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Plant Genotypic Diversity Predicts
Community Structure and Governs
an Ecosystem Process
Gregory M. Crutsinger,1* Michael D. Collins,1 James A. Fordyce,1

Zachariah Gompert,2 Chris C. Nice,2 Nathan J. Sanders1

Theory predicts, and recent empirical studies have shown, that the diversity of plant species determines
the diversity of associated herbivores and mediates ecosystem processes, such as aboveground net
primary productivity (ANPP). However, an often-overlooked component of plant diversity, namely
population genotypic diversity, may also have wide-ranging effects on community structure and
ecosystem processes. We showed experimentally that increasing population genotypic diversity in a
dominant old-field plant species, Solidago altissima, determined arthropod diversity and community
structure and increased ANPP. The effects of genotypic diversity on arthropod diversity and ANPP were
comparable to the effects of plant species diversity measured in other studies.

E
cological theory (1, 2) and field experi-

ments (3, 4) have revealed a positive

relationship between the diversity of plant

species and the diversity of associated consum-

ers. At least two mechanisms might explain this

pattern. First, because approximately 90% of

herbivorous insects exhibit some degree of host

specialization (5), as plant species richness in-

creases, so should the number of associated

herbivore species. This resource specialization

hypothesis has some theoretical support (1, 2, 6).

Second, if aboveground net primary productiv-

ity (ANPP) increases as plant species richness

increases (7), then more herbivore individuals,

and therefore more species, will be supported

by increases in available energy (this has been

called the more individuals hypothesis) (8). An

increase in the number of herbivore species by

either of these mechanisms should support

more predator species (9). Recent studies have

shown that population genotypic diversity, like

plant species diversity, can have extended

consequences for communities and ecosystems

(10–14). However, no studies to date have ex-

plicitly linked intraspecific genotypic diversity,

the structure of associated communities, and

the potential mechanisms driving these pat-

terns, such as energy availability. This paucity

of studies exists despite numerous calls for

such research within the literature regarding

biodiversity-ecosystem function (7, 15). We tested

whether host-plant genotypic diversity deter-

mines the structure of associated arthropod com-

munities and governs an ecosystem process,

ANPP, that influences arthropod species richness.

We manipulated the plot-level genotypic

diversity (the number of genotypes per plot) of

Solidago altissima, tall goldenrod, a common

perennial plant throughout eastern North Amer-

ica. Twenty-one S. altissima ramets were col-

lected from local S. altissima patches growing

in fields near the study site, and each ramet was

identified as a unique genotype by means of

amplified fragment length polymorphism. From

these 21 genotypes, we established 63 1-m2

experimental plots, each containing 12 individ-

uals and 1, 3, 6, or 12 randomly selected geno-

types, mimicking the densities and levels of

genotypic diversity found in natural patches of

similar size. We censused arthropods on every

ramet in each plot five times over the course of

the growing season. In total, we counted 36,997

individuals of È136 species. We estimated

ANPP at the peak of the growing season using

nondestructive allometric techniques (16).

Total cumulative arthropod species richness

increased with plant genotypic diversity. The

number of arthropod species was, on average,

27% greater in 12-genotype plots than in single-

genotype plots (Fig. 1), indicating that plant

genotypic diversity was an important determi-

nant of arthropod diversity. When we examined

the effects of genotypic diversity on community

structure, we found that herbivore species rich-

ness (Fig. 2B) and predator richness (Fig. 2A)

also increased with increasing genotypic diver-

sity. The effects of genotypic diversity on arthro-

pod communities were nonadditive (Fig. 1). That

is, total arthropod richness and herbivore and

predator richness were all greater in the 6- and

12-genotype plots than would be predicted by

summing the number of arthropod species

associated with the corresponding genotypes

grown in monoculture (P G 0.01).

ANPP also increased with plant genotypic

diversity and was 36% greater in 12-genotype

plots than in single-genotype plots (Fig. 2C).

The effect of genotypic diversity on ANPP

could be due to increased niche complementar-

ity (mixed genotypes used available resources

more completely or mixed genotypes facilitated

one another, thereby increasing ANPP in mix-

tures) (7, 15) or to sampling or selection effects

(increased ANPP caused by randomly assem-

bled mixtures having a higher probability of

containing highly productive genotypes) (17).

Using standard techniques (18) we found that

selection effects were highly variable and were

not significantly different from zero (P 9 0.60

for all treatments), indicating that highly pro-

ductive genotypes do not dominate in mixtures

and drive observed increases in ANPP. Selection
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effects were not related to genotypic diversity

(fig. S1A). We also found complementarity ef-

fects to be highly variable, generally positive,

but not significantly different from zero (P 9
0.20 for all treatments). We found a marginally

significant increase in complementarity with

increasing genotypic diversity (fig. S1B), indi-

cating that positive interactions among geno-

types in mixtures may lead to increases in ANPP

with increasing genotypic diversity.

Arthropod richness might respond to geno-

typic diversity either because of increased pro-

ductivity in plots with higher genotypic diversity,

as themore individuals hypothesis predicts (8), or

because genotypes vary in susceptibility to par-

ticular herbivores, as the resource specialization

hypothesis predicts (6). Like species richness,

arthropod abundances increased with plant

genotypic diversity (19). In addition, there was

a positive relationship between ANPP and both

arthropod richness and abundance (19). Arthro-

pod richness and abundance were positively

correlatedwith one another (19). To test whether

the effects of ANPP and genotypic diversity on

arthropod species richness resulted from species-

rich plots having more arthropod individuals, as

the more individuals hypothesis predicts (8), we

used rarefaction to examine the response of rare-

fied arthropod species richness to plant genotyp-

ic diversity. Rarefaction corrects for differences

in the number of individuals among plots (20).

There was no relationship between rarefied total

arthropod richness and ANPP, or between rare-

fied herbivore and predator richness and ANPP

(P 9 0.10 in all cases), indicating that ANPP

controls richness by affecting the number of in-

dividual arthropods. Rarefied total richness and

rarefied herbivore richness instead increased as

plot-level plant genotypic diversity increased,

but rarefied predator richness did not (fig. S2).

However, rarefied predator richness did depend

on rarefied herbivore richness, suggesting an

indirect effect of host-plant genotypic diversity

on predator diversity mediated by herbivore

diversity (fig. S2). These results indicate that in-

creasing genotypic diversity increases the amount

of resources (ANPP) available to herbivores. As

ANPP increased, so did arthropod abundance,

resulting in increases in the number of species,

as the more individuals hypothesis predicts (8).

When we controlled for variation in arthropod

abundance using rarefaction, genotypic diversi-

ty explained an additional 12% of the variation

in rarefied total and rarefied herbivore richness,

indicating a second mechanism by which geno-

typic diversity affects arthropod communities:

by increasing the diversity of resources availa-

ble, as predicted by the resource specialization

hypothesis (6). Moreover, the abundance and

composition of herbivore assemblages were more

similar within Solidago genotypes than among

genotypes, and particular genotypes were more

susceptible to herbivory than were others (sup-

porting online text and figs. S3 to S5). Taken

together, these results suggest that particular her-

bivores are associated with particular host-plant

genotypes.

To compare our results to studies that have

examined how plant species diversity affects

arthropod diversity and ANPP, we calculated

the standardized effect sizes (SESs) (21) of

genotypic diversity using our data and the SESs

of plant species diversity using data from the

Cedar Creek Long Term Ecological Research

Biodiversity II experiment (3). A SES measures

the number of standard deviations that the most

diverse plots (12 genotypes in our case, 16

species from Cedar Creek) is above or below

the single-genotype or single-species plots. The

SES of plant genotypic diversity on arthropod

diversity in our study (SES 0 1.80) was nearly

two times the SES of plant species diversity on

arthropod diversity from Cedar Creek (SES 0
0.93). The SES of plant genotypic diversity

(SES 0 1.33) on ANPP in our study was similar

to the SES of plant species diversity on ANPP

at Cedar Creek (SES 0 1.35). Our results in-

dicate that the effect of genotypic diversity

within a host-plant population on associated

arthropod communities and ANPP is directly

comparable to the effect of species diversity

within a plant community (3, 4). A field exper-

iment that orthogonally manipulates genotypic

diversity and species diversity in concert could

Fig. 2. Relationship be-
tween population-level
plant genotypic diversity
and predator species rich-
ness (A), herbivore spe-
cies richness (B), and
ANPP of S. altissima (C).
Open circles indicate
plot-level observations,
and horizontal lines indi-
cate treatment means.
The inset in (A) shows
the relationship between
herbivore species rich-
ness and predator species
richness (r2 0 0.36, P G
0.001), and the inset in
(B) shows the relation-
ship between ANPP and
herbivore richness (r2 0
0.17, P G 0.001).

Fig. 1. Relationship between population-level
genotypic diversity of S. altissima and total arthro-
pod species richness. Circles indicate plot-level
observations, and horizontal lines indicate treat-
ment means. Squares indicate the number of
arthropod species predicted by simple additive
models. Error bars indicate 95% confidence
interval.
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further elucidate the relative contributions of

intra- and interspecific diversity on community-

and ecosystem-level processes.

Our work indicates two mechanisms under-

lying the relationships among intraspecific

genotypic diversity, the diversity of associated

consumers, and ecosystem processes. We ex-

plicitly showed that the effect of genotypic

diversity on arthropods does not occur simply

because of increased ANPP in diverse plots. It

also arises because of an increase in the diversity

of resources available to herbivores. These ef-

fects are nonadditive and cascade across trophic

levels to structure associated communities. Our

results demonstrate the need to incorporate intra-

specific variation into current ecological theory

that has emphasized the importance of inter-

specific variation (3, 4, 7, 15, 17, 18) or theory

that ignores differences among species (22).

Given the focus of conservation efforts on how

the loss of species from communities affects

ecosystem processes, our work suggests that the

loss of genotypes from populations can no

longer be overlooked (14, 23–25).
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p53-Mediated Inhibition of
Angiogenesis Through Up-Regulation
of a Collagen Prolyl Hydroxylase
Jose G. Teodoro, Albert E. Parker, Xiaochun Zhu, Michael R. Green*

Recent evidence suggests that antiangiogenic therapy is sensitive to p53 status in tumors,
implicating a role for p53 in the regulation of angiogenesis. Here we show that p53
transcriptionally activates the a(II) collagen prolyl-4-hydroxylase [a(II)PH] gene, resulting in
the extracellular release of antiangiogenic fragments of collagen type 4 and 18. Conditioned
media from cells ectopically expressing either p53 or a(II)PH selectively inhibited growth of
primary human endothelial cells. When expressed intracellularly or exogenously delivered,
a(II)PH significantly inhibited tumor growth in mice. Our results reveal a genetic and
biochemical linkage between the p53 tumor suppressor pathway and the synthesis of
antiangiogenic collagen fragments.

T
he tumor suppressor activity of p53 re-

sults from its ability to transcriptionally

activate a wide variety of target genes

that in turn regulate cell cycle arrest, apoptosis,

and suppression of angiogenesis (1). Although

a number of p53 target genes involved in growth

arrest and apoptosis have been identified, the

role of p53 in the regulation of angiogenesis is

less well understood. Using a polymerase chain

reaction (PCR)–based subtractive hybridization

strategy (2), we identified a(II) collagen prolyl-

4-hydroxylase Ea(II)PH^ as a p53-stimulated

gene. In this screen, ecdysone-inducible p53 ex-

pression was established in the p53j/j hu-

man cell line Saos-2 (Saos-2/Ec-p53 cells).

Figure 1A (top) demonstrates that induction of

p53 expression in these cells (bottom) stimulated

transcription of a(II)PH as well as p21, a known

p53 target gene (3). Up-regulation of a(II)PH
was also observed when endogenous p53 expres-

sion was induced in wild-type HCT116 cells by

the DNA damage-inducing agent camptothecin,

but not in a matched p53j/j cell line (fig. S1).

a(II)PH expression was also up-regulated upon

expression of p53 from an adenovirus vector

in p53j/j H1299 human cancer cells (Fig. 1B).

By contrast, expression of p53 had no effect on

transcription of another collagen prolyl-4-

hydroxylase isoform, a(I)PH, or three other

human prolyl hydroxylases, PHD1, 2, and 3.

The a(II)PH promoter region contains three

partially overlapping putative p53-binding half

sites (see below).We derived reporter constructs

by cloning sequences upstream of the a(II)PH
transcription start-site or, as a control, the p21

promoter, upstream of the chloramphenicol

acetyltransferase (CAT) gene. Ectopic p53

expression increased activity of both p21-CAT

and a(II)PH-CAT (Fig. 1C). The chromatin

immunoprecipitation (ChIP) experiment of Fig.

1D shows that p53 was recruited to the a(II)PH
promoter in vivo. Collectively, the results of Fig.

1 show that a(II)PH is a direct p53 target gene.

Prolyl hydroxylation is a required, rate-

limiting step in collagen biosynthesis (4), sug-

gesting that p53-mediated stimulation of a(II)PH
expression might increase collagen levels. We

therefore investigated the effect of p53 expres-

sion on endogenous collagen 18 levels. Unex-

pectedly, the level of full-length collagen 18 was

diminished in H1299 cells following expression

of wild-type p53 but not a transcriptionally

defective p53 mutant (Fig. 2A, left, and fig.

S2) (5). One explanation for this result is that

under these conditions, collagen breakdown

was also stimulated. To test this hypothesis,
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