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Abstract

Endophytes are mutualistic fungi living in green tissue of all plants examined so far.
Some of these fungi can produce compounds that are beneficial to the host plant, and it is
also known that some pathogenic fungi live parts of their lives as endophytes. Endophytic
interactions have been well characterized in various grasses, but much is unknown about
their interactions with trees. One reason for this is that the fungal biodiversity is much
larger among endophytes in trees than in grasses, another is that screening for endophytes
takes a lot of work. The goal of this thesis work was to develop a polymerase chain
reaction (PCR) based method that is simple, fast and reliable for detection of endophytes
in aspens. Eleven primer pairs were designed, each pair specific for one fungus. After
optimization and evaluation four of the primer pairs were found to be both specific and
sensitive, and could detect fungus in DNA preparations from leaf samples.
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Introduction

Fungal endophytes are organisms living in a plant for at least a part of its life, without
causing any apparent disease (16). The exact definition of endophytes is somewhat
vague, and it has been subject to some discussion. The definition used above is very wide
and includes fungi that are pathogenic but lives a part of their lives without causing
symptoms. In fact, endophytes can be said to represent a continuum of interactions from
antagonistic to mutualistic (16). The traditional view is that the interaction is mutualistic,
the fungi get nutrients and protection from the host and provide various competition
advantages to the host (2), but most of the evidence for this comes from research on
grasses. Endophytes have been found in near all species examined to date (5), but most of
these host-parasite relationships are not well characterized. The existence of endophytic
fungi in cool-season grasses has long been known, and so has the fact that some
beneficial characteristics are conferred to the grass by the fungi. Positive effects are often
related to production of varying alkaloids (26, 27), resulting in resistance to herbivores
(3, 5, 6), reduced grazing from animals (13) and drought resistance (24). However, as
stated above, these positive effects have mostly been observed in grasses, as they are the
main area of interest for endophyte related research. One reason for the big influence of
the fungi on the grass is likely to be caused by the systemic mode of infection of some
grass-associated endophytes, which is not as common in other species (such as trees). It
has been suggested that acquiring endophytes that confer resistance to herbivores could
be a way for long-lived trees to keep up with the higher evolutionary pace (due to shorter
generation time) of the herbivores (2). This could then be an explanation to the non-
systemic, local mode of infection of known tree endophytes, and it has been found that
diverse, horizontally transmitted endophytes indeed can confer such benefits to a tropical
tree (5).
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Mode of infection
The endophytes of the Neotyphodium species infect tall fescue and other cool-season
grasses such as ryegrass. They are vertically transmitted from the parent to the offspring
via the seeds trough hyphal infection of seed embryo and aleurone layer (11, 13). This
mode of infection is referred to as systemic, and is common in many cool-season grasses
(13). The fungi are present in all green parts of the plant, but not necessarily in the same
abundance levels (11). It also appears as if the fungal biodiversity is quite limited in
grasses, only one or a few fungi infect one plant at the time (3, 22, 23).
In woody species the situation is different, endophytes infect in a more localized, non-
systemic fashion. That means that the fungi infect “leaf-by-leaf”, via air and water-borne
spores (3, 16). There is also a much more diverse collection of fungi that inhibit leaves
and stems of trees than in grasses, close to fifty different species have been isolated (9). It
should be noted that the possibility of systemic endophytes in trees are not ruled out.

Endophytes in Populus
There are only a few studies done on endophytes in Populus species (see 6, 8, 9), all
focusing on isolating and classifying fungi to create an inventory of species. Little is
known about the actual effects on the chemistry and biology of the tree that the infections
cause. One of the reasons for this is that there are difficulties related to quantifying the
non-systemic, multiple infections. In grasses the effect of fungal presence is greater, since
the infection reaches all parts of the plant and can be caused by one single species. There
is need for a detection method that is fast and has the ability to differentiate between
fungi.

The PCR detection method
There are various methods for detection of endophytes in plant samples (10). However,
many of these are time-consuming and/or costly (11). The use of PCR as a way to detect
presence of endophytes has the capability of being both fast and accurate, and has proven
to be successful in a number of plant species (10, 11, 17). A simplified version of the
method can be described as follows: 1, create primers that are specific for a certain kind
of endophyte, 2, perform DNA preparation on plant tissue of choice, 3, run a PCR
reaction on the DNA preparation with the endophyte-specific primers and 4, separate
PCR products on a gel and look for amplification of your fungi. This method has been
used in grasses such as tall fescue (10, 11), ryegrass species (11) and Brachiaria (17). It
has also been used in chestnut (18). The author knows no reports of this method being
used in aspen.

Downsides/problems
As noted by Dombrowski et al. the PCR detection method can’t distinguish between live
and dead endophytes. Another problem that arises especially in trees is that the
biodiversity is considerable amongst endophytes that inhabit woody species. This work is
based on a previous isolation of endophytic fungi from aspen. There are also other reports
of similar experiments resulting in isolation of 48 fungal species (9). This raises questions
about the specificity of the primers used. In grasses, where the number of endophytes is
limited, this is not such a big problem, but in a leaf sample from an aspen there could be
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many different endophytes, and as the PCR method doesn’t discriminate between viable
and dead endophytes, there is a risk of detecting traces from old infections.
The issue of the mode of infection is also troublesome. As mentioned, woody plants
usually have more localized infections than those found in grasses (16). This causes
problems when sampling leaf material for DNA extraction. One endophyte free leaf
doesn’t mean that the tree is not infected, just as one infected leaf doesn’t mean that the
whole tree is infected. However, it cannot be ruled out that there could be truly systemic
endophytes in trees as well as in grasses.

Results

Designing primers based in ITS-sequences
A collection of endophytes had previously been isolated from leaves of aspen. The fungi
were screened based on colony morphology, so that fungi were isolated based on
appearance on the agar plate. A total of more than 50 different looking fungal clones
were isolated and the 18S-ITS regions sequenced. The internal transcribed spacer (ITS)
sequence is a highly variable stretch of DNA positioned in an otherwise conserved region
coding for ribosomal subunits, making it suitable for identification of different species.
A BLAST search was performed to sort and name the fungi. Many of the sequences
produced several equally fitting hits. In those cases names were chosen based on the
name with most information available. Several of the sequences turned out to be
duplicates, indicating either closely related fungi or double isolations of one fungus. A
total of thirty-one different sequences were left after duplicates were sorted out.

Figure 1. Neighbour-Joining of ITS sequences.
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From the sequences a phylogenetic tree was created (see figure 1), and eleven fungi were
chosen for further studies so that they covered roughly all groups in the tree. The
sequences chosen were numbers 1, 2, 3, 6, 8, 9, 11, 15, 17, 20 and 26. Primers were
created for these eleven fungi, based on the ITS sequence (see Table 1).

A control with the software NetPrimer showed that none of the primers formed hairpins
or contained palindromes. However, many primers and primer pairs formed dimers, but
none longer than five base pairs.

A search for possible binding sites in the Populus trichocarpa DNA sequence for the
primers was done. The search found binding sites that matched some primers up to 14
base pairs (primers 26R, 3R, 2R) and one match of 15bp (primer 26R). The search
confirms that there is a certain risk of unspecific binding to the poplar DNA.

Table 1. Primer data, as specified by manufacturer

Primer Nucleotide sequence Name of endophyte G/C content (%) Melting temp. (C) Length (bp) Size of amp.
1 L GAACCTCCAACCCTCTGTTG Scleroconodioma sphagnicola (1) 55 56.01 20 472
1 R TTACGGCTATGGGGTCAAAC 50 55.59 20
2 L AGCTTGCTACTGTTAGGGGG Ascomycete sp. MA 4671 (2) 55 56.01 20 465
2 R TACAGGCATGACTCGCAAAA 45 55.19 20
3 L GAAAGGGTAGACCTCCCACC Botryotinia fuckeliana isolate Bot. 1283 (3) 60 56.42 20 392
3 R GAAGCACACCGAGAACCTGT 55 56.01 20
6 L AAGAGTAAGGGTGCTCAGCG Aureobasidium pullulans (6) 55 56.01 20 477
6 R TTTCAGTCGGCAGAGTTCCT 50 55.59 20
8 L CTTCGGCCCCATTGAGATAG Uncultured fungus isolate SM8A2 (8) 55 56.01 20 412
8 R GAAGGGGGTCTGCTGAAATC 55 56.01 20
9 L CCTCTGGGTCCAACCTCC Penicillium corylophilum (9) 66.66 53.42 18 443
9 R CTACAAGAGCGGGTGACAAA 50 55.59 20
11 L CTAGGCTCTCCAACCCATTG Acremonium strictum (11) 55 56.01 20 430
11 R AGGTGTGCTACTACGCAGGG 60 56.42 20
15 L TGCAAAACTCCAACAAACCA Sordaria Lappae (15) 40 54.78 20 453
15 R GCACGACCATAGCGATGTAGA 52.38 58.01 21
17 L TGAAATGCAAGGACGCTCTT Rhodotorula lamellibrachiae (17) 45 55.19 20 455
17 R GTGACGTCCTCAGCGAAATA 50 55.59 20
20 L GATCGTAACCCGTGCTTACCT Cadophora malorum (20) 52.38 58.01 21 404
20 R GGGTCAGACGCGAGGAGTAT 60 56.42 20
26 L AACCACCGGGATGTTCATAA Cladosporium tenuissimum (26) 45 55.19 20 398
26 R GCGAATAGTTTCCACAACGC 50 55.59 20
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DNA preparations
DNA was extracted from leaves sampled in early fall 2005 (see Material and Methods for
further details). The DNA was used as raw material to look for endophyte DNA. Two
elutions were done on each sample, the DNA concentration in the two elutes were
measured separately with the nanodrop, and then pooled. The concentration of the pool
was approximated as (C1 + C2) / 2. Results are shown in table 2. Pure DNA from
endophytes was obtained from Jan Karlsson (UPSC).

Pool concentrations:
Clone: Concentration (ng/µl):
5 10
18 32,2
23 45,6
36 21,2
47 8,83
51 10,4
64 25,1
72 20,5
88 30,7
100 18,8
110 13,8
115 15,8
T89 45,8
Table 2. DNA preparation concentrations

Primers and matching fungal DNA
All eleven primers were tested on the corresponding fungal DNA preparation as a
positive control. Eight of the eleven primer pair produced one clear band of
approximately the expected size on the gel. This indicates that these eight primer pairs
manage to amplify the part of the fungal DNA it is supposed to. The three primers pairs
that didn’t manage to do this were pairs 3, 11 and 15. These three were therefore omitted
from some of the later experiments.

Annealing temperature optimization
To avoid unspecific binding to aspen DNA, temperature gradients was used to find a
temperature where as few unspecific bands as possible was left. One gradient was run on
the aspen DNA preparations, and one was run with fungal DNA. The annealing
temperatures ranged from 50°C to 57°C for the plant DNA experiment, and from 50°C to
60°C for the fungal DNA.
For aspen DNA the primers all had unspecific binding sites at 50°C, producing several
bands of varying size. However, as the annealing temperature approached 57°C, these
bands faded. Primers 2 and 8 were the only ones witch still produced unspecific bands at
57°C, and the bands were considerably weaker than at the lower temperatures.
With fungal DNA the primers produced bands of good clarity up to 56°C, but for
temperatures higher than that primer 6, 8 and 9 lost band intensity. However, they still
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Primer 1 Primer 2

Primer 6 Primer 8

Primer 9 Primer 17

Primer 20 Primer 26

produced visible bands up to 60°C. All the other primers produced strong bands up to
60°C. Primers 9 and 20 produced double bands of similar size, which became more
distinguished at temperatures above 56°C. Primer 2 produced ghost-bands of
approximately 250bp and 900bp at temperatures up to 56°C. It also appears as if the
bands change size slightly with different temperatures. This may be a gel-effect.

Figure 2. Primers and fungal DNA, annealing temp. gradient. Temperatures are, from left to right, 50,3°C,
50,9°C, 51,7°C, 52,8°C, 54,3°C, 56°C, 57,7°C, 58,5°C, 59,3°C, 59,8°C and 60°C.

Specificity test of primers
To test if the primers were specific for one fungus or could detect more than one, a
specificity test was set up. Each primer was tested on eight fungi.
The inclusion of the matching fungus for each primer worked as a positive control. Five
of the primers only amplified the correct fungus; those were primer pairs 6, 8, 17 and 20.
Primer pair 1 amplified the right fungus, but amplified fungus 9 strongly as well. It also
amplified fungus 8, but not very strong. Primer pair 9 amplified the right fungus very
clear, but also worked with fungus 15. Additionally, it amplified a band of circa 200bp in
fungus 17. Primer 26 worked perfect with the right fungus, but also amplified fungus 6
weakly. Primer 2 had a weak product with fungus 6 (see figure 3).

The primer pairs 3, 11 and 15 had previously failed to detect the correct fungi, and
therefore fungi 3, 11 and 15 were omitted from the experiment. Primer 3 bound to three
fungi, primer 11 bound to six fungi, and primer 15 bound to nothing. As noted earlier,
these primer pairs were omitted from further experiments.
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Figure 3. Specificity test. The fungal DNA is, from left to right, from species 1, 2, 6, 8, 9, 17, 20 and 26

Detection of small amounts of fungal DNA
As endophytes are believed to be present in small amounts in leaves, it is important that
the primers can discriminate between plant and fungal DNA, even if the aspen DNA is
much more abundant. To test if the primers was capable of this, mixes of plant and fungal
DNA was prepared, were the concentration of plant DNA was much higher.
The calculations for the mixes were done based on an average concentration of the fungal
DNA preparations of 1,2ng/µl as measured with the Nanodrop. All the primers could
detect the fungal DNA at the lowest concentration (see fig. 4), even if the bands produced
by primers 1, 8 and 20 were quite weak. The inclusion of the 0% mix showed that the
primers seemed to prefer fungal DNA if present. In absence of fungal DNA primer 2

Primer 1
  1   2   6  8   9 17 20 26

Primer 2
   1   2  6    8  9  17 20 26

Primer 3
 1   2   6   8  9  17  20 26

Primer 6
 1   2   6   8   9 17 20 26

Primer 8
  1  2   6   8   9  17 20 26

Primer 9
  1  2   6   8   9 17 20 26

Primer 11
  1    2   6   8   9  17 20 26

Primer 15
  1  2   6   8   9 17 20 26

Primer 17
  1  2   6   8   9  17 20 26

Primer 20
  1  2   6   8   9 17 20 26

Primer 26
  1  2    6   8   9  17 20 26
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produced unspecific bands with the plant template, but with the addition of 0,15% fungal
DNA the bands disappear and are replaced by one clear band of the right size. A similar
pattern can be seen for primers 1 and 8, but not as pronounced. The
 primer that worked the best was primer 26, but it also produced an extra band of ca.
600bp at the two lowest fungal DNA concentrations (0,15% and 0,6%). This band was
not visible in the 0% mix, suggesting that it could be a product of unspecific binding to
the fungal DNA.

Figure 4. Mixes of plant and fungal DNA. Percentage of fungal DNA, from left to right, 0,15%, 0,6%,
1,5%, 3%, 6% and 0%.

Band sizes
The size of the bands on the gels can be calculated with computer software, which uses
the known sizes of the DNA base-pair ladder to estimate other fragment lengths.
The analysis done with Gel-Pro analyzer 3.1 give the sizes of the bands produced related
to the ladder. The reliability of these calculations can be questioned due to effects of the

Primer 1
0,15 0,6 1,5   3     6     0

Primer 2
0,15 0,6 1,5    3     6    0

Primer 6
0,15 0,6 1,5    3     6     0

Primer 8
0,15 0,6 1,5   3     6     0

Primer 9
0,15 0,6 1,5    3     6     0

Primer 17
0,15 0,6 1,5    3     6     0

Primer 20
 0,15  0,6   1,5     3      6     0

Primer 26
 0,15  0,6   1,5     3      6     0
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gel, the longer away from the standard, the larger the error. However, the wells closest to
the ladder/standard should produce good estimates of the band sizes. Below is a list with
band sizes, as calculated by Gel-Pro analyzer 3.1 from the gels with DNA mixes (see
figure 4).

Primer average band size Size of band closest to standard Exp. band size
1. 470 467 472
2. 491 - 465
6. 512 507 477
8. 424 413 412
9. 475 - 443
17. 461 440 455
20. 414 411 404
26. 418 400 398
Table 3. Band sizes as calculated with Gel-Pro analyzer 3.1

The products from primers 2 and 9 were loaded far from the ladder and therefore they are
not included in the last column.
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Detecting fungi in leaf DNA preparations
Finally the primers were tested on the aspen DNA preparations to see if any endophytes
could be detected.
The result from the PCR reaction with the annealing temperature 57°C is sometimes
ambiguous, as some unspecific binding still occurs. However, it is possible to find and
identify unspecific binding, as bands that appear in most or in all DNA preps are likely to
be results of binding to the aspen DNA. See primer 6 for a possible example.

Figure 5. Detecting fungi in DNA from leaves. Numbers indicate clone. (For remaining Primers, see
appendix)

As for detection of fungi, several good primers exist. Primer 26 produces one band with
an estimated size of 391bp plus one band of 600bp with DNA from clone 110. The
banding pattern looks like the pattern produced by the 0,15% mix experiment. Another
good candidate is primer 2 with clone 64, where a strong band of an approximated size of

Primer 1
5  18  23 36  47  51 64 T89 88 100 110 115

Primer 2
 5  18  23 36  47  51

Primer 2
64 T89   88 100 110 115

Primer 6
 5  18 23 36  47  51 64 T89  88  100 110 115

Primer 26
 5   18    23    36    47   51    64   T89  88  100  110  115
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431bp is produced. Similar bands can be seen with clones 100 and 115 as well. There are
more possible candidates, but there are many unspecific bands and the bands around
400bp are in some cases very weak.

Discussion

The goal of this work was to evaluate the possibility to create an easy-to-use PCR based
detection system for endophytic fungi in aspen. There are many aspects that need to be
considered in order to get such a system working, and ten weeks is not enough time to
properly address all these issues. However, the discussion will start with the aspects that
have been evaluated.

Primer Positive control Specific Sensitivity Detection in leaves
1 Yes No 0.6 No
2 Yes Yes 0.15 Yes
3 No No Not known No
6 Yes Yes 0.15 Yes
8 Yes Yes 0.6 No
9 Yes No 0.15 No
11 No No Not known No
15 No No Not known No
17 Yes Yes 0.15 No
20 Yes Yes 0.6 No
26 Yes No 0.15 Yes
Table 4. Summary table of experiments. Sensitivity numbers refer to weakest detectable percentage of
fungal DNA in plant DNA.

Specificity of primers
The vast number of endophytes in aspen leaves complicate the choice of primers since
there is always a risk of unspecific binding to other fungi than the designated one. The
matching of the primers against other fungi showed that some primers amplified more
than one fungus. Only eight different fungi were tested against, and it cannot be ruled out
that the primer pairs could also amplify fungi not included in the experiment. As
mentioned earlier the BLAST search using the entire ITS sequence sometimes resulted in
several hits with a perfect match. The BLAST search with the primers also showed that
the primers matched more than one fungus, and the search against the Populus
trichocarpa genome found additional binding sites. Many binding sites does not mean
that bands will appear, and it also does not mean that there will be false positives. For this
the unspecific binding sites must produce a band with the same size as the expected
fungal fragment. There is also the possibility to compare with a positive control. Another
way to get around this problem could be to design primers for a group of related fungi
instead of a single species. Primers could be chosen either from a more conserved area of
the ITS sequence or from the 18S sequence, which is generally more conserved.
It is also noteworthy that the annealing temperature in the specificity experiment was
lower than necessary (51°C). It is possible that some of the unspecific binding would
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disappear with a higher annealing temperature, even though the basic problem still
remains.

Unspecific binding to aspen DNA
The unspecific bands produced at low temperatures could also arise from the aspen DNA.
A blastn search found several sites in the Populus trichocarpa genome that had more than
10 complementary bases for many of the primers (up to 16 matches for one). The easiest
way to handle this is to raise the annealing temperature. Since there where no perfect
matches found, this should solve the problem. The annealing temperature evaluation also
indicates that the bands faded and in some cases disappeared when the annealing
temperature got higher.

Detection of small amounts of fungal DNA
The experiments carried out showed that four primer pairs are capable to find and
amplify 0,0015ng/µl of fungal DNA in a PCR reaction, even though the reaction contains
1ng/µl of poplar DNA. The amount of fungal DNA was lower than 0,042ng in the
weakest mixes. How much fungal DNA one could expect to find in a leaf is hard to
estimate, but the levels could of course be very low.

Correct binding (positive control)
Eight of the primers did amplify the fungal DNA at an annealing temperature of 51°C
and with 1ng/µl of DNA, which was as expected. The three primer pairs that didn’t work
are more interesting. The reason for this is a matter of speculation, but it is possible that
the reason for the failure lies with the DNA template and not with the primers. The fungal
DNA had been kept in a freezer for some time, and there had been evaporation from the
plate were the DNA was stored. Perhaps the DNA had been damaged by that (or
something else). However, since there was no positive control for these primer pairs they
were omitted from most of the remaining work.
The temperature gradient showed that all primers except 6 and 8 worked in temperatures
up to 60°C, which means that the annealing temperature could be pushed even further up.
It is not certain that the primers can detect smaller amounts of fungal DNA at these
temperatures, as no such experiments were done. The concentration levels in the reaction
mixes were 1ng/µl, which is much higher than what to expect in a leaf sample.

Negative control
To find truly pure aspen DNA proved to be harder than one might expect. The easiest
way would be to isolate DNA from a cell culture, even if there has been at least one
report of endophytes passing cell culturing (27). Leaves were instead collected from an
aspen (T89) that had been grown in a greenhouse, and was propagated from tissue
culture. However, the leaf was not surface sterilized, so using DNA preparation from this
leaf as a “blank” can be questioned. It could also be argued that there is no need for such
a blank. Since each primer was tried on twelve different DNA preps from twelve poplars,
an unspecific binding site would produce similar bands in all the preps, revealing that the
template which is causing the band is present in all preps.
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Detecting fungi in DNA preparations from leaves
The use of one primer pair on 12 different DNA preparations gives a good hint at which
bands that are results of unspecific binding to aspen DNA, and it is clear that there is for
some of the primers, such as 1, 6 and 20. Again, the possibility to raise annealing
temperatures 2-3°C could solve this problem.
The detection of fungi with primer pair 26 in clone 110 is more interesting. The size of
the band is right, and it is not present in any of the other samples, indicating that it is not
a result of unspecific binding to aspen. The specificity of primer 26 was not perfect, as it
also binds to fungus 6 weakly. A comparison of the two primer pairs 6 and 26 showed
that there are some matches (nine) in the left primer, and only three in the right primer.
The matches in the left primer are spread out, and not concentrated in one end. It should
not bind to the same fungi, especially since the annealing temperature is 6°C higher in the
DNA prep experiment.
There is also another band produced by primer pair 26 at 600bp, it is present with clone
5, 110 and 115. A band of the same size can also be seen in the weak fungi/aspen DNA
mixes with fungus 26. This could mean that there is weak unspecific binding to aspen
when there is no or small amounts of fungal DNA present. When the concentrations of
fungal DNA in the mixes are higher the band disappears, as if there was competition.
Interestingly, a similar band is present with primer pair 6 as well.
Other candidates for positive detection also exist, the best being primer 2 with clone 64.
A similar band is present in some of the other clones as well, indicating that there might
be more positive detections with this primer. Unfortunately, more detections means a
higher risk of the bands to be unspecific binding. The band is present in three out of
eleven DNA preps, but there are also other bands, which appear to be unspecific.
More candidate bands exist, but they are weak and/or one of many (potentially
unspecific) bands. Further optimization is needed to make a better estimate of fungal
infection.
The PCR reaction is simple as a concept in molecular biology, but as a chemical reaction
it is very complex. The result of this is that an optimization process can turn into a never-
ending jungle of annealing temperatures and concentrations. The approach taken here has
been to, as far as possible, make the same adjustments to eleven different primers. The
obvious risk with such an approach is that the “average” adjustment does not fit any of
the primers. To fully optimize the method an individual approach should be taken to the
primers, processing them one by one.

Future prospects

There are different ways to confirm that the amplified band is actually the intended
fragment. The most accurate way to perform this is to isolate this fragment from the gel
and sequence it. However, this would counteract the purpose of the method, since it is
quite a lot of extra work. Another alternative would be to make a nested PCR. This means
creating a new primer pair that amplifies a shorter stretch of DNA within the area of the
“old” primer pair. This works as a second confirmation of the presence/absence of the
fungus in question.
The primers that worked nice with the fungal mixes and were specific but still didn’t find
any fungus in the DNA preparations need more investigation. The simplest explanation is
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that the preps didn’t contain any fungal DNA, either because the leaves were not infected,
or because the preparation procedure for some reason failed to isolate it. Two solutions to
this problem are to make more DNA preps from other clones, and to try other DNA
isolation protocols. The protocol used for this thesis work was optimized for plant DNA;
perhaps another protocol would be better suited for the isolation of fungal DNA. If the
reason is that the leaves were not infected, it is just a matter of finding an infected leaf.
It would also be a good idea to “start from the other end”. If an interesting fungus first
would be identified it would be easier to make primers that worked for this fungi, instead
of choosing fungi randomly and then see if they are abundant or just a novelty. Perhaps
the best way would be to try to isolate potentially systemic endophytes. Performing
fungal isolation protocols on buds or greenhouse grown material could achieve this. Or
buds could be used from a tree grown in greenhouse; just to be sure there is no unwanted
infection. This would also avoid the problem with quantifying non-systemic infections.

Materials and Methods

This thesis work started with 62 ITS sequences derived from the sequenced fungi. To
identify possible duplicates a BLAST search was performed using the NCBI homepage
BLAST search (http://www.ncbi.nlm.nih.gov/). The nucleotide collection nr/nt was used.
The search was optimized for highly similar sequences (megablast), all filters were
removed, gap cost was Linear and the match/mismatch score was 1,-2. The sequences
were given names based on the best blast hit for the ITS region sequence.
Alignments were made with the program CLC Free Workbench version 3.2.2 to
distinguish between duplicates and different species. CLC Free Workbench was used to
create a phylogenetic tree containing the fungi. The algorithm used was Neighbour
Joining, a bootstrap analysis was performed with 100 replicates.
 The primer sequences were determined with the software PRIMER3 at
http://workbench.sdsc.edu/. Primers were chosen so that the amplification product would
be around 400-500 base pairs (bp). Preferable length of primers was set to 18-27bp with
20 as optimum, GC content should be between 20-80% and the optimal melting
temperature was set to 60°C. The binding sites for the primers were in places with high
variability between the sequences, so that they should not amplify more than one fungus.
The selected primer sequences were then checked for primer dimer formation,
palindromes, hairpins and cross dimers with NetPrimer, a web-based tool for primer
control. (www.premierbiosoft.com/-netprimer).

Blastn search with primer sequences
A search was done with the primers on the NCBI homepage BLAST function. The
nucleotide collection nr/nt was used. The search was optimized for highly similar
sequences (megablast), all filters were removed, gap cost was existence 5, extension 2
and the match/mismatch score was 1,-2. The search found the right hits for all the
primers, but also found many more perfect matches for all primers.
A blastn search was performed to find possible binding sites for the primers in the
Populus trichocarpa genome. The nucleotide collection nr/nt was used, and the search
was directed for poplars. The search was optimized for somewhat similar sequences
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(blastn), all filters were removed, gap costs was existence 5, extension 2 and the
match/mismatch score was 1,-1.

DNA preparation from SwAsp collection
For preparation of the DNA the kit “SP Plant DNA Mini Kit D5511-01” from Omega
bio-tek was used. The clones that were sampled came from the SwAsp collection
growing in Sävar, 20km outside Umeå. Sampling of the trees was done 21-09-05, and
leaf samples then stored in -80°C. Leaf samples from clones 5, 18, 23, 36, 47, 51, 64, 72,
88, 100, 110 and 115 were used. For the extractions approximately 100mg of frozen leaf
sample was used from each clone. The samples were ground in liquid nitrogen using a
small blue plastic pestle. The extraction was done according to the manual for frozen
material in the kit, except for the addition of 5 µl RNAse to the sample along with the
SP1 Buffer. Elution was done with 2 x 75µl elution buffer.
To find a fungal free sample to be used as a negative control, a leaf was taken from an
aspen grown in greenhouse. The clone is called T89, and had been propagated from tissue
culture. The same procedure for DNA preparation was used for this sample as for the
others.

Positive control of primers
A PCR reaction was set up using the eleven primer pairs, with each pair mixed with DNA
from the “matching” fungi. The reaction mixture was done as follows:

For 12 x 20 µl = 240 µl
  Without template: 15 µl = 180 µl

  conc µl final  
H2O 8.9 106.8 µl
Buffer 10 x 2.0 1 x 24.0 µl
dNTPs 2500 µM 1.6 200 µM 19.2 µl
Primer F 50 µM 0.4 1 µM 4.8 µl
Primer R 50 µM 0.4 1 µM 4.8 µl
Ampli Taq 5 U/µl 0.1 0.025 U/µl 1.2 µl
MgCl2 25 mM 1.6 2 mM 19.2 µl
Template DNA 4 ng/µl 5.0 1 ng/µl 60.0 µl
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For the reaction AmpliTaq® DNA polymerase was used. The 10x PCR buffer and the
MgCl2 solution and the polymerase were all from Applied Biosystems.
A PCR programme was run as follows:
1. 95°C for 2 minutes
2. 95°C for 30 seconds
3. 51°C for 30 seconds
4. 72°C for 2 minutes
5. Go to 2, 34x
6. 10°C forever

The reaction was carried out on a PTC-225 DNA engine Tetrad from MJ research, Inc.
Waltham, Massachusetts. The samples were then run on 1% agarose gel. The gel was
stained with GelRed from Biotium, Inc. A 200bp ladder from Fermentas was used for
reference. 10µl of sample was mixed with 2µl of 6x loading dye from Fermentas and
loaded on the gel. The loading order on the gel was: ladder, 1, 2, 6, 8, 9, 17, 20, 26,
ladder. The numbers represent the responding fungi and primer pair. The gel was run at
80V until satisfactory separation was achieved. A picture of the gel was taken with
scanning equipment from Techtum Lab and then analyzed with the software Gel-Pro
analyzer 3.1.

Specificity test of primers
To test if the primers were really specific for only one fungus, each primer was checked
on eight different fungi, including the “right” one when possible. The PCR reaction mix
was done as above, but with a total volume of 15µl for each primer. A mix of water,
buffer, dNTPs, polymerase, MgCl2 and fungal DNA template was prepared for each
fungus. The mix was placed in eight wells on a PCR plate and primers added separately
to the plate. The plate was loaded so that lane A corresponded to fungus 1 and lane H to
fungus 26, with the fungi numbered 3, 11 and 15 omitted. Lane 1 corresponded to primer
1 and lane 11 to primer 26.
A PCR programme was set up:
1. 95°C for 2 minutes
2. 95°C for 30 seconds
3. 51°C for 30 seconds
4. 72°C for 2 minutes
5. Go to 2, 34x
6. 10°C forever

The reaction was carried out on a PTC-225 DNA engine Tetrad from MJ research, Inc.
Waltham, Massachusetts. The samples were then run on 1% agarose gel. The gels were
stained with GelRed from Biotium, Inc. A 200bp ladder from Fermentas was used for
reference. 10µl of sample was mixed with 2µl of 6x loading dye from Fermentas and
loaded on the gels. The loading order on the gel for each primer was: ladder, 1, 2, 3, 6, 8,
9, 11, 15, 17, 20, 26. The numbers represent the responding fungi. The gel was run at
80V until satisfactory separation was achieved. A picture of the gel was taken with
scanning equipment from Techtum Lab.
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Detecting fungi in leaf DNA preparations
The primer pairs were tested on eleven of the original DNA preps and on the T89 prep.
Final concentration of the DNA in each PCR reaction was 1ng/ul. Reaction mixes was
prepared for each DNA preparation individually, due to the different concentrations of
DNA.

PCR program was run as follows:
1. 95°C for 5 minutes
2. 95°C for 30 seconds
3. 57°C for 30 seconds
4. 72°C for 2 minutes
5. Go to 2, 34x
6. 10°C forever

The samples were run on 1% agarose gel. The gels were stained with GelRed from
Biotium, Inc. A 200bp ladder from Fermentas was used for reference. 10µl of sample was
mixed with 2µl of 6x loading dye from Fermentas and loaded on the gels. The loading
order on the gel for each primer was: ladder, 5, 18, 23, 36, 47, 51, 64, T89, 88, 100, 110
and 115. The numbers represent the responding DNA prep in the mix. The gel was run at
80V until satisfactory separation was achieved. A picture of the gel was taken with
scanning equipment from Techtum Lab. The picture was analysed using Gel-Pro analyzer
3.1.

Annealing temperature optimization
To find the best temperature for annealing, the gradient function of the Tetrad PCR
machine was used. One set of reactions with plant DNA was set up, and one with fungal
DNA. The function allows the researcher to run a temperature gradient from one
temperature up to a higher one. The researcher decides the two “border” temperatures.

For plant DNA
Since the primers had been found to bind in an unspecific manner with an annealing
temperature of 50°C, this was chosen as the lower temperature in the gradient. The upper
temperature was chosen based on the melting temperature of the primers as specified by
the manufacturer.
DNA isolated from clone 23 was used for the experiment. The final concentration of
plant DNA in the reaction was 1ng/µl. A mix of water, buffer, dNTPs, polymerase, DNA
and MgCl2 was prepared and then divided in eight pools. Primers were then added to
each of the pools and the reaction mixes distributed onto a 96 well PCR plate.

The PCR programme was set up as follows:
1. 95°C for 5 minutes
2. 95°C for 30 seconds
3. Gradient step, 50 to 57°C for 30 seconds
4. 72°C for 2 minutes
5. Go to 2, 34x
6. 10°C forever
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The temperatures for the gradient were: 50°C, 50,2°C, 50,6°C, 51,2°C, 52°C, 53°C,
54,2°C, 55,4°C, 56°C, 56,5°C, 56,9°C and 57°C.

The reaction was carried out with a PTC-225 DNA engine Tetrad from MJ research, Inc.
Waltham, Massachusetts.
The samples were then run on 1% agarose gel. The gels were stained with GelRed from
Biotium, Inc. A 200bp ladder from Fermentas was used for reference. 10µl of sample was
mixed with 2µl of 6x loading dye from Fermentas and loaded on the gels. The loading
order on the gel for each primer was: ladder, 50,2°C, 50,6°C, 51,2°C, 52°C, 53°C,
54,2°C, 55,4°C, 56°C, 56,5°C, 56,9°C and 57°C. The gel was run at 80V until
satisfactory separation was achieved. A picture of each gel was taken with scanning
equipment from Techtum Lab.

For fungal DNA
DNA matching the primer pair in the reaction was used for the experiment. The final
concentration of DNA in each PCR tube was 1ng/µl. A mix of water, buffer, dNTPs,
polymerase and MgCl2 was prepared and then divided in eight pools. DNA and primers
were added to each pool and the reaction mix then distributed on a 96 well PCR plate.
The PCR programme was set up as follows:
1. 95°C for 5 minutes
2. 95°C for 30 seconds
3. Gradient step, 50 to 60°C for 30 seconds
4. 72°C for 2 minutes
5. Go to 2, 34x
6. 10°C forever
The temperatures for the gradient were: 50°C, 50,3°C, 50,9°C, 51,7°C, 52,8°C, 54,3°C,
56°C, 57,7°C, 58,5°C, 59,3°C, 59,8°C and 60°C.

The samples were run on 1% agarose gel. The gels were stained with GelRed from
Biotium, Inc. A 200bp ladder from Fermentas was used for reference. 10µl of sample was
mixed with 2µl of 6x loading dye from Fermentas and loaded on the gels. The loading
order on the gel for each primer was: ladder, 50,3°C, 50,9°C, 51,7°C, 52,8°C, 54,3°C,
56°C, 57,7°C, 58,5°C, 59,3°C, 59,8°C and 60°C. The gel was run at 80V until
satisfactory separation was achieved. A picture of each gel was taken with scanning
equipment from Techtum Lab and then analyzed with Gel-Pro analyzer 3.1.

Detection of small amounts of fungal DNA
To test if there was competition between the fungal DNA and the plant DNA and if the
primers could find fungal DNA in plant DNA, a PCR reaction was set up using a mix of
both. Mixes was prepared so that the reaction contained 1 ng/µl of plant sample, and
respectively 0,15%, 0,6%, 1,5%, 3% and 6% of fungal DNA of total DNA content. A mix
with only plant DNA was also prepared. The fungal DNA was matched to the primer pair
used.
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for 40 X 25 µl = 1000 µl
  Without template: 24 µl = 950 µl

  Conc ul final  
H2O 16.1 645.0 µl
Buffer 10 X 2.5 1 x 100.0 µl
dNTPs 2500 µM 2.0 200 µM 80.0 µl
Primer F 50 µM 0.5 1 µM 20.0 µl
Primer R 50 µM 0.5 1 µM 20.0 µl
Ampli Taq 5 U/µl 0.1 0.025 U/µl 5.0 µl
MgCl2 25 MM 2.0 2 mM 80.0 µl
Template DNA 20 ng/µl 1.3 1 ng/µl 50.0 µl

1000µl reaction mix was prepared as above, except that the primers were not added. Plant
DNA extracted from clone 72 was used. The 1000µl was divided into eight pools, and
one set of primers was added to each pool. Then 0,16µl of fungal DNA was added to
each pool, and 25µl per primer pair was placed on a PCR plate. Addition of fungal DNA
was repeated, using in turn 0,5µl, 0,57µl, 0,64µl and 0,66µl of fungal DNA prep with an
approximated concentration of 4ng/µl. The real concentration was measured with a ND-
1000 spectrophotometer (nanodrop). It ranged from 0,68 ng/µl to 1.82 ng/µl, averaging
1,2 ng/µl for the eight DNA preps used.

The rection mixes were placed on a PCR plate as below:
% fungal DNA 0.15 0.6 1.5 3 6 0
primer 1 2 3 4 5 6
1 A
2 B
6 C
8 D
9 E
17 F
20 G
26 H

The plate was run in the Tetrad PCR machine with the following PCR program:
1. 95°C for 5 minutes
2. 95°C for 30 seconds
3. 56,5°C for 30 seconds
4. 72°C for 2 minutes
5. Go to 2, 34x
6. 10°C forever

The samples were then run on 1% agarose gel. The gels were stained with GelRed from
Biotium, Inc. A 200bp ladder from Fermentas was used for reference. 10µl of sample was
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mixed with 2µl of 6x loading dye from Fermentas and loaded on the gels. The loading
order on the gels for each primer was: 0,15%, 0,6%, 1,5%, 3%, 6%, 0%. The gel was run
at 80V until satisfactory separation was achieved. A picture of each gel was taken with
scanning equipment from Techtum Lab, and then analyzed with the software Gel-Pro
analyzer 3.1.
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Appendix

Figure 6. Primers with leaf DNA preparations. Numbers indicate clone.

Primer 8
 5  18  23  36  47  51  64 T89  88 100  110 115

Primer 9
5  18   23 36  47 51

Primer 9
64 T89 88 100 110 115

Primer 17
5   18  23 36 47  51  64 T89 88 100 110 115

Primer 20
  5    18     23   36   47    51    64  T89   88   100 110 115


