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Abstract
Community structure studies are getting more popular. The interdisciplinary research combines ecology and
evolutionary studies and is of importance because of their explanatory value in dispersal patterns of organisms.
This study examines the phylogenetic diversity (degree of relatedness) of a selection of angiosperms in the
Pyrenees at different heights and investigates the correlation of the phylogenetic diversity with microbe
abundance on the plants. By creating an ultrametric tree the distances between communities were derived and
microbes in the phyllosphere of plants were collected by sonication of leaves of plant species. No correlation
was found between phylogenetic diversity and phyllosphere microbes. Using a number of protocols from
literature, I was unable to efficiently disconnect microbes from the leaf phyllosphere in a predictable way.
Nevertheless, conclusions on community structure could be drawn: sample sites near the sea appeared to
contain phylogenetically clustered communities, and a correlation was found between degree of relatedness
and elevation. The higher the site, the more overdispersed communities are. This result contributes to the
overall understanding of community structure throughout the world.

Introduction
In a period between 120 and 80 million years ago, the Pyrenees arose as a result of the subduction of the
Iberian Peninsula below the European plate, creating an attractive environment with ecologically highly diverse
regions [1], from brackish influences of the sea, to regions with extreme radiation and coldness at higher
elevations and very rich habitats near rivers. This mountain range, which is older than the Alps (formed over a
period from 44 to 9 million years ago), is situated at the border between France and the Iberian Peninsula and
reaches levels up to 3400 m [2]. Being a relatively isolated and old mountain range, the Pyrenees represent an
ultimate study site to investigate the composition of plant communities in a wide range of ecological habitat.
Several researchers used the area as site for data collection. Numerous species diversity studies [2-4] and
biogeographic studies [5, 6] have revealed much about history of the species richness of the Pyrenees.
Phylogenetic studies however, have been conducted to a lesser extent in this area. Phylogenetic studies (and
phylogenetic structure studies [7, 8]) investigate the evolutionary history of species and genes, to form a
hypothesis of their relatedness. This information is visualised as a phylogenetic tree.
In this study I will infer such a phylogenetic tree that describes the evolutionary history of a set of species in the
Pyrenees. I am especially interested in the relatedness of species within the communities I sample. Are species
that live in the same habitat, more closely related to each other than can be expected by chance?
Phylogenetic diversity is a measure that describes this relatedness with a value. Faith published the first article
demonstrating clearly how to calculate phylogenetic diversity [9]. He simply sums up the branch lengths of the
species within a community using the simplest version of a tree, a cladogram. Only one condition must be met
to calculate PD: the branch lengths must be proportional. The metric he published is referred to as Faith’s Index
and is described by the following formula,
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where n is the number of branches with length l. I will use this formula to calculate the PD of species in six
different sites in the Pyrenees, to give an estimate of their relatedness.
Analysing phylogenetic structure across different sites could point at phylogenetic overdispersion or
phylogenetic clustering [8]. The latter could be concluded from a result with low values of PD, while the former,
overdispersion, is demonstrated by high values of PD. In other words: short branch lengths or short distances
between taxa, means the species in a community are phylogenetically closely related (clustered) and large
branch lengths or a distant path between taxa means that the community contains phylogenetically less closely
related (overdispersed) taxa.
As mentioned before, in the Pyrenees a range of environmentally different habitats can be found. These
various environments include sites which I will refer to as ‘extreme environments’. With extreme environments
I mean regions in which species have to be drastically adapted to survive the circumstances, a region where a
stress factor is constantl. Stress factors in this study are high salinity and nutrient-poor soils (in site A, Le
Barcarès and B, La Franqui)[10, 11], and high solar intensity and short growing season (in site D, Andorra)[12].
It seems as if in such an extreme environment, only a few families are dominant, or present at all. That raises
the question if perhaps, if only a few families are present, extreme environments contain a lower phylogenetic
diversity than can be expected by chance. Ndiribe et al. (2013) hypothesised that with increased elevation,
harsh circumstances would result in a decreased phylogenetic diversity [13]. They performed a linear
regression plotting the net relatedness index (NRI) against elevation, but the results showed no correlation
between the two. There are only few studies that focus on phylogenetic structure [14-16] of angiosperms. The
only study that found a significant value of angiosperms being more closely related in correlation with extreme
environment, is from a review of Webb et al. [7] on phylogeny and community structure, which mentions that
scientists claimed to have found that British plant taxa were more closely related in an extreme environment
[17]. Studies of phylogenetic diversity of bacteria in extreme environments however are numerous and tend to
find the opposite: the phylogenetic diversity in the desert in Tunisia appears to be ‘teeming’ [18] and also
halophilic micro-organisms have a very high PD [19]. It seems that the phylogenetic diversity for microorganisms is high because these domains (Archea, Bacteria and Eucarya) simply possess a wider range of
metabolic diversity than plants do [19], and thus a wider range of strategies to deploy to survive in the harsh
circumstances. For plants, the hypothesis on lower phylogenetic diversity in stressful circumstances, is yet
untested.
Another question that arises, is if these microbes, that appear to be abundant in places with high salinity [19],
also occur with such diversity numbers in an extreme environment on the plants, in the so called phyllosphere.
The phyllosphere is the aboveground layer of air around the plant that is colonised by microbes [20]. These
microbes partly determine the growth and health of the plant [21]. Since they might be important for plant
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survival, my hypothesis is that the microbes that are present in the phyllosphere differ between different
regions, with different biotic and abiotic circumstances. Their abundance might even be correlated to the
phylogenetic diversity between angiosperms. High or low PD in certain sites, may be partly explained by the
microbes living in the plants’ phyllosphere.
More and more attention is paid to the microbial phyllosphere community, but a great deal about it is yet
unknown. This is surprising, since other microbial habitats have received so much attention, and bacterial
density on plant leaves is very high [22]. Fungi are, after bacteria, the most abundant phyllosphere inhabitants.
Other phyllosphere inhabitants are yeasts, algae and sometimes protozoa and nematodes [20].
Altogether, the goal of this study is 1) to develop a phylogenetic tree of the selection of angiosperms found in
the plots in the Pyrenees, 2) to investigate the value of phylogenetic diversity in different sites and their
comparison, and 3) to generate insights in phyllosphere communities on higher plants under semi-extreme
environmental conditions, and the importance of microbes on the plants leaves for its survival, 4) to examine
the degree of correlation between phyllosphere microbial abundance and angiosperm phylogenetic diversity.

Materials and Methods
Description field site
The Pyrenees is a 400 km long and 130 km wide mountain range separating France and Spain [2]. Its lowest
elevations reach sea level, at the Mediterranean Sea, and the highest elevations are up to 3400m above sea
level. The eastern Pyrenees was chosen as study area because of these extreme environments so close to each
other. From the windy, saline area near the coast, to the cold, harsh environment with high radiation at the
tops of the mountain range. A description per sample site within the Pyrenees is given in table 1. Figure 1
shows a map with the sampled sites.
Table 1. Ecological and factual description of sample sites in the Eastern Pyrenees (source: Lemmens, R.H.M.J., Sosef, M.S.M., van
den Berg, R.G., Chatrou, L.W., Chair Biosystematics WUR (2015). Handleiding Flora Les Pyrénées Orientales.

Name of site
A) Le Barcarès

B) Étang La Franqui

C) Le Peyrepetuse
D) Andorra

E) Eyne
F) Saint
Pierre
Forcats

dels

Description of site
An area of approximately 500m wide right along the eastern coast of the
Mediterranean sea. Soil varying from loose, very nutrient-poor soil close to the
sea to moderately nutrient-poor soils further from the beach. The sun causes
the environment to be dry, and a strong wind from the sea is present most of
the time which makes it windy and salty.
An area near a lake formed by the sea. The lake is, through its shallow waters
and constant evaporation of fresh water from rain or mountains, heavily
saline: 3.7% to 3.8% (37 g/l). The soil is sandy and highly alkalic because of the
limestone mountains in the near surroundings.
The area in which the plants are collected lay between 480 and 680 m high.
The rocks in this area are limestone, which makes the environment alkalic.
With an elevation of 2450 m, this is the highest sample site in this study. It is
situated above the tree line. While during winter the site will be covered in
snow and temperatures can be -40°C, in spring and summer the radiation of
the sun is high, and winds can reach speeds of 100 to 130 km/h. Most of the
year the soil is covered with snow; there is only a short growing season.
Northwest side is steep and rocky and the southeast side is hilly.
An open field near the skiing village Eyne. Elevation is 1750 m and an
exposition to the west.
A quiet village on the mountain. The path leading to a village laying at a lower
elevation, Blanes, was a site for data collection. Elevation between 1500 and
1550 m with different habitat sites, from tall grass to rocky, shallow grounds.
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Data collection Pyrenees
Data for this part of the study was collected in the Pyrenees, in June 2014. At six different sites in the Pyrenees
2
(table 1, figure 1), plots of 3.25 m were outlined and all plant species in the plot were collected. All sites are
situated at different elevations and have different environmental conditions. At each sample site 6 to 20 plots
were outlined to create a representative collection. The number of plots was based on the overall diversity on a
site.
All together 199 species were collected. From this number, 36 had to be removed from the experiment due to
lack of data. Based on the species from the plots, a phylogenetic tree was developed and an analysis on
phylogenetic diversity in the sample sites was performed.

Figure 1. Map showing the Eastern Pyrenees and the sample sites with identifying letter (A, B,
C, D, E, F) and colour.

Data collection GenBank
Gene and intron sequences were collected from GenBank [23]. Three markers, widely used for angiosperm
phylogenetics, where searched, namely rbcL, matK and trnL-F. The gene rbcL is highly conserved gene. It codes
for the large subunit of ribulose-1,5-biposphate carboxylase/oxygenase (also known as RuBisCO or RuBPCase)
and is 1428 base pairs long [24]. The gene matK codes for maturase, a protein that splices introns. This gene is
located in the intron of the transfer RNA gene, trnK, which codes for lysine. The length of the gene is
comparable to that of rbcL, approximately 1500 bp [25]. The third sequence used in this study is trnL-F, which
contains a non-coding chloroplast sequence, the trnL/trnF intergenic spacer [26]. Its length is approximately
860 bp [27]. This DNA fragment has a high rate of evolution and varies greatly between species [26].
Although the three genes are extensively used in genetic and phylogenetic studies, not all three genes were
available for all species on GenBank. In this case the missing data were added to the alignment. From the 199
species sampled, 36 were excluded because either no data was available on the database, or the data available
were unreliable.
Amborella trichopoda was used as outgroup. The sequences from GenBank were visualised in Mesquite and
multiple alignment was performed by MAFFT (mafft.cbrc.jp, [28]).
Molecular phylogenetics
To check the reliability of the data a Maximum Parsimony tree was created using PAUP 4.0a147 [29]. Three
trees were created, each based on one of the genes rbcL, matK or trnLF. If each tree followed the mapping of
the Angiosperm Phylogeny Group (APG) tree, the gene was justified and thus taken into the analysis [30]. Then,
the dataset was analysed with BEAST using dating information to derive a chronogram. The crown node of the
angiosperms was given a prior age of 217 mya (with a standard deviation of 35 million years and a lognormal
distribution), according to Smith et al. [31]. The CIPRes Science Gateway V.3.3 [32] was used for analysis in
BEAST [33]. Five runs were performed, all with 50 million generations, sampling each 8000 trees. Using Tracer
[34], the parameter Effective Sample Size (ESS) values were checked and the best run was chosen for analysis.
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The final step was to infer a consensus tree with TreeAnnotator [35] (burn-in value of 3%, Tracer showed that
this burn-in increased the ESS values).
This resulted in an ultrametric phylogeny, branch lengths thus representing time. Also a community data matrix
was built, which includes information on which species occur in which of the six sites. Using the branch lengths
from the ultrametric tree and the community matrix, the phylogenetic diversity (PD) was calculated. For
calculation of PD, R was used with the package ‘Picante’ for phylogenetic analysis [36].
For plotting the PD against the variable of height, to examine its explanatory value, I used a standardised
phylogenetic diversity. In this way species richness per site was uncorrelated with the PD of the sites.
Standardized effect size (S.E.S.) is calculated as follows:
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Standardized effect size of phylogenetic diversity is calculated by extraction of the PD of the null model from
the observed PD, divided by de standard deviation of the null model. Here, positive values indicate
phylogenetic overdispersion, negative values indicate phylogenetic clustering [37, 38].
Statistical analysis
Null models were obtained using R 3.3.1 [39], by simulating trees of which the tip labels were shuffled
randomly across the tree. I chose to randomise names of taxa in the phylogeny rather than randomising species
in the community to keep the species richness and branch length per site equal [38]. One thousand simulations
were run of which the standardised PD values were obtained. Onesided T-tests were performed, comparing the
observed PD values from the site with the PD values from the randomised null models.
For statistical analysis of the regression line of standardised PD and elevation of the sites, a one-sided T-test
was performed in R.
Phyllosphere sampling
For phyllosphere sampling distinction was made between sites A, B and D. Site E and F were treated as the
same area, because the areas are situated at the same elevation. Site C was left out for phyllosphere analysis.
Sampling days were 10-06 in La Franqui (B) at the salt lake, 11-06 at Le Barcarès (A) near the sea, 15-06 in
Andorra (D) at 2450 m height, 17-06 and 21-06 around Eyne and Cabanasse (E &F) at 1500-1700 m.
At each site, 24 samples of different species in one of the following families were taken: Apiaceae, Asteraceae,
Boraginaceae, Brassicaceae, Caryophyllaceae, Euphorbiaceae, Fabaceae, Gentianaceae, Geraniaceae,
Lamiaceae, Orobanchaceae, Plantaginaceae, Plumbaginaceae and Primulaceae. Not all families are represented
at each site.
Just before leaving for the field, 2 mL tubes were filled with 1.5 mL of PBS buffer (0.1 M potassium phosphate
buffer, extraction in essence according to Yang et al., 2001 [48]) and cooled in a refrigerator. In the field, leaves
were taken with forceps which was sterilized with 96% alcohol after each picking. Tubes were filled with leaf
material until the tube was full. Leaf material originated from more than one plant, in most cases, to overcome
the problem of coincidentally high abundance of one bacteria or fungi. As negative control for each site one
tube with just PBS buffer.
Within 2-5 hours, the tubes were placed in an ultrasonic bath (Branson 200) and sonicated for 3 minutes at 40
kHz. Leaves were removed from the tube and the remaining liquid, up to 1 mL, was transferred into a 1.5 mL
tube which was stored at a temperature of 4°C, until further processing in the laboratory of Nematology at the
Wageningen University in The Netherlands.
Phyllosphere analysis - Lysis
In the laboratory, the sonicated samples were analysed. The extraction protocol as described by Vingataramin
& Frost [40] was used to extract DNA from microbes found on the leaves. Before extraction of bacterial and
fungal DNA, the samples were spun down at 16000 x g. Supernatant was removed and the bacterial/fungal
pellet was suspended at 100 µL PBS buffer. 455 µL ethanol solution (240 mM NaOH, 2.7 mM EDTA, 74%
ethanol) was added to lysate the microbes and to spin down the DNA. The samples were heated at 80°C for 10
minutes and spun down at 16200 x g for 10 minutes. Supernatant was removed and the pellet was
resuspended in 100 µL autoclaved suspension solution (0.1 mM EDTA, 50mM Tris-HCl pH 8.0, 1% Triton-X-100,
0.5% Tween-20). Samples were stored at -20°C until further analysis.

4

Phyllosphere analysis – Real time PCR (qPCR)
After extraction, samples were analysed with quantitative polymerase chain reaction (qPCR). 96-wells plates
were filled with 3 µL of 50x diluted sample and 17 µL of master mix, which consisted of 1.5 µL (autoclaved) MQ,
10 µL IQ mix, 1 µL forward primer and 1 µL reverse primer. The primer sequences are shown in table 2. The
choice of primers was based on common found microbes in the phyllosphere according to literature [34-39].
Table 2. Overview of primer target and its forward (F) and reverse (R) sequences. Non published PCR
primers developed and optimized by Paula Harkes (WU, Nematology group)
Target

Primer sequence

All bacteria

F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R

Acidobacteria
Actinobacteria
Alfa-proteobacteria
Beta-proteobacteria
Gamma-proteobacteria
Bacteriodetes
Firmicutes
All fungi
Ascomycota
Basidiomycota

CCTACGGGAGGCAGxyz
ATTACCGCGGCTGCTGxyz
GATCCTGGCTCAGAxyz
ATTACCGCGGCTGCxyz
TACGGCCGCAAGGxyz
TCRTCCCCACCTTCCTxyz
CIAGTGTAGAGGTGAAxyz
CCCCGTCAATTCCTTTGAxyz
ACTCCTACGGGAGGCAGxyz
TCACTGCTACACxyz
CMATGCCGCGTGTGTxyz
ACTCCCCAGGCGGTCDACxyz
CRAACAGGATTAGATACxyz
CAAACAGGATTAGATACxyz
GCAGTAGGGAATCTTxyz
ATTACCGCGGCTGCxyz
TCCGTAGGTGAACCTGxyz
CGCTGCGTTCTTCAxyz
GGAAGTAAAAGTCGTAACAxyz
CGTTACTRRGGCAATCCCTGxyz
CAGGAGACTTGTACACGGTCxyz
TCGATGAAGAACGCAxyz

Parameters for relationship
between Ct value and [DNA]
(Ct = a∙log 10[DNA] + B)
a
B
-3.5
15.49
-3.49

16.68

-4.00

21.24

-3.24

16.68

-3.68

18.74

-3.44

17.07

-3.46

13.37

-3.42

14.06

-3.9

18.75

-3.26

19.3

-3.44

19.34

Using this method, not many signals came up in the qPCR. A substance in the samples, originating from the
plant material was inhibiting the qPCR signal. Therefore, after extraction, the lysate of all samples was purified
trough a column, with a multiwell filter plate block and a vacuum pump (Pall corporation). The method was
followed according to Ivanova et al. (2006)[41].
70 µL of undiluted lysate, together with 130 µL solution 5 M GuHCl, 30 mM Tris, 9% isopropanol, was added
into each well in the plate. The fluid was pulled through by turning on the vacuum pump. After that the filter
was washed with 500 µL an ethanol solution (10 mM Tris, 100 mM NaCl and 50% ethanol). The vacuum pump
made the solution flow through and after free all fluid was removed from the glass fibre column, 100 µL Tris
solution (10mM Tris) was added to each well to release the DNA from the filter.
When also this method turned out to not improve the results, a last experiment was performed, from scratch,
to evaluate the method used. Seven Eppendorf tubes were filled with 1.5 mL PBS buffer. In six of the seven
tubes, five leaf discs, all from the same precious tomato plant were collected. The tomato was grown under
greenhouse conditions. One of the tubes remained empty and served as negative control. One tube was filled
with autoclaved H2O. All tubes were sonicated for 3 minutes in the same ultrasonic bath as before and then
leaf material was removed. The same lysis method as described above was used, except for the purification. In
three of the six samples, an excess (250 ng) of independent, internal control DNA was added. This was done to
see if less DNA was lost with purification, when an excess was added. Then purification was applied to all
samples and blanks. qPCR was performed with all eleven primer mentioned in table 2.
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Results
Phylogenetic analysis
The ultrametric phylogeny with time scale is shown in figure 4. Comparing with the APG tree, this tree follows
the APG topology. Also, according to various dating studies, this tree follows the evolutionary history pretty
well. The crown node of the Gentianales (represented by Rubiaceae and Gentianaceae in my tree) has been
dated to 61 to 75 million years old [42]. In my phylogeny it is dated at 71 mya. Ranunculales in my phylogeny is
dated at 115 mya, and recent research hypotheses the node at 114.8 mya [43]. The ages of other nodes, like
those of Poales, Ericales, Caryophyllales, Fabales, Lamiales and Asterales are also in line with recent research
[43-47].
The colours behind the taxa in the phylogeny indicate the sites. The dots on the nodes represent level of
support with a gradient from white to black. White being low support (posterior probability of <0.1) and black
being high support (posterior probability of >0.9). As can be seen from the number of black nodes, the tree is
well supported.
With H0: the phylogenetic diversity in each community is not higher or lower than expected by chance, the
analysis shows that site A (Le Barcarès) and site B (La Franqui) do have a lower PD value than expected, with pvalues 0.021 and 0.016 respectively.
2
Plotting all standardised PD values against elevation (figure 2), results in a regression line with an adjusted R value of 0.82 and a p-value for this correlation of 0.008. This results in the H0 hypothesis, of the regression line
having a slope of 0, can be rejected. In other words, there is a correlation between the phylogenetic diversity
and elevation of the samples species. At lower sites communities tend to be more clustered and at higher
elevations, communities tend to be overdispersed.

Standardised Phylogenetic Diversity

1.5
1

Site A

Overdispersion

0.5

Site B
Site C

0
-0.5

0

500

1000

1500

2000

2500
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Site E

-1

Site F

-1.5

Clustering

-2
-2.5

3000

Elevation (m)

Figure 2. Standardised PD plotted against elevation of the sites. Sites are coloured according to table 1. The
black line is a regression line with R 2 adjusted = 0.82 and p-value = 0.008. Values around zero indicate random
structure, positive values indicate overdispersion and negative values indicate clustering.

Phyllosphere microbes
Most of the qPCR experimental results were incomparable. Same samples often did not lead to the same
results when qPCR was performed twice or more. An example of such a qPCR output is given in table 3. The
table shows raw qPCR results for the same samples A1, A2, A3, A4, A5 and A7. x200 means that the sample was
diluted 200 times after lysis, just before qPCR. x500 was diluted 500 times and Pure was purified with the
column. ‘Pure’ is supposed to give the lowest Ct value, because it is least diluted. Then comes the value of
‘x200’ and ‘x500’ should give the highest Ct value. The fungi primers fit this pattern, but the bacterial primers
don’t. ‘x500’ tends to find less values to start with than ‘x200’. Primers in A5 do not result in any signal, which
could point at a component in this sample causing inhibition of the qPCR. Also, most of the primers showed Ct
values above 30. Given that this Ct value is a log number, high Ct values deviate much more if converted to
amounts of DNA. Therefore, values above 30 Ct are very unreliable and cannot be used for analysis. Moreover,
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the most important conclusion from this table is that the Ct values from the negative control appear to have
very similar or lower Ct values than most of the samples. That means that the negative control in this case
contains more bacterial or fungal DNA than the sample does.
The results from the experiment with the tomato are shown in figure 3. The blank measurements, PBS and H2O
contain as much bacterial DNA or sometimes even more bacterial DNA than the sample, while obviously less
DNA is expected to be found in the negative controls. Samples S1-S3 are replicates, as well as S4-S6, their
values are indicated with the error bar. Although samples 4-6 do show signal with almost all of the primers, the
expected kingdoms are still not found. ‘All fungi’ seems to be more abundant in the samples, but no other
kingdom is found at all in the samples, which leaves the origination of the signal from the primer for ‘all fungi’
unfound.

1.4

ng DNA per PCR well

1.2
1
0.8
0.6
0.4
0.2

S1-S3
S4-S6
PBS
H2O

0

Figure 3. Bars represent the amount of DNA per well in the qPCR machine. The primers are on the x-axis. Colours of
the bars represent different samples or treatments: orange = tomato leaf sample without excess of independent
DNA, brown = tomato leaf sample with an excess of independent DNA to maintain DNA amounts after purification,
light blue = buffer sample without tomato leaf, dark blue = H2O. Error bars represent standard error. Orange and
brown represent both three replicates, blue samples are both one measurement.

7

240

220

200

180

160

140

120

100

80

60

40

20

0

mya

Figure 4. Ultrametric tree of a selection of species in the Pyrenees. Scale is time in millions of years, node support is represented by the gradient colour in
the dots on the nodes. Black being high support and white low support. Coloured squares behind the taxa labels represent in which of the six sites the
taxon is sampled with red = site A, Le Barcarès, brown = site B, La Franqui, blue = site C, Peyrepetuse, yellow = site D, Andorra, green = site E, Eyne, purple =
site F, Saint-Pierre-dels-Focats.
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Table 3. Raw results from qPCR. Scores are Ct values. If no Ct value was found it is presented as N/A. Sample codes are mentioned in the top line. Samples A come from plants from Le Barcares. The first column shows the
primer target. x200 and x500 are 200 and 500 times dilutions respectively, performed after lysis and before addition to the qPCR wells. The columns under ‘Pure’ represent the Ct values found with undiluted, column purified
samples.PBS and H2O are also purified.

A1
ALL BACTERIA
ALFA-PROTEOBACTERIA
BETA-PROTEOBACTERIA
BACTEROIDETES
FIRMICUTES
ALL FUNGI
ASCOMYCOTA
BASIDIOMYCOTA

A2

A3

A4

A5

x200

x500

Pure

x200

x500

Pure

x200

x500

Pure

x200

x500

Pure

x200

18.2
39.13
36.55
34.13
30.61
28.15
30.37
36.73

20.73
N/A
N/A
N/A
39.61
29.15
N/A
N/A

19.87
N/A
36.53
33.14
31.54
25.07
27.45
34.13

20.2
N/A
N/A
38.91
27.31
25.71
28.44
39.95

22.54
N/A
N/A
N/A
32.86
27.16
33.14
N/A

20.43
N/A
37.69
35.15
25.3
23.01
26.18
N/A

17.72
N/A
36.77
34.61
31.88
24.92
31.47
38.33

19.35
36.03
N/A
N/A
31.84
26.22
34.36
N/A

18.46
N/A
33.66
32.89
31.75
25.8
28.99
37.66

17.98
N/A
36.6
35.82
30.85
25.57
32.11
36.32

19.47
34.05
N/A
N/A
31.98
26.85
35.85
N/A

19.34
38.22
34.67
38.13
31.73
22.97
29.34
33.53

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

x500

A7

PBS

H2O

Pure

x200

x500

Pure

Pure

Pure

25.1
N/A
N/A
N/A
N/A
N/A
N/A
N/A

22.84
N/A
37.24
35.51
31
31.86
35.59
38

24.05
N/A
N/A
N/A
33.16
32.71
N/A
N/A

24.13
36.59
35.57
37.5
31.67
29.66
33.35
35.63

25.31
N/A
36.28
N/A
32.25
N/A
N/A
34.87

24.75
37.91
37.94
N/A
32.54
N/A
35.8
35.34
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Discussion
The experiments with microbes from the phyllosphere turned out to be unusable. Signals from the qPCR had
very high Ct values in most of the cases and often the signal from the negative control showed higher amounts
of bacterial and fungal DNA. Also, the results obtained were not in line with other literature on microbial
abundance in the phyllosphere. According to many studies [48-51] Alpha-proteobacteria is by far the dominant
bacterial kingdom on leaves. My results did only in a few cases show at all presence of Alpha-proteobacteria.
Also Acidobacteria and Actinobacteria are always present in the phyllosphere [48, 49], but barely show a signal
in my experiments. The same goes for the fungi. Ascomycota is by far the most abundant fungal leaf epiphyte
[52, 53], followed by Basidiomycota and then Chytridiomycota. My results show very high, or no Ct values at all
for these primers.
The experiment with the tomato leaf material from greenhouse-grown plants showed that most likely, what I
had been measuring was contamination from bacteria present in the laboratory, following form the result that
the negative control measurements showed similar or even higher content of bacterial DNA. Moreover,
replicates should show similar result, because they are exactly the same samples, but error bars indicate that
these replicates show spread amounts of DNA. Although the fungal primers showed a higher content DNA in
the samples from the tomato, this signal was apparently not caused by the expected presence of Ascomycota
or Basidiomycota, because no signal showed up there.
There are various aspects that could have led to these results. I will mention all possibilities and also give a
possible solution to the problem, so that in the future experiments can be done with these possibilities in mind.
First of all, bacteria and fungi are present in very low abundances on the leaves of plants. A study of Lindow &
Brandl [20] states that one gram of leaf contains up to 108 bacterial cells. If each bacterial cell contains roughly
2.5 fg of DNA [54], a gram of leaf would contain 2.5 ng DNA. With all steps I performed for extraction of DNA, a
big part of that DNA is lost (approximately 80% in my experiment), which would result in a signal from qPCR
that is very low and thus unreliable[55]. I worked with approximately 2 g of leaf material, which, together with
contamination from the lab, could explain the random results and low signals in the qPCR. A simple way to
overcome this problem, is to substantially increase the amount leaf material that is started with. In this way a
much higher signal can be obtained in a real time PCR which is more likely to be higher than the signal of the
negative control.
Thereby, it was impossible to work absolutely sterile. At the sampling site, in the Pyrenees, there was simply no
facilities to work sterile, apart from washing everything with alcohol. Also in the lab, it is not possible to work
sterile. Making use of the flow cabinets is only likely to contaminate the material because DNA flows around. In
fact, in a desk at the laboratory there is less wind, so less contamination. Used materials (pipet points,
Eppendorf tubes, etc.) are all autoclaved, but only once. Doing the experiment in more sterile conditions,
would lower the amount of DNA found in the negative controls. But working one hundred percent sterile
would take up a lot of time. In other words, it is much more practical in terms of time and effort, to increase
the amount of DNA of the samples, than to decrease the amount of DNA in the negative control.
For discarding the bacteria and fungi from the leaves, an ultrasonic bath was used in which the tubes with leaf
material were washed for three minutes. Most of the studies that use the same method use a washing time of
at least 7 minutes [56-59] whereas in my experiment leaves were sonicated for only three minutes. Although
Finkel et al. [60] only uses a sonication time of 2 minutes, the 3 minutes that I worked with might have
influenced the amount of bacteria and fungi actually being discard from the leaves. A recommendation for the
future is to test several different times of sonication and find the optimal sonication time.
Although the method I use to disconnect bacteria and fungi from the leave is widely used [56-59], there are a
few other methods, of which one in specific is very promising. The first, which is more commonly used,
disconnects the bacteria and fungi by adding a lysis buffer and with swirling and pushing the leaves against the
walls of a flask by hand, bacteria and fungi are released from the leaf surface [61, 62]. This is one possibility to
try and get better results. A second possibility is to pulverize the whole leaf mechanically [63] and spinning off
leaf debris. In this way bacteria and fungi on the whole leaf are with 100% certainty taken into the experiment.
The downside of this method is that the plant components that remain in the solution can influence extraction
and qPCR reaction. Purifying is an option, but then still a significant amount of DNA is lost with purification
through a filter. A method that not shatters the leaf completely but only damages it slightly is the Direct-DIP
method [64, 65]. This method uses a component, benzyl chloride, which damages leaf tissues, but at the same
time extracts DNA from bacteria as well as fungi. Suda et al. (2008) claims to find 50 ng DNA per gram of leaf

with this method. Using sonication to disconnect microbes, it is unsure if, and how many of the leaf abundant
bacteria and fungi are actually disconnected from the leave. This problem is overcome by using the Direct-DIP
method. In my opinion this is a promising alternative for the above methods, and definitely worth a try in
future research.
The results from the phylogenetic experiment show that sites A and B, which can be called ‘extreme
environments’ (see introduction), have a significantly lower phylogenetic diversity value than can be expected
by chance for that site. The internal branches of these two communities are thus relatively short, which points
at phylogenetic clustering.
However, such conclusions are apparently very much dependent on spatial scale: according to various studies,
small scales lead to results with phylogenetic overdispersion, greater scales lead to conclusions of phylogenetic
clustering [37, 66-68]. These studies show that detecting phylogenetic overdispersion or clustering is strongly
dependent on spatial scale. In other words, when regarding a species pool of only closely related species (for
instance, only species from one family) in a community, the species assembly will tend to be phylogenetically
overdispersed. The more distantly related species (from different families and orders) observed on the site are
included in the analysis, the more communities will show phylogenetic clustering. Also the size of the species
pool is of effect in detection of phylogenetic structure. If the total amount of species taken into the analysis is
relatively small compared to the total species richness in the sample site, clustering will be detected [16, 68].
Knowing that I only selected a sample from the total pool of species observed per site, the above described
trend might explain the observed clustering in my data. Regardless of the significance of sites A and B showing
significance, it is important to keep above described effect in mind.
A second conclusion that can be drawn is the existence of a correlation between standardized phylogenetic
diversity and elevation. This means that angiosperms in low-altitude environments in the Pyrenees, tend
towards phylogenetic clustering (as observed in sites A, Le Barcarès and B, La Franqui with hight 0 m), while at
higher altitudes, angiosperms tend to be phylogenetically overdispersed. This is the same result as Bryant et al.
(2008) found when examining angiosperm communities at the Rocky Mountain Biological Laboratory in
Colorado at elevations from 2460 to 3380m. Apparently, higher numbers of distantly related species were able
to disperse into the mountains. This could be explained by ancient glaciers, forcing plants to ‘climb’ higher into
the mountains. Spieces from diverse families were able to adapt to the new conditions and survived.
In the analysis of correlation, it is striking that the PD-value of site D, Andorra is very high. This could be the
result of Botrichium lunaria being included in this community. The correlation between elevation and
phylogenetic structure was therefore analysed again, this time excluding Botrychium lunaria. After removal of
this species from the community matrix, the correlation between phylogenetic structure and elevation was still
2
positive and significant (with R = 0.7 and p-value = 0.024). In other words: even when excluding the most
distantly related taxon from the species pool the order of phylogenetic diversity is still high in site D, and the
correlation between phylogenetic structure along elevation remains significant.
With both conclusions drawn above, there are several drawbacks in methods and tools that need to be kept in
mind. First of all, the choice of null-model is of essential importance for the results in a PD analysis: different
null-models lead to different conclusions. In fact, there are two optional null-models. The first type randomizes
the community matrix only. Although it does not change anything in the phylogeny, using this null-model may
randomize the pattern of interest together with the community matrix.Because species richness varies in the
sites I sampled, this is not a desirable option. Moreover, this null-model is not advised for the type of analysis in
this study [38]. Therefore, I used the alternative approach, where the phylogeny is randomised. More
specifically, the taxon names were randomised across the tree. The model calculates the PD without altering
the actual branch lengths and their distribution. In this way, species richness per community remains unaltered
[38].
Another drawback of the data is the quality of the output parameters from BEAST with Tracer v1.5 [34]. Seven
out of 55 parameters had an Effective Sample Size (ESS) value of less than 200. To develop a tree of high
quality, all of these values should be at least 200. Low values contain many correlated samples and therefore
have a worse represented posterior distribution. However, none of those were lower than 180. Ideally, all
these values are 200 or higher, but a tree with taxa with this much differences in evolutionary history, it is not
an easy task to find the best fitting tree. The slightly insufficient ESS values are therefore not considered
disturbing for this analysis.
From the five runs with each 50 million generations, sampling every 8000 generations, the run out of which
figure 4 is built, with the above described ESS values, was by far the best run. Strikingly, some other runs
showed parameters jumping from one value to the other, meaning that it changed search fields in the total
Bayesian field. This was also the reason that none of the five runs were able to be combined with each other.
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The values of the parameters were not in line. Searching for the cause of this behaviour in the BEAST runs, I
looked at the alignment. Scanning the alignment, it seems as if the trnLF sequences were hard to align which
caused a random appearance of the alignment. The trnLF gene is therefore probably a significant cause for the
BEAST run being this jumpy. It might thus be an improvement to align this gene, with a high substitution rate,
separately from the other two (conserved) genes. Doing this may result in the BEAST run finding better
sampled parameters with higher ESS values. But obviously, in this way you would also sacrifice the positive
effect the trnLF gene has on the alignment and the ultimate tree.
Unfortunately, I have not been able to link phyllosphere microbial distribution to angiosperm phylogenetic
diversity, because of the lack of data from the phyllosphere experiment.
Taking all of the above in mind, it seems as if a correlation exists between phylogenetic diversity in
angiosperms and elevation, in the Pyrenees. Though I would recommend to take genes of which the alignment
is more identical and to take a larger species pool into the analysis.
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