathogens, and as anti-feeding agents (Harborne 1991, Moore
et al. 2014, Rhoades 1979, White 2005) that protect plants against herbivory.

Vegetation in African savannas supports, amongst others, an enormous diversity
of insects and the largest number of extant ungulate species in the world (du Toit 2003).
Together insect and large mammalian herbivores have been shown to consume ca. 5%
of tree leaves in a broad-leaved savanna (i.e. infertile savanna) in the Nylsvley Nature
Reserve, Limpopo, South Africa (Scholes & Walker 1993). Comparatively, indigenous
large mammalian herbivores alone have been shown to consume 4.5% of available
browse in fine-leaved savanna (i.e. fertile savanna) in the Hluhluwe-iMfolozi Park,
KwaZulu-Natal, South Africa (Owen-Smith & Danckwerts 1997). However, occasional

outbreaks of lepidopteran larvae may result in as much as 80% of Burkea africana
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leaves being consumed. Furthermore, only ca. 20% of the available browse species in
the Nylsvley broad-leaved savanna was selected by kudu (Tragelaphus strepsiceros),
impala (Aepyceros melampus) and domestic goats (Capra aegagrus hircus) (Scholes &
Walker 1993). Therefore, apart from the severe defoliation associated with lepidopteran
outbreak, very little of the available browse is consumed. It is therefore reasonable to
assume that these avoided plants may have chemical defenses that deterred herbivory.
Chemical defenses or CBSMs together with other plant traits, e.g. spines,
therefore act as mediating agents in plant-herbivore interactions (Harborne 1991,
Haukioja 2006, Rosenthal & Janzen 1979, Owen-Smith 2002), and have been shown to
vary with nutrient availability (Glynn et al. 2007, Herms & Mattson 1992, Kleiner et al.
1999, Moore et al. 2014, Stamp 2003) and herbivory (Haukioja 2006, Massey 2005,
Rooke and Bergstrém 2007, Scogings et al. 2011). Generally CBSMs have been shown
to be high in slow growing and long-lived or evergreen plants from nutrient poor
environments, whereas plants in high nutrient environments have low CBSMs (Coley et
al. 1985, Stamp 2003). While fast growing deciduous plants from high nutrient
environments store C reserves in their roots (Stamp 2003), evergreen plants store C and
nutrient reserves in their leaves (Bryant et al. 1992).Browsing would therefore be
detrimental for evergreen plants, and hence their leaves usually have higher CBSMs
(Bryant et al. 1992, Coley & Barone 1996, Coley et al. 1985, Stamp 2003). Induced
response in CBSMs following defoliation is inconsistent, but has been shown to depend
on the severity of defoliation, e.g. 100% defoliation decreased total phenolics, but 50%
had no effect in Combretum apiculatum (Rooke & Bergstrdm 2007). Other factors such
as shade (Bryant et al. 1988), as well as type (e.g. leaf picking or stripping vs. twig
biting) and timing (e.g. winter vs. summer browsing) of herbivory (Bergstrém 1990) may

also affect CBSM expression.
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1.1. Secondary metabolites in African savanna woody species

The avoided broad-leaved tree species in the Nylsvley study mentioned above generally
had no thorns (Scholes & Walker 1993), but contained high levels of condensed tannins
(Owen-Smith & Cooper 1987). Similarly, feeding preferences in steenbok (Raphicerus
campestris), impala and kudu was also negatively correlated with CTs on fertile basalt
plains in Kruger National Park (du Toit 2003). Recently, the degree of chemical defense
in African savanna woody species has been inferred from measures of foliar condensed
tannin (CT) and total phenolic (TP) concentrations (du Toit 2003, Hattas et al. 2005,
Hattas et al. 2011, Hrabar et al. 2009, Rohner & Ward 1997, Rooke & Bergstrom 2007,
Scogings & Macanda 2005, Scogings et al. 2011, 2012, 2013 & 2014). However, these
measures are controversial since CT chemical heterogeneity compromises its simple
quantification and total phenolics, which is a measure of general foliar phenolics and
does not discriminate between tannin and non-tannin sources (Hagerman & Butler
1989), is too broad a group of compounds and may mask changes within the group. We
know very little about what makes up this group of compounds.

Low molecular weight phenolics form part of the total phenolic group of
compounds and are involved in biological interactions (Harborne 1991, Siegler 1998).
Flavonoids specifically have been shown to deter herbivores individually (Lawler et al.
2000, Moore et al. 2014, Wiggins et al. 2006), as subgroups (Marsh et al. 2007, Moore
et al. 2005), or in combination with others (Stolter et al. 2005). These active agents
against herbivory are often present in low concentrations (Moore et al. 2014). Thus
qualifying and quantifying individual chemicals that make up this TP group, is therefore
an important first step to aid our understanding of the role of CBSMs in anti-herbivore

defense. Such knowledge is particularly important in African savannas where an array of
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different mammalian herbivores may base their food selection on the presence/absence

and quantity of these compounds.

1.2. Condensed tannin chemistry

CTs or proanthocyanidins are oligomers and polymers of flavan-3-ols (+)-catechin and
(-)-epicatechin, produced in the flavonoid biosynthetic pathway (Dixon et al. 2005,
Salminen & Karonen 2011, Xie & Dixon 2005). Depending on the hydroxylation in the B-
ring, the monomer units may be catechin, epicatechin, gallocatechin, epigallocatechin,
afzelechin or epiafzelechin (Fig. 1). These units may occur as either extender or terminal
units in the CT molecule, and have been shown to determine reactivity and chromophore
yield in the acid-butanol assay, e.g. cyanidins (catechin and epicatechin) and
delphinidins (gallocatechin and epigallocatechin) have different extinction coefficients (Li
et al. 2010). Therefore differences in CT cyanidin and/or delphinidin composition will
affect chromophore yield. Chemical composition of CT molecules have been shown to
be species specific (Gu et al. 2003, Scioneaux et al. 2011, Waghorn 2008), which
suggest that reactivity would differ between plant species. The use of an appropriate
standard should therefore be carefully considered and knowledge of the chemical

composition of CT molecules is important to inform this decision.
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R1=0H, R2=H, (+)-catechin R1=0H, R2=H, (-)-epicatechin
R1=R2=0H, (+)-gallocatechin R1=R2=0H, (-)-epigallocatechin

Figure 1. Structures of flavan-3-ol monomers (adapted from Xie & Dixon 2004).

1.3. Ecological significance of condensed tannins
CTs, due to their ecological significance, are the most commonly measured CBSMs
(Salminen & Karonen 2011, Moore et al. 2014). Historically CTs have been viewed as
harmful or toxic to mammalian herbivores, however, CTs have also been shown to be
beneficial in ruminant diets. Foliage containing CTs have been shown to improve
utilization of protein, accelerate live weight and wool growth rates, increase milk yield,
increase fertility and improve animal wellbeing by preventing bloat and limiting worm
infestations (Mueller-Harvey 2006). Nevertheless, some CTs have also been shown to
negatively affect forage quality for herbivores (du Toit 2003, Mueller-Harvey 2006,
Owen-Smith 2002, Scholes & Walker 1993).

CTs form insoluble tannin-protein complexes that impart an astringent taste in
foliage by precipitating salivary proteins (Hagerman and Butler 1991, Hagerman et al.
1992, Scogings et al. 2004) and reduce dietary protein digestibility (Brunt et al., 2006;

Dixon et al. 2005, Hagerman and Butler 1991, Hagerman et al. 1992, Mueller-Harvey
16



2006, Waghorn 2008). However, the effects of dietary [CT] on mammalian herbivore
performance show inconsistent results. A diet containing 2.6% Ceratinia siliqua CTs
reduced lamb growth by 63%, whereas 7.2% Hedysarum coronarium CTs had no effect
on lamb weight gain (Mueller-Harvey 2006, Waghorn 2008). Mueller-Harvey (2006)
reported that diet containing <5% CTs may be beneficial, and African indigenous
ungulates selected browse containing <5%, but rejected browse containing >5% CTs
(Cooper & Owen-Smith 1985). Thus a pattern seems to be emerging. However, to
confirm that 5% is indeed the benefit/adverse effect threshold, we need to ensure that

[CT] is reliably quantified by using an appropriate CT standard.

1.4. Condensed tannin standard
Despite empirical evidence that Quebracho tannin overestimates [CT] in the acid-butanol
assay (Giner-Chavez et al. 1997, Salminen & Karonen 2011), it is still used as reference
material (e.g. MacKown et al. 2008, Mattson et al. 2005, Shrader et al. 2012, Ward &
Young 2002). However, Sorghum tannin, the proposed alternative, may also be
inappropriate as standard. Nevertheless, knowledge of the amount of foliar CTs is
essential for reliable assessments of nutritive value and to explain mammalian herbivore
diet selection. To reliably quantify [CT] it is necessary to use CT from the plant under
investigation, however, the extraction and purification process is laborious (Hagerman &
Butler 1989, Rautio et al. 2007). Consequently researchers use generic standards in the
acid-butanol assay. However, chemical composition of the generic CT standard may be
different from the plant under investigation.

CT chemical composition, which may affect its reactivity in the acid-butanol assay
for CTs, have been shown to differ between plants (Gu et al. 2003, Scioneaux et al.
2011, Waghorn 2008). Considering the wide variety of naturally occurring CTs, the use

17



of generic CT standards such as the commercially available Quebracho, and Sorghum
tannin may produce erroneous results since its chemical composition and thus its
reactivity, may not match that of the species under investigation. As a result there is no
universal CT standard (Hagerman 1989, Salminen & Karonen 2011) and the
aforementioned generic standards may not be ideal. These generic standards are still
being used and an investigation into their appropriate use as CT standard in African

savanna species is required.

1.5. Phenotypic expression of carbon based secondary compounds
Phenotypic expression of CBSMs along a resource gradient has been explained in terms
of the growth differentiation balance hypothesis (GDBH, Loomis 1932, Lorio 1986,
Herms & Mattson 1992). The GDBH provides a framework which predicts a trade-off
between costs of differentiation processes in the plant relative to the demand for
photosynthate by growth, where differentiation constitutes all processes not involved in
growth, including formation of CBSMs (Fig. 2, Herms & Mattson 1992, Stamp 2003). See

chapter 3 for a detailed explanation of the hypothesis.
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Figure 2. Relationship between net assimilation rate (NAR), relative growth rate (RGR)
and carbon based secondary metabolite production. Letters A, B and C represent low,
intermediate and high resource levels, respectively (adapted from Herms & Mattson

1992, Stamp 2003 and Glynn et al. 2007).

The cornerstone prediction of the GDBH is the curvilinear response pattern of
CBSMs and is only detectable when using a resource gradient with minimum of five
levels (Stamp 2004). The GDBH was developed from empirical evidence from northern
boreal and temperate forests and has been supported in Salix sericea and S.
eriocephala (Glynn et al. 2007). However, African savanna woody species may be
chemically different from boreal and temperate woody species since it has presumably
coevolved with a diversity of different browsing mammalian herbivores for almost 1 Myr

BP (Cerling et al. 1999). Over time, this chemical “arms race” is expected to result in an
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adaptation-counter adaptation reciprocity (Spencer 1988) which may ultimately result in
divergent lineages in both woody species and its associated mammalian herbivores.
The GDBH predicts that herbivory would induce CBSMs in damaged plants
(Herm & Mattson 1992). However, African savannas have diverse herbivores that impart
differential damage with varying phytochemical consequences for plants. For example,
defoliation by mopane caterpillar (Imbrasia belina) have been shown to decrease total
polyphenol concentration in Colophospermum mopane (Hrabar et al. 2009). Bryant et al.
(1991) showed that defoliation by the saturniid moth (Cirina forda) decreased total
phenol and condensed tannin concentrations in fast growing deciduous species (Grewia
flavescens, Acacia tortilis and Dichrostachys cinerea), but increased total phenol and
condensed tannin concentrations in slow growing deciduous species (Burkea africana,
Ochna pulchra and Euclea natalensis). Furthermore, severe pruning by African elephant
(Loxodonta africana) had no effect on total polyphenol concentration in C. mopane
(Hrabar et al. 2009), but increased foliage quality, as indicated by decreased
tannin:protein ratio (Hrabar & du Toit 2014). Therefore, whether the GDBH explains

allocation to CBSMs in African savanna woody species is questionable.
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1.6. Research questions

To test whether Quebracho and Sorghum tannin are appropriate standards for CT
quantification in the acid-butanol assay, | extracted and purified CTs from five woody
species and address the following questions: (1) To what extent does Quebracho tannin
overestimate [CT] in selected woody species? (2) Is Sorghum tannin an appropriate CT
standard for these species? and (3) To what extent do CT chemical characteristics
determine its reactivity in the acid-butanol assay? (Chapter 1)

Low molecular weight phenolics (Imwp’s) were identified and quantified in six
dominant woody species that differ in life history, morphological and functional traits, and
grow in different habitats from an experimental site in Kruger National Park, South Africa.
Specifically, | address the following questions: 1) Which chemical components contribute
most to differences among species? 2) Are similarities in Imwp composition among
species associated with phylogenetic relatedness? 3) Are spinescent plants less
chemically defended than spineless plants? and 4) Is the evergreen Euclea divinorum
chemically more defended relative to deciduous species? (Chapter 2)

To investigate whether the GDBH explains allocation to CBSMs in an African
savanna woody species, | tested the hypothesis in the deciduous woody species
Combretum apiculatum. Here | address the following questions: (1) Does the GDBH
explain carbon allocation to CBSMs along a 6-level N gradient? and (2) Does the GDBH
explain carbon allocation to CBSMs following 100% simulated herbivory along a 6-level

N gradient? (Chapter 3)
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2. The quantification of condensed tannins in African savanna

tree species

Dawood Hattas®¢", Riitta Julkunen-Tiitto®

@ Permanent address: Department of Biological Sciences, H.W. Pearson Building,
University Avenue, University of Cape Town, Rondebosch, 7701, Cape Town, South

Africa, Dawood.Hattas@uct.ac.za, Tel: +27216502443, Fax: +27216504041

®PARC-Range and Forage Institute, Department of Botany, University of the Western
Cape, Private Bag X17, Bellville, 7535, Cape Town, South Africa.
°Natural Product Research Laboratory, Department of Biology, University of Eastern

Finland, Joensuu, Finland, RIT@uef.fi (Riitta Julkunen-Tiitto)

2.1. Abstract

We compared Quebracho with Sorghum tannin as standards for condensed tannin (CT)
quantification in selected African savanna tree species in relation to the acid-butanol
assay for CTs. Without exception, the use of Quebracho tannin as standard
overestimated CTs, ranging from 0.7 to as much as 8.3 times. Sorghum tannin
underestimated CTs by 0.26-0.79 times, except in one species where there was no
difference in the CT concentration. Condensed tannins in African savanna trees showed
qualitative and quantitative differences in chemical composition which may explain the

variable reactivity in the acid-butanol assay. We propose the use of condensed tannins
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purified from the plant under investigation be used as standard since it will closely

represent the CT structure and presumably chemical reactivity in the acid-butanol assay.

Key Words: Acacia karroo, Acacia grandicornuta, Euclea divinorum, proanthocyanidin,

cyanidin, delphinidin

2.2. Introduction

African savannas are inhabited by an array of different mammalian herbivores
and their choice of specific plants as food have been explained in terms of plant
condensed tannin (CT) concentration amongst other variables. Thus quantitative
assessments of CTs have been used to determine forage quality (du Toit, 2003; Fornara
and du Toit, 2008; Hattas et al., 2005; Hattas et al., 2011; Hrabar et al., 2009; Scogings
et al., 2011; Woolnough and du Toit, 2001) and to explain mammalian diet selection
(e.g. Shrader 2012; Ward and Young, 2002; Woolnough and du Toit, 2001) in African
savannas. In a recent review, Mueller-Harvey (2006) presented data on herbivore
performance in relation to CT concentration, some of which reported a beneficial effect
of CT concentrations of <56%. In contrast other studies showed that concentrations <3%
had no or negative effects on mammalian herbivores performance. We suggest the key
to these conflicting results may lie in the standard used to quantify CTs.

The acid-butanol assay (Porter et al., 1986), despite the problems associated
with it (see Schofield et al., 2001), is one of the most commonly used CT quantification
methods (Mueller-Harvey, 2006; Schofield et al., 2001). The assay is easily performed
and highly reproducible, however, the natural chemical diversity of condensed tannins
has resulted in there being no single universal CT reference standard (Hagerman et al.,
1992; Li et al., 2010; Schofield et al., 2001). Researchers have thus been using different
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means of expressing CT concentrations. Following a proposal by Hagerman et al.
(1992), many studies have used the commercially available Quebracho tannin (QT) as
reference material (e.g. Mattson et al., 2005; Ward and Young, 2002; MacKown et al.,
2008; Shrader 2012). However, QT which is a 5-deoxy proanthocyanidin is resistant to
oxidative cleavage and as a result produces less color per unit mass in the acid-butanol
assay relative to other standards (Li et al., 2011; Mueller-Harvey, 2006; Rautio et al.,
2007; Schofield et al., 2001). More recently the moderately sized Sorghum tannin (ST)
has been deemed an appropriate CT standard (e.g. Hattas et al., 2011; Hattas et al.,
2005; Hrabar et al., 2009; O’Reilly-Wapstra et al., 2005; Scogings et al., 2011;
Woolnough and du Toit, 2001). Expressing tannin concentration as absolute is only
possible by purifying CTs from the plant being studied (Hagerman and Butler, 1991), but
the extraction and purification is laborious (Hagerman and Butler, 1989; Rautio et al.,
2007). Furthermore, this is not always possible, especially in material from controlled
environment experiments where plant matter is limited (e.g. small scale elevated
atmospheric CO; experiments). However, a procyanidin dimer and trimer purified from
fresh Granny Smith apples (Malus domestica) was recently proposed as universal
standard (Li et al., 2011). This proposal considers the ubiquitous availability of Granny
Smith apples and the ease of confirming the chemical characteristics of its procyanidins
dimer and trimer.

Condensed tannins have been shown to be qualitatively different (Gu et al.,
2003; Kennedy et al., 2000; Scioneaux et al., 2011) and these differences in chemical
structure and Mr have been shown to be related to reactivity and consequently color
yield in the acid-butanol assay (e.g. Li et al., 2010). For example, the molar extinction
coefficients for cyanidins (catechin and epicatechin) and delphinidins (gallocatechin and

epigallocatechin) have been shown to be different in the acid-butanol assay (24,500 and
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21,200 M* cm respectively, Li et al., 2010). It is therefore important that the standard
used is chemically similar to the CT in the plant source under investigation. This is
important in African savanna ecosystems where management decisions towards
sustainable carrying capacities may be informed by potentially erroneous forage quality
estimates, due to use of inappropriate reference materials.

In this paper we address the following questions: (1) To what extent does
Quebracho tannin overestimate CT concentration in Acacia karroo Hayne (AK), Acacia
grandicornuta Gerstner (AG, both Fabaceae), Combretum apiculatum Sond

. (CA, Combretaceae), Euclea divinorum Hiern (ED, Ebenaceae) and Scutia
myrtina (Burm.f.) Kurz. (SM, Rhamnaceae); (2) Is Sorghum tannin an appropriate CT
standard for these species; and (3) To what extent does CT chemical characteristics
determine its reactivity in the acid-butanol assay? We hypothesize that: (1) Due to its
inferior reactivity in the acid-butanol assay, Quebracho will overestimate CT
concentration; (2) In the absence of an absolute standard (i.e. tannin extracted from the
plant under investigation) the moderately sized Sorghum tannin is an appropriate CT
standard for these species; and (3) That CT chemical characteristics will determine
reactivity and thus color yield in the acid-butanol assay.

Study species were selected as they are important forage for a wide range of wild
mammalian herbivores in African savannas (e.g. impala (Aepyceros melampus), giraffe
(Giraffa camelopardalis) and kudu (Tragelaphus strepsiceros)), whereas ED is mostly
unpalatable (Fornara and du Toit, 2008). This study presents, for the first time,
qualitative and quantitative chemical data for purified CTs in these species. Furthermore,

absolute CT concentrations have not previously in presented in these species.
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2.3. Results and discussion

Quebracho overestimated CTs compared to ST. This is indicated by different
regression line slopes between different tannin species (Fig. 1). Regression line slopes
amongst different tannin species were significantly different (Fig. 1, ANCOVA, Fe g1 =
231.8, P<0.001). When comparing slopes of QT and ST with other tannin sources, QT
was as expected significantly different from all other CTs (Fig. 1, P<0.05). The slope in
ST did not differ from AK, CA, ED or SM (P>0.05), but differed significantly from AG
tannin (P<0.001).

Condensed tannin concentration differed relative to standard used. When
comparing CT concentration expressed as absolute, Sorghum tannin equivalents or
Quebracho tannin equivalents, CT concentration was significantly different within all
species (Fig. 2, AG, F26=235.3, P<0.001; AK, F26=5567.7, P<0.001; CA, F,6=2545.6,
P<0.001; ED, F26=3765.6, P<0.001; and SM, F26=2357.9, P<0.001). The between
standard comparison for each species revealed that QT significantly overestimated CT
concentration in all cases, by 70, 575, 218, 422 and 825% in AG, AK, CA, ED and SM,
respectively (Fig. 2, P<0.001 in all cases except in AG, P<0.01). Conversely, compared
to absolute, ST significantly underestimated CT concentration in AG, AK, CA and ED by
79, 26, 73 and 47%, respectively (Fig. 2, P<0.001 in all cases), whereas CT
concentration in SM was not different when expressed as absolute or as STE (P>0.05).
These results show that due to its inferior reactivity in the acid-butanol assay, QT is
grossly inappropriate as a condensed tannin standard for the species studied. The
range of QT overestimation (0.7 to as much as 8.3 times) is in agreement with Giner-
Chavez et al. (1997) who reported overestimation of 2.2 to 9.5 times when using QT as

an external standard for Desmodium ovalifolium, Manihot esculenta and Gliricidia
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sepium. Our results show that the use of Sorghum tannin as CT standard was

appropriate only in SM.

25 4

Absorbance (550 nm)

0 05 1 15 2 25
Tannin mass (mg)

Figure 1. Regression lines for purified Sorghum (m, y = 7.017 x + 0.146, R? = 0.996); S.
myrtina (o, y = 7.598 x + 0.123, R? =0.996); A. karroo, (<, y = 5.854 x + 0.072, R? =
0.972); E. divinorum (A, y = 3.795 x + 0.125, R? = 0.996); C. apiculatum (o, y = 1.774 x
+0.208, R? = 0.991); A. grandicornuta (¢, y = 1.634 x + 0.054, R? = 0.998) and
Quebracho (A, y = 0.940 x + 0.076, R? = 0.994) tannin in the acid butanol assay.
Standard curves were constructed following the acid butanol assay for

proanthocyanidins. All data points are shown (n = 3).
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Figure 2. Condensed tannin concentrations in A. karroo, A. grandicornuta, C.
apiculatum, E. divinorum and S. myrtina expressed as absolute (Abs, open bar),
Sorghum tannin equivalents (STE, grey bar) and Quebracho tannin equivalents (QTE,
black bar). Values are means + s.e. Different letters indicate significant differences
within species for different standards used following Tukey's multiple range test
(P<0.05).

Molecular weight of different tannin species ranged widely. Similar Mr in ST and
SM appear to explain the success of ST in predicting absolute CT concentration in SM
(Table 3, Fig. 2). However, Spearman’s correlation coefficient showed no relationship
between Mr and slopes of all the tannin sources (P>0.05) indicating that Mr may not
explain reactivity in the acid-butanol assay. The success of ST in predicting CT
concentration in SM may be related to the chemical characteristics of the CT polymers.

Condensed tannin polymers in ST and SM are cyanidin based (i.e. catechin and
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epicatechin units), with ST being entirely procyanidin and SM having small numbers of
pelargonidin (i.e. epiafzelechin units) and dephinidin units (i.e. gallocatechin and
epigallocatechin units, Table 2). Indeed, CA and AG tannin which had almost identical
cyanidin:delphinidin ratios (Table 3) and the same slope (P<0.05), but different Mr,

showed a similar result.
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Table 1. Compounds identified after thiolysis in A. grandicornuta, A. karroo, C. apiculatum, E. divinorum, S. myrtina and Sorghum

tannin.
Peak no. Rt (min) Chemical compound Source of confirmation
1 4.34 gallocatechin UV, commercial standard
2 9.53 (+)-catechin UV, commercial standard
3 11.99 (-)-epicatechin UV, commercial standard
4 13.75 epigallocatechin 3-gallate UV, commercial standard
5 23.53 gallocatechin benzylthioether 429 (M+1), 451 (M+23)
6 27.26 epigallocatechin benzylthioether 413 (M+1), 435 (M+23), 847 (2M+1)
7 28.51 catechin benzylthioether 413 (M+1), 435 (M+23), 847 (2M+1)
8 31.16 epigallocatechingallate benzylthioether 581 (M+1), 603 (M+23)
9 33.15 epicatechin benzylthioether 413 (M+1), 435 (M+23), 847 (2M+1)
10 36.63 epicatechin-3-O-gallate benzylthioether 565 (M+1), 587(M+23)
11 36.70 epiafzelechin benzylthioether 397 (M+1), 419 (M+23), 815 (2M+1)




Table 2. Extender and terminal units after thiolysis in A. grandicornuta (AG), A. karroo (AK), C. apiculatum (CA), E. divinorum (ED),
S. myrtina (SM) and Sorghum tannin (ST).

Tannin Extender units (%) Terminal units (%)

GCat eGCat Cat eGCatG eCat eCatG eAfz

thiol thiol thiol thiol thiol thiol thiol GCat Cat eCat eGCat
AG 0,7 0,9 1,9 5,8 10,5 80,3 nd 31,8 37,3 7,4 23,5
AK 6,9 60,4 0,3 28,2 3,3 0,9 nd 100,0 nd nd nd
CA nd 0,4 1,8 1,2 11,4 85,3 nd nd 70,0 16,1 13,9
ED nd 14,1 nd 84,5 0,5 0,9 nd 0,3 nd nd 99,7
SM 0,9 5,1 11,8 nd 81,8 nd 7,8 3,1 26,4 70,4 nd
ST nd nd 2,8 nd 97,2 nd nd nd 96,9 3,1 nd

Abbreviations: GCat, gallocatechin; eGCat, epigallocatechin; Cat , catechin; eGCatG, epigallocatechingallate; eCat, epicatechin; eCatG,
epicatechin-3-O-gallate; eAfz, epiafzelechin; nd, not detected
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Figure 3. HPLC UV chromatogram showing thiolysis products in A. karroo, A. grandicornuta, C. apiculatum and E. divinorum, S.
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myrtina, and Sorghum tannin. Peak identity, Ri-value, UV and MS data are listed in Table 1.




Table 3. Chemical characteristics of A. grandicornuta (AG), A. karroo (AK), C.
apiculatum (CA), E. divinorum (ED), S. myrtina (SM) and Sorghum tannin (ST).

Tannin mDP MW PC:PD C:D
AG 50.4 15,200 12:88 45:55
AK 45.8 13,854 4:96 100:0
CA 79.1 23,857 13:87 86:14
ED 10.7 3,242 1:99 0:100
SM 28.0 8,144 93:6 97:3
ST 28.7 8,310 100:0 100:0

Abbreviations: mDP, mean degree of polymerization; PC:PD, procyanidin:prodelphinidin; C:D,
cyanidin:delphinidin ratio

HPLC and HPLC MS analysis of thiolysis products showed 11 degradation
products (Fig. 3, Table 1 and 2). Thiolysis revealed qualitative and quantitative
differences in the chemical composition of CT sources (Table 2). Extender units in
the tannin of related Acacia species were qualitatively similar, but quantitatively
different. Extender units in AG, AK, CA and ED tannin were predominantly
prodelphinidins, whereas SM tannin were procyanidin based and ST was exclusively
procyanidin (Table 2 and 3). This finding for ST is consistent with that reported by
Gu et al. (2003) who showed that Sorghum only had epicatechin extender units.
Terminal units in AK and ST were cyanidins, whereas that of ED tannin was entirely
delphinidin. CA and SM tannin showed predominantly cyanidin terminal units,
whereas AG tannin showed more delphinidin than cyanidin terminal units (Table 2
and 3).

To conclude, our results show the possible differences that may occur when
different external standards are used. In particular, our results suggest that the
continued use of QT as standard in the acid-butanol assay is unjustified. Using the
recently proposed procyanidin dimer and trimer from apples as standard (Li et al.,
2011) may allow inter laboratory comparison in a wide variety of plants, but it is not

appropriate for all species due to its potentially different tannin character. We
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therefore propose the use of absolute standards (Hagerman and Butler, 1991;
Schofield et al., 2001) since this will closely represent the CT structure (Giner-
Chavez et al., 1997) and presumably chemical reactivity of the studied species in the

acid-butanol assay (Hagerman and Butler, 1989; Mueller-Harvey, 2006).

2.4. Experimental

2.4.1. General experimental procedures

Analytical reagent grade methanol, ascorbic acid, acetone, ethyl acetate, n-
butanol, hydrochloric acid, ferric ammonium sulphate dodecahydrate and benzyl
mercaptan were purchased from Merck (Darmstadt, Germany). Sephadex LH-20,
(+)-catechin and (-)-epicatechin was purchased from Sigma-Aldrich (St Louis, MO,
USA), (-)-gallocatechin and (-)-epigallocatechin 3-gallate from PhytoLab (Nurnberg,
Germany), tetrahydrogenfuran from VWR International (Radnor, PA, USA),
phosphoric acid and HPLC grade methanol form Lab-Scan Analytical Sciences
(Gliwice, Poland). HPLC analyses were performed using an Agilent 1100 Series
HPLC DAD system. Chemical identities were confirmed with HPLC MS (positive ion
API-ES, Agilent Technologies, CA, USA) using a Hypersil Rp C-18, 2 mm ID, 10 cm
long column (Thermo Fisher Scientific, MA, USA) at an ES fragmentor voltage of

80 V.

2.4.2. Plant material - sources and treatment

A. karroo and S. myrtina leaves were collected from mature trees from
Kirstenbosch Botanical Gardens, Cape Town, South Africa (33°59’05.44”S,
18°25’50.81"E). Sorghum bicolor (L.) Moench seed (SA 423) was supplied by the
Agricultural Research Council (ARC-Small Grain Institute, South Africa). Crude

Quebracho tannin was obtained from Prof. Ann E Hagerman (Miami University,
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USA). A. grandicornuta, C. apiculatum and E. divinorum were collected around
Skukuza, Kruger National Park, South Africa (24°59°46.48”S, 31°35’30.81"E), a sub-
tropical savanna habitat. Mature leaf material was air-dried at room temperature not
exceeding 25 °C and away from direct sunlight. Sub-samples of AK, AG, CA, ED and
SM were ground to pass through a 0.5 mm screen for use in CT quantification in leaf
material. Sorghum seed were ground in a Waring blender and crude tannin was

extracted from 200 g of each plant source.

2.4.3. Analytical procedures

2.4.3.1. Extraction and purification of condensed tannins

Crude QT was purified in accordance with Asquith and Butler (1985) as
modified by Hagerman (2002). The extraction and purification method for Sorghum
tannin (Hagerman and Butler, 1980) as modified by Hagerman (2002) was used to
extract and purify CTs from Sorghum seed, and the leaves of the five savanna tree
species. This extraction was performed in aqueous methanol, using Sephadex LH-20
to adsorb the tannin, a method that has previously been used to extract and purify
hydrolysable tannins (see Nonaka, 1989). Therefore, to determine whether the
purified CTs contained hydrolysable tannins, we quantified hydrolysable tannins in
the different tannins after dissolving it in methanol using an HPLC as described by
Julkunen-Tiitto and Sorsa (2001), standardizing against pentagalloylglucose

(supplied by Ann E Hagerman).

2.4.3.2. Thiolysis
Condensed tannin polymers were degraded with thiolysis reagent benzyl
mercaptan as described in Scioneaux et al. (2011) with some modifications. About 1

mg of each crude extract was dissolved in 1 ml of methanol. Twenty microliters of

35



acidic methanol (3.2 M HCI) was added to 200 pl of the tannin solution followed by 48
pI of 5% benzyl mercaptan in methanol (v/v). The sample was mixed and incubated
at 40 °C for 30 min, after which samples were immediately transferred into a freezer
at -18 °C for 5 min. Samples were then filtered through a 0.45 um cellulose filter
(Agilent Technologies, CA, USA) and thiolysis products were separated by HPLC as
outlined in Julkunen-Tiitto and Sorsa (2001) using a 20 pl injection volume. The UV-
response for catechin, epicatechin, gallocatechin as well as epigallocatechin and
their benzylthioether adducts has been shown to be equivalent at 220 nm (Scioneaux
et al., 2011). Thus the average degree of polymerization (mDP) was calculated using
peak areas from the area ratio of the sum of all the flavan-3-ol units (benzylthioether
adducts and terminal units) to the terminal flavan-3-ol units at 220 nm. The benzyl
mercaptan reagent peak was identified from its Rt and UV spectrum. Identities of
unreacted terminal units were confirmed from Rt and UV spectrums of pure catechin,
epicatechin, gallocatechin and epigallocatechin 3-gallate. Epicatechin benzylthioether
was identified from the major benzylthioether adduct following thiolysis of Sorghum
tannin (Gu et al., 2003; Li et al., 2010; Scioneaux et al., 2011), whereas catechin
benzylthioether, which eluted earlier was identified using Rt. The identities of both
were confirmed by HPLC MS as described in Julkunen-Tiitto and Sorsa (2001).
Gallocatechin benzylthioether and its epimer were identified by Rt and HPLC MS,
with the epimer eluting later. Thiolysis degradation was performed in duplicate.
Cyanidins, delphinidins and their thiol adducts were used to calculate the differential
cyanidin:delphinidin as well as procyanidin:prodelphinidin ratios in the different
tannins. Chemical composition as revealed by thiolysis was used to calculate Mr of

the different tannin species.
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2.4.3.3. Condensed tannin assay

Extractable condensed tannins in leaf material were quantified in triplicate for
all species using the acid-butanol assay for proanthocyanidins (Porter et al., 1986) as
modified by Hagerman (2002). This method was used to construct standard curves
for the purified tannins of each tannin source (from three replicate absorbance values
at each concentration). The concentration range for AK was 0.1-0.38 mg ml", for AG
and CA 0.125-1.0 mg ml*, for ED 0.125-0.5 mg ml', for SM and ST 0.06-0.25 mg mlI-
" and for QT 0.25-2.0 mg ml"' of 70% acetone. Condensed tannin concentrations in
all tree species were expressed as absolute (Abs), Sorghum tannin equivalents
(STE) and Quebracho tannin equivalents (QTE). Standard curves were corrected for

the presence of hydrolysable tannins where detected.

2.4.3.4. Statistical analysis

Slopes of different tannin standard curves were compared using a One-way
analysis of covariance (ANCOVA) for independent samples. Standard curve data as
well as condensed tannin concentrations were log transformed (log (1+x) in the case
of standard curve data) to reduce the inequalities of variance. Differences within
species, when using different standards, were analyzed using a one-way ANOVA.
Significant differences were separated with Tukey’s multiple range test. Spearman’s
product-moment correlation coefficient was determined to evaluate the relationship
between Mr and reactivity of the CT sources in the acid-butanol assay, comparing Mr
with slope for the different tannins. Statistical analysis were performed with Statistica

v10 (2011, StatSoft, Inc. USA).
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3.1. Abstract

Low molecular weight phenolics are suggested to have a role in mediating diet
selection in mammalian herbivores. However, very little is known about low molecular
weight phenolic profiles of African savanna woody species. We determined low
molecular weight phenolic profiles of 6 woody species with different life history,
morphological and functional traits. We investigated interspecific phytochemical
variation between species and found that: 1) Related Acacia species were chemically
dissimilar; 2) Similarity percentage analysis revealed that Acacia grandicornuta was
most dissimilar from other species and that the evergreen and unpalatable Euclea
divinorum had a qualitatively similar chemical profile to the deciduous and palatable
Acacia exuvialis and Combretum apiculatum; 3) Combretum apiculatum had the
highest chemical diversity; 4) Relative to spineless plants, spinescent plants
contained significantly less HPLC phenolics and condensed tannins; and 5) The
major quantitative difference between the evergreen and unpalatable E. divinorum

and other species was its high myricitrin concentration.

Keywords: Low molecular weight phenolics, Tannins; Spines; Herbivory; Acacia;

Euclea; Myricitrin

3.2. Introduction

Extensive empirical evidence shows that plant secondary metabolites are
effective defensive compounds against insect herbivores (e.g. Siegler 1998;
Harborne 1999, 2001; Niemi et al., 2005; Andrew et al., 2007; Wennstrom et al.,
2010 and references therein). Emerging evidence suggests that these compounds
may also have a role as defense agents against mammalian herbivores (Lawler et

al., 1998; Pass et al., 1998; Harborne 1999; Lawler et al., 2000; Harborne 2001;
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Moore et al., 2005; Stolter et al., 2005; Torregrossa and Dearing 2009). However, the
role of plant phenolics in mammalian herbivore feeding ecology in African savannas
remains enigmatic. It is likely that an individual or a subclass of phenolic constituents
may be the active antifeeding agents (Harborne 1999) against mammalian herbivory
in these systems.

Evidence of the deterrent effects of individual (or groups of) phenolics on
mammalian herbivore feeding is emerging. Lawler et al. (1998) showed that the
formylated phloroglucinol compound, macrocarpal G was the active antifeedant in
Eucalyptus viminalis that deterred ringtail possum feeding. This result was further
reinforced by Lawler et al. (2000) and Wiggins et al. (2006) who found that a
sideroxylonal (a formylated phloroglucinol compound) was responsible for an
observed decrease in dry matter intake by the common ringtail possum feeding on
eucalypts. Moreover, Moore et al. (2005) and Marsh et al. (2007) showed that the
presence of formylated phloroglucinol compounds explained the observed feeding
deterrence in koala feeding on eucalypts. These findings suggest that foliar phenolics
have an important mediating role in mammalian herbivore diet selection. It therefore
follows that the ubiquitous phenolic compounds in African woody species may have a
similar mediating role, but we know little about individual constituents that make up
polyphenolic compounds in these species.

Mammalian herbivory in African savannas may also be affected by plant life
history, morphological and functional traits. It has been shown that slow-growing,
long-lived leaves are chemically more defended than fast-growing, short-lived leaves
(Coley et al., 1985; Coley et al., 1988; Coley and Barone 1996). Empirical evidence
suggests that spines negatively affect bite size and feeding efficiency in mammalian
herbivores (Cooper and Owen-Smith 1986; Milewski et al., 1991; Gowda 1996;
Owen-Smith 2002; Wilson and Kerley 2003a, 2003b), which presumably negates the

need for chemical defenses in spinescent plants (Ward, 2010). Furthermore,
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phylogenetically related woody species have been shown to have different chemical
profiles (Julkunen-Tiitto, 1986, 1989; Julkunen-Tiitto et al., 1996; Bacerra 1997;
Lawler et al., 1998; Keinanen et al., 1999; Nyman and Julkunen-Tiitto 2005; Orians,
2005) which may affect palatability. What this implies is that phylogenetically related
African woody species with similar life history, morphological and functional traits
could have different chemical profiles which may affect trait-based generalizations
about ecosystem functioning.

The aim of this study was to screen low molecular weight phenolic
constituents in 6 African savanna woody species that differ in life history,
morphological and functional traits, and grow in different habitats, viz. the deciduous
and palatable Acacia exuvialis I. Verd., Acacia grandicornuta Gerstner,
Dichrostachys cinerea subsp. africana (L.) Wight and Arn. (all Fabaceae),
Combretum apiculatum Sond. (Combretaceae), Grewia flavescens Juss. (Tiliaceae),
as well as the evergreen and unpalatable Euclea divinorum Hiern. (Ebenaceae).
Specifically, we addressed the following questions: 1) What chemical components
contribute most to differences among species? 2) Are similarities in low molecular
weight phenolic composition among species associated with phylogenetic
relatedness? 3) Are spinescent plants less chemically defended than spineless
plants? and 4) Is the evergreen E. divinorum chemically more defended relative to
deciduous species? We hypothesize that: 1) Phylogenetically related Acacia species
have different chemical profiles; 2) Spinescent plants should be chemically less
defended relative to spineless plants; and 3) The evergreen E. divinorum should be
better defended than the deciduous species. The last hypothesis is premised upon E.
divinorum inhabiting a predominantly nutrient poor environment - due to limited
precipitation and thus nutrient paucity outside the growing season. Consequently the
species is inherently slow growing and is predicted to be chemically more defended

(Coley et al., 1985).
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No previous data on phenolic profiles of A. exuvialis and A. grandicornuta are
available, and limited chemical work has been done on D. cinerea (Bryant et al.,
1991; Aworet-Samseny et al., 2011), G. flavescens (Bryant et al., 1991) and E.
divinorum (Mebe et al., 1998). However, some ethnobotanical investigations on the
medicinal properties of C. apiculatum have been conducted (Eloff et al., 2001;

Fyhrquist 2007; Eloff et al., 2008).

3.3. Results and discussion

The nMDS plot and SIMPER analysis indicate that A. grandicornuta was most
dissimilar to other species with regard to phenolic composition. By contrast, E.
divinorum was most similar to A. exuvialis, and C. apiculatum than the other species,
whereas D. cinerea and G. flavescens were most similar to each other (Figure 2 and
Table 3). SIMPER analysis suggests that dissimilarity, in most cases, was mainly due
to qualitative (presence/absence) rather than quantitative differences between
species. This assertion is made because the substances that explained most of the
differences in chemistry in the pair-wise comparisons between plant species were
usually present in one of the species and absent in the other: e.g. Luteolin-
diglucoside and Quercitrin in the A. grandicornuta - A. exuvialis and the A.
grandicornuta - C. apiculatum comparison; Luteolin-diglucoside and Methylluteolin-
glucuronide in the A. grandicornuta - D. cinerea and A. grandicornuta - G. flavescens
comparison; Myricitrin and Luteolin-diglucoside in the A. grandicornuta - E.
divinorum, and Quercitrin and Aglucose of salidroside in the C. apiculatum - G.
flavescens comparison (Table 1 and 4). Quantitative differences in specific chemicals
were also important determinants for the differences between species but qualitative
differences were consistently most influential (Table 4). Luteolin-diglucoside and
methylluteolin-glucuronide were consistently amongst the top 6 chemical species
accounting for 4.5-7% and 3.9-6.1% of the average dissimilarity between A.
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grandicornuta and other species, respectively. Quercitrin and flavokawain b
contributed most to the dissimilarity between C. apiculatum and D. cinerea and
together accounted for more than 10% of the dissimilarity (Table 4). These chemicals
along with kaempferol 3-rhamnosode, dimer of flavokawain b, quercetin 3-glucoside
and apigenin derivative 2 were good discriminators between C. apiculatum and D.

cinerea.
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Figure 1. HPLC-UV chromatograms of A. exuvialis, A. grandicornuta, D. cinerea, G. flavescens, C. apiculatum and E. divinorum at 320 nm.

Peak identity, Ri-value, UV and MS data are listed in Table 1.
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Table 1. Detected compounds in the leaves of A. exuvialis (AE), A. grandicornuta (AG), C. apiculatum (CA), D. cinerea (DC), E. divinorum (ED)
and G. flavescens (GF). (Rt= retention time, identification: UV= UV-spectrum, MS= quadrupole MS with molecular ion and possible fragments).

All fragments are positive, except in C. apiculatum where some negative ions are also reported.

Peak Chemical compound Rt Molecular fragment/s AE AG CA DC ED GF
(min)
1 Gallotannin derivative 1 0.965 uv
2 Ellagitannin derivative 1 1.026 uv X X
3 Gallic acid 1.707 uv, 171 (M+1) X X X X
4 aglucose of Salidroside 2.062 uv
5 Cinnamic acid derivative 1 5.097 uv
6 Ellagitannin derivative 2 7.370 uv
7 (+)-Catechin + B3 7.589 UV, 291 (M+1, Catechin) and 579 (M+1, B3), 577 (M-1, B3) X
8 (+)-Catechin 7.864 uv, 291 (M+1, Catechin) X X
9 Chlorogenic acid 8.348 uv
10 Gallotannin derivative 2 9.071 uv
11 Cinnamic acid derivative 2 10.616 uv X X
12 Gallotannin derivative 3 10.751 uv X
13 Cinnamic acid derivative 3 10.816 uv
14 Cinnamic acid derivative 4 12.704 uv
15 Apigenin derivative 1 12.767 uv
16 Apigenin derivative 2 12.992 uv
17 Apigenin-diglucoside 13.808 uv, 595 (M+1), 617 (M+23) X X
18 Myricetin-diglucoside 14.635 uv X
19 Luteolin (5/7)-glucoside 14.802 UV, 449 (M+1) X
20 Luteolin (5/7)-glucuronide 15.426 UV, 463 (M+1),485 (M+23)
21 Apigenin-diglucoside (isomer) 15.906 UV, 595 (M+1), 617 (M+23)
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22
23

24
25

26

27
28
29
30
31
32

33
34

35
36
37
38
39
40
41
42
43

44
45

46

Apigenin-glucoarabinofuranoside
Myricetin 3-galactoside

Myricetin 3-glucuronide
Apigenin-glucoarabinoside
(pyranoside)

Quercetin 3-glucoarabinoside

Ellagic acid glucoside
Myricetin-glycoside
Luteolin-diglucoside

Isovitexin

Myricitrin

Quercetin 3-galactoside (Hyperin)
Apigenin derivative 3 (rhoifolin)
Apigenin derivative 4 (methyl-
rhoifolin)

Quercetin 3-glucoside

Luteolin 7-glucuronide (isomer)
Quercetin 3-arabinofuranoside
Quercetin 3-arabinoside
Quercetin 3-arabinopyranoside
Luteolin derivative 1

Apigenin 7-glucoside + glucuronide
Luteolin derivative 2
Methylluteolin derivative 2
Apigenin-glucuronide
Quercitrin

Kaempferol 3-arabinoside

15.924
15.998

16.228
16.907

17.134

17.410
17.497
17.517
17.652
18.193
18.196

18.512
18.764

18.883
19.008
19.196
20.063
20.666
21.095
21.482
21.592
21.932

21.952
21.962

22.621

UV, 565 (M+1), 587 (M+23)
uv

uv
UV, 565 (M+1), 587 (M+23)

UV, 303 (M+1, Quercetin), 465 (M+1) and 597 (M+1), 619
(M+23)

UV, 301 (M-1, Ellagic acid), 463 (M-1)

uv

uv

UV, 433 (M+1)

UV, 319 (M+1, Myricetin), 487 (M+23)

UV, 303 (M+1, Quercetin), 465 (M+1), 487 (M+23)
UV, 579 (M+1), 601 (M+23)

UV, 593 (M+1), 615 (M+23)

UV, 303 (M+1, Quercetin), 465 (M+1), 487 (M+23)
UV, 463 (M+1),485 (M+23)

uv

UV, 303 (M+1, Quercetin), 435 (M+1), 457 (M+23)

uv

uv

UV, 433 (M+1), 455 (M+23) and 449 (M+1), 469 (M+23)
uv

uv

UV, 447 (M+1), 469 (M+23)

UV, 303 (M+1, Quercetin), 449 (M+1), 447 (M-1), 471
(M+23)

uv
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48
49

50
51
52
53

54
55

56
57

Methylluteolin-glucuronide

Kaempferol 3-rhamnoside
Pinocembrin-glucoside

Acetyl-Quercetin-rhamnoside
Luteolin derivative 3

dimer of Alpinetin

dimer of Flavokawain b

Flavokawain b
Pinocembrin

dimethylpinocembrin + other
dimer of methylflavokawain b

22.667

25.350
27.546

28.974
31.578
31.723
31.732

33.576
38.402

41.568
43.801

UV, 477 (M+1), 499 (M+23)
uv

uv, 257 (M+1, Pinocembrin), 255 (M-1, Pinocembrin), 417
(M-1), 419 (M+1), 441 (M+23)

UV, 489 (M-1), 513 (M+23)
uv

UV, 271 (M+1, Alpinetin), 269 (M-1, Alpinetin), 563 (M+23)
UV, 285 (M+1, Flavokawain), 307 (M+23), 591(M+23)

uv

UV, 257 (M+1, Pinocembrin), 255 (M-1, Pinocembrin), 279
(M+23)

UV, 257 (M+1, Pinocembrin), 255 (M-1, Pinocembrin)

UV, 299 (M+1, methylflavokawain), 321 (M+23); 619
(M+23)

X X X X

x
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Table 2. Tannins, total HPLC phenolics and flavonoid concentration in A. exuvialis, A. grandicornuta, C. apiculatum, D. cinerea, E. divinorum

and G. flavescens (n=3). Values are mean = SE, and values in brackets are percentage contribution to total HPLC phenolics; ND = not

detected.
Species Life Condensed Total HPLC  Hydrolysable  Myricetin Quercetin Kaempferol  Apigenin Luteolin
strategy/ tannins phenolics tannins conjugates conjugates conjugates conjugates conjugates
spinescence  (mg g) (mg g (mg g (mg g*) (mg g (mg g*) (mg g (mg g
A. exuvialis Deciduous- 11.3+£1.3 11.3+£1.2 0.42 + 0.06 1.26£0.3 9.1+£0.9 ND ND ND
spinescent (4) (11) (80)
A. grandicornuta  Deciduous- 5.9+0.8 17.6 £ 3.0 0.15 + 0.01 ND ND ND 51+£20 12.3+1.1
spinescent (0.8) (29) (70)
C. apiculatum Deciduous- 86.7 £ 35.6 32.0+0.87 1.36 £ 0.12 ND 120+ 0.1 2.04+0.20
. ND ND
spineless (4) (38) (6)
D. cinerea Deciduous- 14.3+6.7 258+ 3.6 0.28 £ 0.08 21+0.6 ND ND 8.9+0.7 74+1.2
spinescent (1) (23) (34) (29)
E. divinorum Evergreen- 21.3+14 242 +3.4 ND 16.4 £ 3.7 57+15 0.32+0.17 ND ND
spineless (70) (23) (1)
G. flavescens Deciduous- 31.5+26.3 19.6 £ 3.8 0.17 £ 0.02 0.3+0.2 ND ND 14.2+3.9 3.3+£0.7
spineless (1) (2) (72) (17)
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Table 3. Average percentage dissimilarity between species from SIMPER analysis
for A. exuvialis (AE), A. grandicornuta (AG), C. apiculatum (CA), D. cinerea (DC), E.

divinorum (ED) and G. flavescens (GF).

Species AG CA DC ED GF
AE 82.6 67.4 78.4 62.8 77.8
AG 87.2 84.3 85.7 76.3
CA 82.9 63.3 79.2
DC 80.3 59.9
ED 69.7
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Table 4. SIMPER analysis showing average dissimilarity of the 10 compounds which contributed most to the dissimilarity between species.
Species are abbreviated as follows; A. grandicornuta (AG) and A. exuvialis (AE), C. apiculatum (CA), D. cinerea (DC), E. divinorum (ED) and

G. flavescens (GF). Only species comparisons that showed > 80% average dissimilarity is shown (see Table 3).

Chemical compound Av. diss. (%) Av. diss. (%) Av. diss. (%) Av. diss. (%) Av. diss. (%) Av. diss. (%)
AG-AE AG-CA AG-DC AG-ED AG-GF CA-DC

Myricitrin 9.22

Luteolin-diglucoside 6.09 4.47 5.55 7.00 6.02

Quercitrin 5.48 4.76 6.92 4.38

Methylluteolin glucuronide 5.26 3.87 4.80 6.05 5.20

Luteolin 7-glucuronide 4.79 3.53 4.37 5.51 4.74

Apigenin diglycoside 4.35 3.20 3.97 5.00 4.30

Apigenin glucoarabinoside (pyranoside) 413 4.75 4.08

Quercetin 3-arabinoside 3.88 3.56

Quercetin 2-gallactoside (Hyperin) 5.38

methylluteolin der 1 3.99 4.58

Apigenin glucoarabinofuranoside 3.89 4.47

Isovitexin 6.84

Apigenin diglucoside (isomer) 4.05 4.95

Luteolin glucuronide 4.45

(+)-Catechin 4.30

Apigenin 7-glucoside + glucuronide 3.99 4.59 3.95

Aglucose of salidroside 5.31 3.93

Luteolin (5/7)-glucoside 5.06 3.75

Luteolin (5/7)-glucuronide 4.89 3.62

Apigenin derivative 2 4.74 3.51

Myricetin derivative 1 4.30 3.19
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Flavokawain b
Condensed tannins
(+)-Catechin + B3
Pinocembrin-glucoside

4.64
3.91
3.73
3.32

4.27

3.43
3.05
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Figure 2. Non-metric multi-dimensional scaling ordination stress plot to visualize
chemical (dis)similarities between A. exuvialis (AE), A. grandicornuta (AG), C.

apiculatum (CA), D. cinerea (DC), E. divinorum (ED) and G. flavescens (GF).

Composition of HPLC phenolics was species specific with C. apiculatum
showing the highest chemical diversity (Table 1 and Figure 1). HPLC phenolics in
phylogenetically related A. exuvialis and A. grandicornuta were different from each
other (Table 1, Figure 1 and 2). Acacia exuvialis, C. apiculatum and E. divinorum
constituted exclusively flavonol glycosides, whereas flavone glycosides characterised
A. grandicornuta. Dichrostachys cinerea contained both flavone glycosides and a
single myricetin derivative, whereas G. flavescens contained flavone glycosides and
myricitrin (Table 1 and 2, Figure 1). Consistent with previous findings (Julkunen-
Tiitto, 1986, 1989; Julkunen-Tiitto et al., 1996; Bacerra 1997; Lawler et al., 1998;
Keinanen et al., 1999; Nyman and Julkunen-Tiitto 2005; Orians, 2005), our results
show that phylogenetically related species, in our case acacias, have different

chemical profiles and end products (flavones and flavonols in A. grandicornuta and
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A. exuvialis, respectively) that are synthesized following different branching points in
the phenylpropanoid pathway (Siegler 1998; Winkel-Shirley 2001; Nyman and
Julkunen-Tiitto 2005). Acacia grandicornuta grows in a nutrient rich clayey substrate
and is thus predicted to have a growth strategy that favours allocation to growth over
secondary defense compounds (Herms and Mattson 1992; Stamp 2003). Indeed, A.
grandicornuta does not have flavonol glycosides and contains low condensed tannin
and total HPLC phenolics concentrations.

Acacia grandicornuta and D. cinerea had flavones which have been shown to
induce transcription of root nodulation genes that code for nodule formation and
symbiotic N fixation (Dakora 1995; Siegler 1998; Winkel-Shirley 2001). Both A.
grandicornuta and D. cinerea are from the Fabaceae which are well known for
nodulating. However, A. exuvialis, which also belongs to this family, does not contain
flavones. Nodulation in Acacia species has been shown to be plastic, being
phenotypically expressed when resources are limited (Cramer et al., 2007, 2010;
Zharare and Scogings 2011). Thus the absence of flavones in A. exuvialis does not
imply that the species is non-nodulating. Similarly the presence of flavones does not
imply that a species is nodulating since G. flavescens has been shown to be non-
nodulating (Aranibar et al., 2005). Indeed, flavones have also been shown to inhibit
plant growth regulating hormones and NADH dehydrogenase, which consequently
interrupted the electron transport chain of respiration and photosynthesis in potato
tubers (Siegler 1998).

Total HPLC phenolics and condensed tannin concentration in spineless
plants was significantly higher than that of spinescent plants (t(16=2.130, p=0.049 and
t16=2.300, p=0.035, respectively). Total HPLC phenolics concentration in spineless
plants was 1.4 times more than spinescent plants (25.8 + 2.52 and 18.2 + 2.51 mg g
. mean * SE respectively), whereas condensed tannin concentration in spineless

plants was more than 4 times higher than that in spinescent plants (46.5 + 16.3 and
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10.5 + 2.33 mg g, mean * SE respectively). These results show that chemical
defenses are better expressed in the absence of spines, which is contrary to previous
findings that found no trade-off between chemical and mechanical defenses
(Koricheva et al., 2004; Rohner and Ward 1997). However, HPLC phenolics and
condensed tannin in spinescent plants may have functions other than defense, e.g.
polyphenolics and tannins have also been shown to protect plants against fungal and
microbial attack (Scalbert 1991; Schultz et al., 1992; Siegler 1998); and condensed
tannins have been reported to protect plants against photodamage (Close and
McArthur 2001).

Compared to other species, the evergreen and unpalatable E. divinorum
contained similar, but fewer, phenolic compounds. However, its myricitrin
concentration was 55 times greater than that in G. flavescens and 129 times greater
than that detected in A. exuvialis (Table 2). Furthermore, myricitrin in E. divinorum
accounted for 68% of its total HPLC phenolic concentration and 1.6% of the foliar dry
matter content of the species. Myricetin has been shown to have negative effects on
insect herbivores (Mutikainen et al., 2000; Roitto et al., 2008). An artificial diet
containing myricitrin (0.1%) and quercitrin (0.5%) significantly decreased
consumption by winter moth larvae (Lavola et al., 1998), while quercitrin deterred
feeding in monarch butterfly larvae (Vickerman and de Boer 2002). It is therefore
likely that 0.6% quercitrin coupled with a high myricitrin concentration may render E.
divinorum toxic to insects, since artificial diets containing more than 0.2% of many
common flavonoid glycosides were toxic to tobacco budworm, bollworm and the pink
bollworm (Harborne 1991; Siegler 1998). Further research is required to test whether
myricitrin is indeed a deterring agent against mammalian herbivory in E. divinorum.
However, it has to be noted that antifeeding (Harborne 1991; Bryant and Julkunen-

Tiitto 1995; Harborne 1998, 2001; Isman 2002) and potentially toxic triterpenoids
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(Harborne 1991, 2001) have been isolated from the root bark of E. divinorum (Mebe
et al., 1998), but these compounds may be absent in its leaves (Grubb 1992).
Quercetin glycoside concentration in C. apiculatum and A. exuvialis were also
higher than the purported 0.2% tolerance threshold (1.2 and 0.9%, respectively,
Table 3) and may afford these species some protection against insect herbivores. In
addition to its high quercetin glycoside concentration, C. apiculatum also contained
relatively high condensed and hydrolysable tannins (gallo- and ellagitannins) (8.7 and
0.14%, respectively, Table 2). Condensed tannins in excess of 5% deterred feeding
in kudu and impala as well as goats (Cooper and Owen-Smith 1985) and
hydrolysable tannins have been shown to negatively affect moth pupal growth
(Rossiter et al., 1988; Lill and Marquis 2001) and cause moth pupal mortality
(Karowe 1989) and poisoning in mammalian herbivores (Harborne 2001;
McSweeney et al., 2001; Makkar 2003). It is thus possible that these chemical
defenses may reduce palatability of C. apiculatum for herbivores. It has to be noted
though that we sampled mature leaves from adult trees late in the growing season,
and it has been empirically shown that allocation to defense varies with ontogeny
(Barton and Koricheva 2010). Thus flavonoid glycoside and condensed and
hydrolysable tannin concentrations reported here may only be relevant to this

particular life stage.

3.4. Concluding remarks

The limited number of species in this study precludes generalizations to be made,
and our conclusions are restricted to this group of species. However, our results
show that phylogenetically related Acacia species, and species with similar life
history, morphological and functional traits had different foliar low molecular weight
phenolic profiles. Furthermore, the evergreen-spineless and unpalatable E. divinorum

and the deciduous-spinescent and palatable A. exuvialis had qualitatively similar
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chemistry. These results suggest that low molecular weight phenolic profiles are not
necessarily related to life history, morphological or functional traits. Therefore, trait-
based generalizations that exclude foliar low molecular weight phenolic chemistry
may be misleading.

Detailed phenolic composition reported here for the 6 woody African savanna
species have not previously been published. This information provides a platform
from which we can further pursue our understanding of plant secondary chemical

defenses in savanna woody species in relation to herbivory.

3.5. Experimental

3.5.1. Study site

The study was carried out in the Nkuhlu area, along the Sabie River, about 20
km south east of Skukuza in Kruger National Park, South Africa (24°59'23.57”S,
31°46'28.55"E). The site is situated along a catena with nutrient poor granite derived
sand on the crest and relatively nutrient rich sodic, clayey soil on the footslope. The
two soil types are characterised by distinctive vegetation, with Acacia grandicornuta
the dominant species on the footslope (Venter et al., 2003) and Combretum
apiculatum dominating the crest (Siebert and Eckhardt 2008). The site, which runs
along the length of the catena and includes both soil types, were enclosed with wire
fencing in 2002 to exclude elephants (Siebert and Eckhardt 2008), but effectively
exclude all mammalian herbivores bigger than a hare.

The mean annual rainfall for Skukuza, the closest weather station, is 587 mm
with a 29% coefficient of variation (n= 52, 1956-2009, South African Weather
Service), 89% of which falls in the growing season, between October and April
(February and Higgins 2010). The average minimum and maximum temperature at
Skukuza in the growing season is 19 and 31 °C, respectively (1956-2009, South

African Weather Service).
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3.5.2. Tree species

Six tree species from amongst the most abundant trees in the Nkuhlu area
(Siebert and Eckhardt 2008) were selected for this study. All individuals were
reproductive adult trees of 2-4 m high, of which 5 were deciduous viz. A.
grandicornuta, C. apiculatum, G. flavescens, A. exuvialis, D. cinerea and one
evergreen - E. divinorum. The two Acacia species are phylogenetically close, both
falling within the Vachellia clade of the Mimosoideae legumes, with a divergent time
of ca. 14 Ma (Bouchenak-Khelladi et al. 2010). The selected species comprise a
range of morphological and functional traits; A. grandicornuta, A. exuvialis and D.
cinerea have bi-pinnate compound leaves and spines, whereas the rest have simple
leaves and no spines. They also include a range of apparent palatability (Van Wyk
1972; Coats Palgrave 2002) with the evergreen E. divinorum the only unpalatable
species (Coats Palgrave 2002; Fornara and du Toit 2008). Euclea divinorum leaves
outside the exclosure showed some signs of herbivory at certain times of the year,
but no sign of mammalian herbivory (Zululand/Sweden Kruger Browse Project,

unpublished data).

3.5.3. Sample collection

Ten leaves from 3 random adult trees per species were collected in March
2007. Samples were immediately frozen in liquid N, kept frozen until they were
lyophilized in a New Brunswick freeze dryer (New Brunswick Scientific Co., Inc., New
Jersey, USA), and milled to a fine powder using a Retsch ball mill (F. Kurt Retsch,

GmbH and Co. KG, Haan, Germany).
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3.5.4. Chemical analysis

Low molecular weight phenolics were extracted from 5 mg of plant material in
700 ul of cold methanol and homogenized using an Ultra-Turrax T25 homogeniser
(Ika-Labortechnik, Staufen, Germany) for 20 s. The extracts was allowed to stand for
15 min and again homogenized for 20 s and centrifuged at 13000 g for 3 min. The
supernatant was saved and re-extracted 3 more times using a 5 min waiting period -
combining the supernatants. The residue was evaporated under N-gas and stored at
-20 °C until analyzed. Prior to HPLC analysis, the residue was dissolved in 600 pl
methanol-water (1:1) and identified and quantified using a Hewlett-Packard HPLC-
DAD system (Hewlett-Packard, Avondale, Pa., USA) using parameters described by
Julkunen-Tiitto et al. (1996). Chemical identities were confirmed by HPLC-MS (API-
ES positive ions as well as negative ions in the case of C. apiculatum) using a
Hypersil Rp C-18, 2 mm ID, 10 cm long column and a flow rate of 0.4 ml min-'. The
ES fragmentor voltage ranged from 80-120 (Julkunen-Tiitto and Sorsa, 2001).
Chemical identification was based on retention time, chromatographic UV spectra
and HPLC-MS data. Cinnamic acids, quercetins, kaempferols and catechin were
standardized against chlorogenic acid, isoquercitrin, Kaempferol 3-glucoside and (+)-
catechin, respectively. Alpinetin, pinocembrin and flavokawain b and their derivatives
were standardized against eriodictyol 7-glucoside. Condensed tannins were
determined using the acid-butanol assay (Porter et al., 1986) as modified by
Hagerman (2002), and using Sorghum tannin as reference material (Hattas &

Julkunen-Tiitto 2012).

3.5.5. Data analysis

We tested for chemical similarities between plant species using non-metric
methods. These methods make no assumptions about the form of the data, which
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makes them widely applicable, leading to greater confidence in interpretation. Prior to
this analysis, data were fourth-root transformed to reduce the influence of dominant
chemical compounds. This transformation further allows mid-range and rare chemical
compounds to exert some influence on the calculation of the (dis)similarity between
plant species (Clarke and Warwick 2001). Relative dissimilarities between plant
species were visualized using a non-metric Multi-Dimensional Scaling (nMDS)
ordination technique (Clarke 1993). nMDS essentially constructs a map which display
the relative separation between plant species with regards to their chemical
composition, i.e. the further apart two species, the more dissimilar they are. Similarity
percentage (SIMPER) breakdown analysis (Clarke 1993) was used to determine the
contribution of individual chemical constituents to the separation of plant species as
reflected in the nMDS plot. SIMPER analyses are generally used to explore
differences in community structure (Clarke 1993), but have also been used to assess
chemical differences in soil and plants: Carney and Matson (2005) used SIMPER
analysis to determine whether phospholipid fatty acids accounted for differences in
soil microbial communities; Ens et al. (2010) used SIMPER analysis to assess
differences in hydrophobic chemicals signatures in soil to determine differences in
allelopathy of different soils; whereas Nahrung et al. (2009) used SIMPER analysis to
assess differences in foliar chemistry by assessing which GC-MS peaks were most
important in contributing to differences between allopatric pure and a commercial
hybrid of Corymbia species. SIMPER analysis is not a statistical test, but an
exploratory analysis based on ranks that indicate which chemical compounds are
principally responsible for the observed clustering or differences between samples
(species). To identify characteristic features of the chemistry of a specific plant,
SIMPER calculates the average Bray-Curtis similarity between all pairs of intra-group
samples. Good discriminator compounds have consistent quantitative presence,

which result in a high average dissimilarity/SD ratio. This allows for identifying
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chemical compounds that significantly (Torok et al. 2008) and consistently
contributed to the dissimilarity between plant species (Clarke and Warwick 2001).
Analysis was performed using PRIMER v6 (Clarke and Gorley 2006). To test whether
spinescent plants are more defended than spineless plants, condensed tannins and
total HPLC phenolic concentrations for the different life strategies were pooled.
Condensed tannin concentration was log-transformed to correct for normality and a
Student’s t-test was performed to determine whether condensed tannin and total
HPLC phenolic concentrations were different between spinescent and spineless

plants (n=9 in both cases, for both variables).
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4.1. Abstract

The growth differentiation balance hypothesis (GDBH) provides a framework that
predicts a trade-off between costs of carbon based secondary metabolites (CBSMs)
relative to the demand for photosynthate by growth. However, this hypothesis was
developed using empirical evidence from northern boreal and temperate forests and
the extent to which it is applicable to African savanna woody species remains
unclear. The objective of this study was to investigate whether the GDBH explains
allocation to CBSMs in the deciduous African savanna woody species C. apiculatum
along a 6-point N gradient. The cornerstone prediction of the GDBH, i.e. the
parabolic response in CBSMs along the N gradient, was not observed, with CBSMs
showing chemical-specific responses. Quercetin, myricetin and kaempferol glycoside
concentrations, all produced via the same pathway, responded differently across the
N gradient. Flavonol glycoside concentration decreased as N became more
abundant along the gradient which provides partial support for the carbon nutrient
balance hypothesis. Simulated herbivory had no effect on photosynthesis, decreased
foliar N and consequently increased C:N ratio, but did not induce an increase in
CBSMs, with condensed tannins and flavonol glycosides being unaffected. Defoliated
plants at low N levels expressed a capacity to compensate for lost biomass, which
suggests a tolerance response, but plants at higher N levels were evidently C limited
and thus unable to compensate. Our results show that the GDBH does not explain
allocation to CBSMs in C. apiculatum and suggest that mechanistic explanations of
plant allocation to CBSMs should not be limited to specific or general pools of
defense compounds, but should include low molecular weight phenolic conjugates as

they may respond differently.
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4.2. Introduction

Mechanisms addressing phenotypic plasticity of plant secondary metabolites in
relation to resource availability and environmental stress have been the subject of
debate for many decades (Stamp 2003). Empirical evidence (Koricheva 1998 &
2002, Stamp 2003, Lambers & Poorter 2004, Glynn et al. 2003 & 2007) suggests that
the growth differentiation balance hypothesis (GDBH, Loomis 1932, Lorio 1986,
Herms & Mattson 1992) effectively explains the allocation of resources to carbon
based secondary metabolites (CBSMs). Originally proposed by Loomis (1932),
Herms & Mattson (1992) used this hypothesis to describe how the physiological
trade-off between growth and differentiation processes interacts with nutrient
availability to influence phenotypic expression of CBSMs (Stamp 2003).

The GDBH provides a framework that predicts a trade-off between costs of
differentiation processes relative to the demand for photosynthate by growth, i.e.
growth is inversely related to differentiation processes in the plant (Fig. 1, Herms &
Mattson 1992, Glynn et al. 2007). Differentiation includes all processes not involved
in growth, including the synthesis of CBSMs (Herms & Mattson 1992, Stamp 2003).
The hypothesis assumes that nutrient limitation has a more adverse effect on growth
than photosynthesis, which is predicted to result in an accumulation of carbohydrates
in excess of growth demand, particularly if foliar N is lower than the level required for
growth. The excess carbohydrates, manifested by an increased foliar C:N ratio, can
then be inexpensively converted to CBSMs. Furthermore, the hypothesis assumes
that herbivory is a strong selective force for the production of CBSMs.

The GDBH predicts that plants at low N availability should be limited in growth
and photosynthetic capacity. Under these conditions, photosynthetic rate would be
low due to a limited amount of N and consequently Rubisco, chlorophyll and
phospholipid contents (Bryant et al. 1992). The limited assimilated C would then be

allocated to the little growth that does occur, resulting in growth being favoured over
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differentiation processes. Plants are therefore predicted to have a low growth rate
and low secondary metabolites (Fig. 1). At high N availability plants have sufficient
resources for rapid growth. Under these conditions plants should not be limited by
photosynthesis and a greater proportion of photosynthate should be allocated for
growth rather than secondary metabolites. However, at intermediate N availability,
growth is limited by N, whereas photosynthesis would be less affected, i.e. net
assimilation rate is at its maximum, whereas growth rate is constrained by limited N.
This should result in an accumulation of excess carbohydrates which can be
allocated to secondary metabolites (Loomis 1932, Herms & Mattson 1992, Stamp
2003). The resulting negative quadratic response pattern of secondary metabolites
(Fig. 1) is only detectable experimentally when using a resource gradient with at least
five levels (Stamp 2004). A recent test of the GDBH, which included a five level N
gradient, found that Salix sericea and S. eriocephala generally responded as
predicted by the GDBH (Glynn et al. 2007). The GDBH was developed using
empirical evidence from northern boreal and temperate forests and the extent to

which it is applicable to African savanna woody species remains unclear.
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Figure 1. Relationship between net assimilation rate (NAR), relative growth rate
(RGR) and constitutive secondary compound production along a N gradient. Letters
A, B and C represent low, intermediate and high N levels, respectively (adapted from
Herms & Mattson 1992, and Glynn et al. 2007).

It is well known that herbivory can induce increases in CBSMs (Haukioja
2006), although the mechanism by which this occurs remains contentious (Massey et
al. 2005). Herbivory involves the removal of photosynthetic source tissue, i.e. leaves.
This removal of source tissue results in a source-sink imbalance, to which plants
have been shown to respond by increasing photosynthetic rate to acquire more
assimilate to replace the removed material and re-establish the source-sink balance
(McCormick et al. 2006). Herms & Mattson (1992) extended the GDBH, predicting
that herbivory would cause an increase in CBSMs. However, the limited data on plant
CBSM allocation following herbivory in African savanna woody species is
inconsistent (Bryant et al. 1991, Rohner & Ward 1997, Scogings & Macanda 2005,
Rooke and Bergstrom 2007, Scogings et al. 2011, Scogings et al. 2013). While

Scogings et al. (2011) measured CBSMs along a browsing gradient, none of the
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studies had a resource gradient, thus making it impossible to fully relate these results
to predictions of the GDBH. These results suggest that more research is needed
(Scogings 2005) to improve our understanding of allocation to CBSMs in savannas,
and to establish whether these patterns can be explained in terms of the GDBH, as
well as the role of herbivores in mediating phenotypic expression of CBSMs.

The GDBH was developed using empirical evidence from northern boreal and
temperate forests, but has not been tested for African savanna woody species. The
objective of this study was to investigate whether the GDBH explains allocation to
CBSMs in the deciduous woody species Combretum apiculatum Sond.
(Combretaceae). This species was selected because it is an important browse plant
in African savannas that produces both condensed and hydrolysable tannins as well
as flavonol glycosides (Hattas et al. 2011). Specifically, we address the following
questions: (1) Does the GDBH explain carbon allocation to CBSMs along a 6-level N
gradient? and (2) Does the GDBH explain carbon allocation to CBSMs following
100% simulated herbivory along a 6-level N gradient?

As predicted by the GDBH, we hypothesized that plants at the lower end of
the N gradient would grow slowest and have the lowest foliar N and photosynthetic
rate, since N is limiting. These plants would also have low CBSMs. Herbivory would
constitute severe stress on these plants and with limited available N, these plants are
expected to show low capacity for regrowth and little or no change in foliar N and
consequently C:N ratio and photosynthesis. Allocation to CBSMs would be low since
the limited assimilate would be used for the little growth (and maintenance
respiration) that does occur. Plants in the middle of the N gradient would grow at an
intermediate rate, have intermediate levels of foliar N, but high C:N ratio and CBSMs
as a consequence of carbon accumulation, due to photosynthesis being less affected
than growth. When subjected to herbivory, these plants are hypothesized to increase

carbon allocation to above ground growth, i.e. leaf weight and area, as plants attempt
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to restore source-sink imbalance, producing new growth with higher foliar N and
consequently lower C:N ratios and elevated photosynthetic rates. CBSMs are
expected to increase since the GDBH predicts that herbivory selects for defense.
Plants at the high end of the N gradient would grow faster due to higher available N,
have higher photosynthetic rates, but lower CBSMs than plants at the middle of the
gradient. These plants are hypothesized to respond to herbivory by increasing
carbon allocation to above ground growth, i.e. leaf weight and area, as plants attempt
to restore source-sink imbalance, producing new growth with higher foliar N and
consequently lower C:N ratios and higher photosynthetic rates. CBSMs are expected

to increase since the GDBH predicts that herbivory selects for defense.

4.3. Materials and methods

4.3.1. Experimental setup

Combretum apiculatum saplings were bought from Fishwick’s Wholesale Nursery,
Nelspruit, South Africa. Saplings were transplanted into 5 litre pots filled with acid
washed sand and allowed to acclimate to controlled chamber conditions, i.e. 25 °C,
PAR of 600-850, photoperiod of 16 h light and 8 h dark cycle and relative humidity of
54%, for 3 weeks while being fed twice a week with Long-Ashton solution (pH 5.5)
containing 2 mM of NaNOs I! flushing with water before each feeding event and
watering on days when not fed to prevent drought stress. After the acclimation
period, ten plants per treatment were fed twice a week with Long-Ashton solution
containing 0.25, 0.5, 1, 2, 3 and 4 mM of NaNOs; I", flushing with water before each
feeding event and watering on days when not fed. Plants were arranged in
accordance with a completely randomised single block design and rotated weekly to

account for differences in environmental conditions within the chamber.
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4.3.2. Photosynthesis and carbon allocation to biomass

Testing the GDBH requires a measure of net carbon assimilation rate (NAR) and
relative growth rate (RGR), the interrelationship of which determines allocation to
CBSMs (Herms & Mattson 1992, Stamp 2004, Glynn et al. 2007). NAR is the product
of carbon gain through photosynthesis and carbon loss through respiration and
leaching (Stamp 2004). Notwithstanding carbon losses, measuring photosynthetic
rate nevertheless provides an impression of how variation in N level affects
phenotypic carbon acquisition. Measures of above ground weight gain, leaf area ratio
(LAR) which have been shown to be tightly correlated with RGR (Poorter & Remkes
1990, Lambers et al. 2008), and root weight ratio (RWR), provide information on the
relative carbon investment to above- and below-ground resources, i.e. plant growth
strategy in response to stress.

After six weeks herbivory was simulated by removing all the leaves including
petiole and shoot apexes (100% simulated herbivory) from 5 plants per treatment.
Simulated herbivory does not account for the different enzymatic response to
damage from different elicitors (Karban & Baldwin 1997), but can be a useful tool to
investigate effects of herbivory on growth and general physiological responses, e.g.
changes in plant allocation to CBSMs at different nutrient levels (Hjaltén 2004,
Hrabar et al. 2009). Six weeks after the simulated herbivory event, photosynthetic
rates were determined, using a LI-6400 Infra-red gas analyzer (LI-COR, Lincoln,
Nebraska, USA), on 3 youngest fully expanded leaves of each tree, from which a
mean value per sapling was calculated. These measurements were performed on
consecutive days, measuring plants in the 0.25, 0.5 and 1 mM NaNQ; | treatments
on the first day and the remaining treatments on the following day (~4.5 h
uninterrupted/day). Plants were watered 1 h before measurements commenced to

ensure fully hydrated plants to achieve maximum photosynthetic rates.
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On the day immediately following the photosynthesis measurements, 5
youngest fully expanded leaves per sapling were collected, scanned for leaf area
using the LI-3100 leaf area meter (LI-COR, Lincoln, Nebraska, USA), flash-frozen in
liquid N and freeze-dried in a New Brunswick freeze dryer (New Brunswick Scientific
Co., Inc., New Jersey, USA). Dried leaves were weighed and milled in a Retsch ball
mill (F. Kurt Retsch, GmbH and Co. KG, Haan, Germany) to a fine powder. Dry
weights were added to the weight of the rest of the leaves of the particular plant. On
the same day as the leaf sampling, the entire plant was harvested and separated into
leaves, shoots and roots. Plants were then dried at 60 °C until constant weight and

weighed to determine dry mass.

4.3.3. Chemical analysis

Foliar N and C were determined using a Delta Plus XP isotope ratio mass
spectrometer (Thermo Electron, Germany) following combustion in a Flash EA 1112
elemental analyzer (Thermo Finnigan, Germany) and delivery via a Conflo Il gas
controlling unit (Thermo Finnigan, Italy). Nitrogen and carbon were standardized
against atmospheric N and two in-house standards (relative to PDB-belemnite
standard), respectively. Low molecular weight phenolics were extracted in methanol
as outlined in Hattas et al. (2011) and identified and quantified using high-
performance liquid chromatography (HPLC) as described by Julkunen-Tiitto and
Sorsa (2001). Chemical identities were confirmed by HPLC-MS (Hattas et al. 2011).
Condensed tannins (CTs) were determined using the acid-butanol assay (Porter et
al. 1986) as modified by Hagerman (2002) and standardized against purified
Sorghum tannin (Hattas & Julkunen-Tiitto 2012). Hydrolysable tannins, cinnamic acid
derivatives; myricetin, quercetin and kaempferol glycosides were quantified
separately, and flavonol glycosides (FG) constituted the sum of myricetin, quercetin

and kaempferol glycosides. To account for the dilution effects due to growth and
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storage (Koricheva 1999, Haring et al. 2007), leaf area was used to express foliar

chemical concentrations on a per unit area basis.

4.3.4. Statistical analysis

Except for quercetin and kaempferol glycoside concentrations, data were normally
distributed and thus did not require transformation. However, root weight ratio (RWR)
being a proportion was arcsine transformed. Two-way ANOVA (Type Il sums of
squares) measured differences in plant biomass, photosynthesis and chemical
variables between N fertilization concentration ([N]) and herbivory treatments. Means
were separated with the Unequal N HSD post hoc test. The nonparametric Kruskal-
Walllis ANOVA was performed to test for differences between [N] and herbivory
treatments within N level for quercetin and kaempferol glycoside concentrations.
Where differences were detected we employed multiple comparison tests to
determine its source. Reported data are mean + standard error. Analysis was

performed using Statistica v10 (2011, StatSoft Inc., USA).

4.4. Results

Photosynthetic rate was not significantly affected by [N] (F,156=1.002, P=0.418) or
herbivory treatments (F1,156=0.526, P=0.469). Leaf weight showed significant
interaction between [N] and herbivory treatment (Table 1, Fig. 2). Control plants
showed a general increase in leaf weight with increase in [N], however, defoliated
plants did not compensate for lost leaf weight at high [N], but did compensate at low
[N]. Total plant weight showed a significant herbivory effect (Table 1), where total
plant weight of control plants at the highest [N] was more than 3-fold that of simulated

herbivory plants (P=0.007).
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Table 1. F-ratios of 2-way ANOVAs for main and interactive effects of N fertilization

level and simulated herbivory treatment on measured variables in C. apiculatum.

LAR = Leaf area ratio, RWR = Root weight ratio and C:N = carbon:nitrogen ratio.

Variable Main effect Interaction
N level Herbivory N level x herbivory

Leaf weight 4.554** 7.704* 2.866*

Total weight 1.843\8 8.002** 2.032N8

LAR 3.280* 6.838* 0.336MNs

RWR 5.848*** 3.816NS 1.142N8

N 1.913NS 33.68*** 0.598NS

C:N 6.474*** 24 .35** 1.460N8

Cinnamic acid der conc.  3.434* 0.020MNs 0.473Ns

Flavonol glycosides 11.27%** 0.106Ns 1.354NS

Significant differences at ***P<0.001; **P<0.01; *P<0.05; NS — not significant

84



40
a
) a (@)
35
30 - ab
b
25 b b
2
2 2
=
(&
15
10
5
0
25
oCntrl (b) a
20 = Sim
o5 0N
-
=
o
g ab ab
‘5
810 ab
ab
ab
ab ab b
5 ab
b P
0 ’—\—.
025 05 1 2 3 4
N concentration (mM)

Figure 2. Effects of N concentration on foliar C:N ratio (a); and the effects of N
concentration and 100% simulated herbivory on leaf weight (b) in C. apiculatum.
Values are means = SE and different letters (a and b) indicate significant differences

among means (P<0.05).

Leaf area ratio increased, whereas RWR decreased with increasing [N]
(Table 1, Fig. 3). LAR in defoliated plants was significantly higher (31%, P=0.01)

relative to control plants. Foliar N concentration showed a significant defoliation effect
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(Table 1), where N levels in control plants were 69% higher than plants subjected to
simulated herbivory (P=0.0001). C:N ratio showed significant N and herbivory effects
(Table 1, Fig. 4), where C:N ratio showed a significant decrease with increasing [N] in
both treatments. C:N ratio in defoliated plants was 37% higher than control plants
(P=0.0001).

Cinnamic acid and quercetin glycoside concentrations showed significant N
effects (P=0.01, Table 1; and Kruskal-Wallis ANOVA, x?= 36.105, df = 5, P<0.0001;
respectively), where concentrations at lower [N] (0.25 and 0.5 mM N) were generally
high relative to that at higher N levels in both cases (Fig. 4). Similarly, a Kruskal-
Walllis ANOVA revealed a significant N effect for kaempferol glycoside concentration
(x?>= 14.500, df = 5, P=0.01), showing a positive quadratic response to increasing [N]
(Fig. 4). Flavonol glycoside concentration ([FG]) showed a significant N effect (Table
1), where concentrations at low [N] were generally higher than that at high [N] (Fig.
4). Condensed and hydrolysable tannin, as well as myricetin glycoside
concentrations did not show a significant N or herbivory effect ((Condensed tannin]:
P=0.253 and P=0.186; [Hydrolysable tannin]: P=0.120 and P=0.277; and [myricetin

glycoside]: P=0.086 and P=0.527 for N and herbivory effects respectively).
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(RWR, b) in C. apiculatum. Values are means + SE and different letters (a and b)

indicate significant differences among means (P<0.05).

87



i
L

(a} (B}

#

8

4
-

ab

>
2

Cinnamic acid der concentration [mg em )
3 =]
. T -
o
Quercetin glyeoside concentration (mg cmd)
&

o
. &

T ab a

e} (d}

8

ab

g

o
2
=

ab

]

ab

-

&
R

Kagmpleral glycoside concentration (mg ey
Flavonel glyceside concentratien {mg cm?)
5

-

025 a5 1 2 3 4 025 L] 1 2
H concentration (mM) M concentration (m)

Figure 4. Effects of N level on cinnamic acid derivative (a), quercetin (b), kaempferol (c) and flavonol glycoside concentration (d) in C.

apiculatum. Values are means + SE and different letters (a and b) indicate significant differences between means (P<0.05).

88



4.5. Discussion

As predicted by the GDBH, we hypothesized that photosynthesis, leaf weight and
LAR would increase, and that CBSMs would show a parabolic response with
increasing [N]. The parabolic response in CBSMs is the cornerstone prediction of the
GDBH (Stamp 2003, Glynn et al. 2007), however, this response pattern was not
observed. Instead, CBSMs showed chemical-specific responses across the N
gradient, which were associated with unchanged photosynthetic rates, an increase in
leaf production and LAR, and a decrease in RWR. The stable end product CTs,
which are putatively correlated with total allocation to secondary metabolites (Stamp
2004), was unaffected by treatment. Conversely, [FG] showed a general decrease,
but its components showed varied responses with increasing [N]. Quercetin
glycoside response pattern seemed to resemble that of cinnamic acid, its precursor
(also precursor for kaempferol and myricetin glycosides), but kaempferol showed a
positive quadratic response trend (Fig. 4), whereas myricetin glycoside concentration
was unaffected. This differential response is not surprising since individual secondary
chemicals are not necessarily correlated with total allocation to CBSMs (Stamp 2004)
or flavonol glycosides (see Hattas et al. 2011).

Simulated herbivory had no effect on photosynthesis, but decreased foliar N
and consequently increased C:N ratio. However, this apparent C surplus did not
induce an increase in CBSMs in defoliated plants. Instead, our results show that
defoliated plants at low N levels expressed a capacity to compensate for lost
biomass (Fig. 2), which suggests a tolerance response. However, plants at high N
levels tended to undercompensate. This disparity may be due to changing C/N
dynamics imposed by defoliation. Plants are N limited at low N availability, but C
limited relative to N at high N availability (because N is now abundant). Consider that
defoliation removes both C and N, then already C limited plants at high N availability

would experience exaggerated C shortages (Wise & Abrahamson 2005). Responding
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to above ground biomass loss, the deciduous savanna tree Acacia karroo has been
shown to draw on root C reserves (Schutz et al. 2009 & 2011), probably to activate
dormant meristems and promote regrowth (Strauss & Agrawal 1999, Tiffin 2000).
Plants at high N availability had lower RWR and therefore root mass and storage
capacity, thus drawing from a smaller storage pool relative to plants at lower N levels.
This withdrawal of C from an already limited storage supply would presumably
exacerbate C limitation to the extent that plants may experience chronic C starvation
which could affect its ability to compensate for biomass losses. Rooke & Bergstréom
(2007) also showed that C. apiculatum saplings subjected to 100% defoliation could
not compensate (in terms of regrowth) for lost biomass. Furthermore, Gao et al.
(2008) showed that the perennial grass Leymus chinensis was unable to compensate
for lost biomass at high nutrient treatment following 75% clipping, but could
compensate at 50% clipping. This suggests that severe herbivory in nutrient rich
environments may negatively affect plant fithess and may even be detrimental to its
survival.

Simulated herbivory applied here ignores chemical elicitors present in
herbivore salivary enzymes which have been shown to differentially affect growth
response in C. apiculatum following simulated herbivory with or without goat saliva
(Rooke 2003). The differential response, due to the absence of chemical elicitors
here, may also affect expression of CBSMs. Furthermore, phytochemical expression
in juvenile plants has been shown to be plastic relative to other ontogenetic phases
(Koricheva & Barton 2012). Indeed, irrespective of treatment, [CT] here was ca. 50%
that found by Hattas et al. (2011) and Scogings et al. (2011) for adult trees, while
myricetin glycosides were present in juvenile trees here, but not detected in adult C.
apiculatum trees (see Hattas et al. 2011). Results presented here may therefore not

apply to other ontogenetic phases of C. apiculatum.
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Nevertheless, our results show that CTs and FGs were unaffected by
simulated herbivory. Higher C (indicated by foliar C:N ratio) in defoliated plants was
used for compensatory regrowth at low [N], whereas defoliated plants at higher [N]
were evidently C limited and thus unable to compensate. This inability of plants to
compensate for losses at high nutrient concentration has been found elsewhere (see
Wise & Abrahamson 2005, 2007) and is consistent with the predictions of the limiting
resource model. This model incorporate considerations of whether the focal resource
that differs between environments (i.e. [N] in our case) is limiting plant fitness and
whether biomass removal affects mainly the focal resource or an alternate resource
(Wise & Abrahamson 2005, 2007). The evidence presented here suggests that
defoliation does indeed affect an alternate resource, i.e. plant C concentration, which
indicates that N availability alone may not predict CBSMs, but that knowledge of
plant C status as affected by herbivory is also important.

In summary, our findings did not support predictions of the GDBH, but the
trend showed by [FG] provides partial support for the carbon nutrient balance
hypothesis (CNBH) which explains how plant carbon:nutrient ratio influences the
phenotypic expression of plant genetic potential for defense (Bryant et al. 1983). As
predicted by the CNBH, plants showed a physiological response to low [N], by
decreasing growth rate (relative to other [N] levels) and increasing carbon allocation
to [FG]. Furthermore, as predicted, [FG] decreased as [N] became more abundant
along the gradient. This is consistent with the CNBH which predicts that herbivore
losses at high nutrient availability would be easily replaced by rapid regrowth, and
that the production of CBSMs would be constrained (Bryant et al. 1983, Massey et al.
2005).

The observed decrease in [FG], in association with unchanged photosynthetic
rate and increase in LAR with increasing N gradient, resembles the response pattern

predicted by the GDBH between intermediate and high N level (see Fig. 1).
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Therefore, our lowest N level may be equivalent to what the GDBH depicts as
intermediate nutrient level. Nevertheless, our results show that mechanistic
explanations of plant allocation to CBSMs should not be limited to specific or general
pools of defense compounds (e.g. condensed and hydrolysable tannins or FGs), but
should include low molecular weight phenolic conjugates because they may respond
differently. Here we show that quercetin, myricetin and kaempferol glycoside
concentrations, all produced via the same pathway, responded differently across the
N gradient. The mechanisms controlling transcriptional regulation that promote gene
expression for specific compounds need to be investigated. Our study is limited to
phenolics derived from cinnamic and shikimic acid precursors and did not investigate
N-rich alkaloids which have previously been reported in Combretaceae (see Ogan
1972 and Fiot et al. 2006). However, the presence of alkaloids in Combretum has not
been confirmed (Eloff et al. 2008).

We studied one species in the sapling phase, which precludes generalization
about the inadequate explanatory power of the GDBH in African savanna species.
However, our results show that theories developed in northern boreal forests may not
be directly applicable to Africa savanna species. Additional research is needed to test
the GDBH in other African savanna woody species, as well as within ontogenic
phases of the same species. This will add to our knowledge and understanding of

phenotypic expression of CBSMs in African savannas.
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5. Synthesis

| showed that CT chemical composition affects reactivity in the acid-butanol assay,
and that reactivity is unrelated to MW. | further showed that Quebracho tannin
consistently overestimated [CT], and by more than 8 times in certain species, thus its
use as a CT standard cannot be justified. Conversely, Sorghum tannin proved to be
an appropriate standard for S. myrtina. My findings show that using purified CTs from
a phylogenetically related plant species may not be appropriate as CT standard since
its chemical composition may differ. This was evident in the two Acacia species that
showed qualitatively similar extender units, however, quantitative differences in
extender units and differences in terminal units produced different CT regression
slopes. This suggests that using purified CTs from a related plant species may not be

an appropriate CT standard since its chemical composition may differ.

CT heterogeneity makes it impossible to find a generic CT standard that
would be appropriate for all species. The proposed use of procyanidin based Granny
Smith apple CTs (Li et al. 2010) would be inappropriate in four of the five tree
species studied in chapter 2 since these four are predominantly prodelphinidin
based. Similarly, Sorghum tannin, being 100% procyanidin (see Chapter 1, Table 3),
was also inappropriate, underestimating [CT] in the four species. Comparing
Sorghum with Granny Smith tannin as standard showed that Sorghum
underestimated [CT] by 29% relative to Granny Smith tannin when quantifying Ficus
[CT] (Li et al. 2010), but differences in using one or the other standard would depend
on the chemical composition and reactivity of the CT in the species under
investigation. Therefore, it is difficult to predict which standard would be more
appropriate without information on chemical composition and reactivity of the species

under investigation.

The acid-butanol assay is easy to replicate and requires minimal

infrastructure to perform. However, the drawback of this assay is that it requires an
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appropriate standard (Hagerman & Butler 1989). As mentioned earlier, purifying
Sorghum and apple tannin is laborious, and challenging where the infrastructure
does not exist. | therefore propose that in the absence of purified Sorghum and apple
tannin, that the regression line for Sorghum tannin as reported in chapter 2 (Fig. 1)
be used. To use this regression line, analysts would have to ensure that all reagents
are chemically pure, solutions prepared exactly as outlined in Hagerman (2002) and
that a 1 cm cuvette be used. Furthermore, the regression lines for the other study
species could also be used to determine absolute tannin concentration where these
species are studied. It would have to be acknowledged though that environmental
factors may influence CT chemical composition and therefore reactivity, but using an
absolute regression line, despite not being from the actual plant under investigation,

would be more preferable than a generic standard.

In chapter 3 | showed that Imwp profile is not related to life history,
morphological or functional traits. Myricitrin concentration was the only chemical
amongst the ones determined that could explain why E. divinorum was mostly
unpalatable. To test whether myricitrin is indeed the agent that deters feeding, it is
proposed that a feeding trial be performed where the dietary [myricitrin] is varied in
an artificial diet. An investigation into how [myricitrin] changes over time within a
growth-year may also be useful since the little herbivory that does occur in E.
divinorum has been shown to be concentrated during the dry-season when other
food is not available (Scogings et al. 2014). | further showed that phylogenetically
related Acacia species had different Imwp profiles. These differences could be
explored further by sampling of Acacia to uncover the phylogeny of phenolic

synthesis.

| showed that phylogenetically unrelated species had similar Imwp profiles.
This suggests that the same phenylpropanoid pathways may enjoy genetic

preference (Scioneaux et al. 2011) in these unrelated species. Assuming that the
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genes controlling Imwp compounds production are similarly transcribed when
subjected to the same environmental stresses, then we would be able to predict
CBSM allocation amongst chemically similar functional types (chemotypes). This
would provide another layer of functional traits that could strengthen our trait based

predictive ability of plant response to different environmental stresses.

My findings revealed a trade-off between investments in CBSMs relative to
spines, but the number of species here precludes generalization to be made.
Additional work on a larger group of phylogenetically independent species is required
to enable such generalization. Furthermore, | sampled mature trees from a herbivore
exclosure to attain a baseline measure of Imwp’s in the selected trees. Future work
should focus on the effects of herbivory on the expression of these compounds.
Though | measured the effects of simulated herbivory in C. apiculatum, these plants
were saplings and CBSMs have been shown to differ with ontogeny (Barton &
Koricheva 2010, Koricheva & Barton 2012), as has been confirmed here where

myricitrin glycosides were present in juvenile but not in adult trees of C. apiculatum.

The GDBH did not explain allocation to CBSMs in C. apiculatum, with its
characteristic quadratic response at intermediate nutrient concentration being absent.
Instead CTs were unaffected and flavonol glycosides showed a decrease with
increasing N gradient, whereas Imwp conjugates produced in the same pathway
showed chemical-specific responses. Defoliation had no effect on CBSMs. However,
experimental shortcomings have to be acknowledged: 1) The absence of salivary
elicitors (see Rooke 2003) may have affected the response to defoliation; 2)
Replication was small, which resulted in a lack of statistical power. This lack of power
may have affected the ability to detect statistical differences and consequently
committing Type Il errors; 3) Nutrient addition here did not follow a steady state
approach. Steady state nutrition requires the concentration of nutrients to be

increased exponentially over time to match the exponential growth of the plant
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(Ingestad & Lund 1986, Stamp 2004). Nevertheless, growth in general showed a

linear increase over the N gradient, which suggest that nutrients were not limiting.

The usefulness the GDBH as a predictive model for CBSM allocation in
African savanna woody species is being questioned. In response to stress, plants
have been shown to mitigate its effects by up-regulating resource acquisition which
mitigates any response to an extent that no trade-off between the synthesis of
CBSMs and growth is detected (Mitra & Baldwin 2008, Moore et al. 2014). It is
therefore not surprising that predictive models of plant defense are often not
supported, as found here. Furthermore, when investigating [CT] allocation along a
browsing intensity gradient, Scogings et al. (2011) found that A. grandicornuta was
the only one out of four species that showed a quadratic response as predicted by
the GDBH, whereas C. apiculatum, G. flavescens and D. cinerea responded
differently. Nevertheless, due to the paucity of available data, it may be premature to
dispose of the GDBH as a mechanistic model of defense allocation in African

savanna woody species.

Results here show that chemical profiles change with ontogenic growth
phase, it is therefore also possible that CT chemical composition may show similar
ontogenic changes. Scioneaux et al. (2011) proposed that CT chemical composition
may be controlled by dominance of specific phenylpropanoid pathway and
proanthocyanidin-polymerization genes. Thus qualitative and quantitative variation in
CTs, as well as Imwp’s, may be controlled by distinct genetic mechanisms (Moore et
al. 2014). Investigations into genetic mechanisms that control CT and Imwp chemical

composition, and how these change with ontogeny are required.

An important source of variation that was not specifically investigated here is
qualitative and quantitative intraspecific variation of CTs and Imwp’s, but also

intraspecific variation between different plant parts, e.g. leaves and shoots. We know
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that different herbivores consume different plant parts, e.g. insects mostly consume
only parts of the leaf, whereas different ungulates differentially consume leaves and
twigs, and even remove entire branches (i.e. elephants). Furthermore, it has been
shown that herbivores also feed on different zones of the same tree (Woolnough &
du Toit 2001). Intraspecific variation between different parts and zones of the tree
therefore suggests that different herbivores may consume biomass of potentially

different quality.

The Imwp profile has been shown to change with increasing nutrient
availability in C. apiculatum (Hattas et al. unpublished data) which suggests that
future studies, particularly related to atmospheric change, should include qualitative
in combination with quantitative measures of Imwp’s. This will provide insight into
chemical traits that are under genetic control as opposed to those that are plastic.
Such knowledge may be important since anti-herbivore agents may be subject to

phenotypic changes as a result of a changing environment.
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