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Introduction 
 
In a times with global trade, increased pressure on primary resources and climate change, it 

is of great importance to understand what contributing factors could lead to massive 

mortality in forests. It is known from previous studies (DiGustini 2011;  that bark beetle and 

fungi have a symbiotic relationship that enhance the evolutionary adoption for 

establishment and proliferation in trees. The bark beetles could have different symbionts 

like fungi, mites and bacteria that could serve a role as source for nutrition in the galleries 

where eggs and larvae develop (Vega & Hofstetter 2015). Trees contain primary and 

secondary defence systems where the primary is active on general everyday basis but the 

secondary that requires energy to activate needs a trigger for example hundreds of small 

holes drilled trough the bark by bark beetles (Vega & Hofstetter 2015).   

 

Inoculation experiments like Krokene and Solheim (1998); Krokene and Solheim (1997); 

Krokene and Solheim (1996) conducted has established a solid understanding of fungi as a 

contributing factor in tree killing. Other studies indicate that the fungi might manage to 

overcome the tree defences like (Six, 2012; Hammerbacker et al., 2013; Wang et al., 2014) 

According to a study from Hammerbacker et al., 2013 “little is known about how effective 

Norwegian spruce defence compounds are against E.polonica, which could be critical in 

understanding the success of bark beetle attack”.  

 
In my in vitro experiment, the inhibiting of fungal mycelium growth was studied by using five 

distinct terpene treatments that were compared with a control treatment for all four fungus.  

The actual growth was measured from two perpendicular lines drawn under the bottom of 

the glass petri dishes for all the replicates made for the treatments. The aim of my study was 

to analyse the hypothesises presented in table 1.  
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Table 1. An overview of the hypothesis (H) that is the focus in my study. Trees resistance 
from pathogens like blue stain fungus is determined by certain terpene concentrations and I 
will therefore examine following hypothetical claims as described in H1, H2, H3 in the table. 

An overview of the hypothesis 
H1     

I will assume that the most virulent blue stain fungus known to grow in trees like 
P.abies will have less growth in my experiment. 

H2  
Monoterpenes affect growth by blue stain fungus in a different manner  

H3  
Terpenes with different compositions can affect blue stain fungus growth 
differently  
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2. Material and Methods 
 

In this part, the process of how the growth inhibiting experiment was preformed is explained 

by splitting it up in sections with levels of detailed description. It starts with a general 

description for the in vitro experiment set up and why it was necessary to test it with a pilot 

study. Then follows the technical proceedings for the preparation and how the growth 

inhibiting experiment was carried out. In the end a description of data collection and its 

processing is given before remarks on which statistical models and analysis were to be 

conducted.  

 
2.1 General description of the growth inhibiting experiment 
Four species of blue stain fungi were used for the growth inhibiting experiment. The four 

fungi species had two isolates each, that were sampled from different places in Norway and 

more information about the isolates is given in Appendix 1. The isolates had numbers for the 

storing place at NIBIO and were given simple letter A or B to ease work usage in the growth 

inhibiting experiment. In a relatively recent study by De Beer & Wingfield (2013), a huge 

updated revaluation for the taxonomic status of each species of fungi proposed to be 

classified as ophiostomatoid fungi have been completed. Table 2 present the species of fungi 

used in the growth experiment, its two isolate and name for isolate together with known 

synonym is presented.  

 

An overview of the growth inhibiting experiment set up is presented in a simplified list in 

table 3. There were six treatments in the experiment, and these were four unique types of 

monoterpene (MT), one treatment with a mix of four monoterpenes (MT mix) and a control 

with no content of MT or MT mix added in the growth environment for the blue stain fungi 

used. 200 μl liquid terpene were added for all eight replicates during a terpene treatment.  
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Table 2. The species of blue stain fungi used in the growth inhibiting experiments. The 
taxonomy follows the book “A nomenclator for ophiostomatoid genera and species in the 
Ophiostomatales and Microascales” by De Beer & Wingfield (2013) and the online database 
Mycobank (www.mycobank.org/quicksearch.aspx 22.11.2016). * Mycobank species 
numbers. 

 
 
 
 

 

Species  Isolation numbers 
and letter 

Synonym names  

Ophiostoma piceae  
(Münch) Syd. 
Sydow & Sydow, Annals 
mycol. 17: 43. 
1919[MB#433468*] 
 
 

 
1998-50/3 

 
A 
 
 
 

Ceratostomella piceae, Münch, Naturw. Land. 
Forstw. 5: 547. 1907 [MB#191195]  
Ceratocystis piceae (Münch) Bakshi, Trans. Br. 
Mycol. Soc. 33: 113. 1950 [MB#294228] 
Pesotum piceae Crane & Schoknecht, Am. J. Bot. 
60: 348. 1973 
Graphium piceae (Crane & Schoknecht) M.J. 
Wingf. & W.B. Kendr., Mycol. Res. 95: 1331. 
1991 
 

 
1980-92/34 
 
 

 
B  
 

Grosmannia penicillata 
(Grosmann) Goid. 
Boll. Staz. Patol. Veg. 
Roma 15: 156. 1935 
[MB#433468 *] 
 

 
1980-91/54 
 
 
 

 
A 

Ceratostomella penicillata Grosmann, Hedwigia 
72: 190. 1932 
Scopularia penicillata (Grosmann) Goid., Boll. 
Staz. Patol. Veg. Roma 15: 156. 1935 
Ophiostoma penicillatum (Grosmann) 
Siemaszko, Planta Pol. 7: 24. 1939 
Ceratocystis penicillata (Grosmann) C. Moreau, 
Rev. Mycol. (Paris), Suppl. Colon. 17: 22. 1952  
Verticicladiella penicillata (Grosmann) W.B. 
Kendr., Can. J. Bot. 40: 776. 1962 

 
1960-21 

 
B 
 
 

Ophiostoma bicolor  
R.W. Davidson & D.E. 
Wells, In Davidson, 
Mycologia 47: 63. 1955 
[MB#294194*] 

1980-48/36 
 
 

A Ceratocystis bicolor (R.W. Davidson & Wells) 
R.W. Davidson, Mycologia 50: 665. 1958 

2004-38/1    B 
 

Endoconidiophora 
polonica (Siemaszko) 
Z.W. de Beer, T.A. 
Duong & M.J. Wingf 
Studies in Mycology 
79:211(2014) 
[MB#810316*] 

1994-169/113 
 

A Ceratocystis polonica (Siemaszko) C. Moreau, 
Revue de Mycologie 17 (Suppl. Col. No. 1): 22 
(1952) [MB#294232] 
Ophiostoma polonicum Siemaszko, Planta 
Polonica 7 (3): 33 (1939) [MB#274888] 

 
1993-208/115 

 
B 
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Table 3. Experimental setup for the growth inhibiting experiment for all blue stain fungus 
tested. Monoterpene treatment (MT) and monoterpene treatment with four types of 
monoterpenes blended together (MT mix), are shown in the table with shortened name as 
MT and MT mix respectively.  

Experiment set up for laboratory work. 

Number of species: 4 

Number of isolates: 2 

Compounds used: 4 MT, 1MT mix 

Concentration in treatment: 200 μl 

Number of types of control: 1 

Number of replicates: 8 

Total number of replicates: 384 

 

A small pilot study was conducted with an E. polonica isolate with registration number 1980-

53/7A. The purpose of the pilot study was to test different ways of making sure that the 

filter paper needed for encompassing the terpene treatment got attached firmly enough on 

the glass petri dish lid with a bit of help from some agar gel. Sufficient attachment of the 

filter paper meant that it endured the manual handling under measurement for a period of 

several days without falling on the actively growing fungi mycelium at the bottom of the 

petri dish.  E. polonica isolate 1980-53/7A was not used later in the growth inhibiting 

experiment since the pure culture for it died only five days after inoculation was completed 

on 30.01.14.  

 

2.2 Making a pure start culture  
A minimum of five petri dishes with pure start culture were prepared for all isolates to 

ensure that the mycelium growth rate within the isolates could be standardized and that, 

possible contamination could be detected. Only one isolate (1994-169/113) had to be 

prepared from an isolate stored in the ultra-deep freezer -152 °C to make a pure start 

culture. After pure start culture inoculations were done, the cultures were placed in a dark 

chamber with a temperature of 25 °C. 
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2.3 Description of performing the growth inhibiting experiment 
Performing the growth inhibiting experiment required several preparation stages such as; 

sterilization of equipment, making growth medium, preparing glass petri dishes and needed 

liquid terpenes in an organized manner. From section 2.3.5 the description fit the process of 

conducting the experiment on two isolates simultaneously.  

 

2.3.1 Sterilization of equipment`s  
Some equipment’s were autoclaved at 120°C to reduce risk for contamination on the fungal 

mycelium during the growth inhibiting experiment period and these are listed in table 4 

The Kipp automat, mentioned in table 4 consist of a “head” with a hollow “neck” connected 

to a flask. The “head” is made to measure 25 ml of liquid growth medium out quickly with a 

hand twist with the “neck” connected inside the flask opening where the liquid growth 

medium is contained. The stack with 120 pieces of 75mm filter paper were placed in two 

separate glass petri dishes before the autoclave process so they could be stored inside the 

glass petri dishes when not in use.  

 

Table 4 Equipment that were autoclaved at 120°C, to reduce contamination risk on the 

fungal mycelium during growth phase in the growth inhibiting experiment. 

 
2.3.2 Preparation of maltose extract agar 
The growth medium made for the fungi was the maltose extract agar (MEA) which consisted 

of 1,25 % (w/v) malt extract agar from BD (Becton, Dickson and Company, Sparks, MD 21152 

USA) and 2% (w/v) agar from Apotekproduksjon AS Oslo. Prepared growth medium was 

stored in a heat chamber at 70°C until it was poured into the petri dishes, to prevent the 

liquid MEA from solidifying.  

Item Number 
Kipp automat 1 

Glass petri dishes 104 Pyrex 95mm 
84 blue green 100mm 

75 mm filter paper (qualitative filter paper 
413, medium filtration rate and particle 
retention 5-13 μm from Vwr European 
Cat.no 516-081) 

2 glass petri dishes 100mm diameter and 
3cm high. 
 

Pipette heads size 200 μl and 1 μl A box full of the pipette heads. 
Eppendorf tubes 5 
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2.3.3 Method for preparing all glass petri dishes  
Preparation of all glass petri dishes with MEA growth medium and filter papers were done 

inside a sterile bench where sterile technique was applied for all equipment use. The 

sterilization technique when handling metal equipment was to apply ethanol on them and 

then let the ethanol burn of after holding the equipment over a small gas flame for a few 

seconds. Needed equipment’s were placed inside the sterile bench and these were; 1 

tweezer, 1 bottle of ethanol and all autoclaved equipment needed at a time as described in 

section 2.3.1. Only one Erlenmeyer flask with liquid MEA was taken out at a time from the 

heating chamber and poured into the Kipp automat inside the sterile bench. The Kipp 

automat was used for measuring 25 ml MEA to be poured inside each glass petri dish and 

the last drops of MEA was saved to be used inside the glass petri dish lid. When all glass petri 

dishes were prepared with filter paper and MEA growth medium they were stored inside the 

sterile bench with the ventilation switched on while the agar solidified.  

 

2.3.4 Preparing micropipette with calibration  
The 200 μl pipette was calibrated before any terpene treatments were performed on two 

isolates at a time. The calibration was done with tare weight for the measuring of 200 μl of 

water.  

 
2.3.5 Preparing monoterpenes 
The MT mix was prepared by pipetting 1 ml of each of the four monoterpenes into a 5ml 

Eppendorf tube. For each individual MT, 4 ml was pipetted into a 5 ml Eppendorf tube. All 

Eppendorf tubes were branded with name of terpene inside, and placed in a small metal grid 

before and after use inside the sterile bench. The pipette procedure was done quickly to 

reduce breathing exposure to the harmful chemicals. All five bottles containing liquid 

monoterpenes used in the growth inhibiting experiment was to be stored in a refrigerator 

before and after use. In table 5 an overview of terpenes used in the growth inhibiting 

experiment is shown.  
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Table 5 Name, production number and assay concentration value for the monoterpenes 
used in the growth inhibiting experiment. All monoterpenes were ordered from manufactory 
Sigma Aldrich. Common synonyms for the terpene chemicals can be seen in  Appendix 2 

Name of monoterpene Production number  Concentration for assay 

(R)-(+)-Limonene 183164 SIGMA. 97%  

(s)-(-)-Limonene 218367 ALDRICH 96% 

(+)-(3)-Carene 21986 SIGMA-ALDRICH. 98,5% 

(+)- - Pinene P45680 ALDRICH.   98% 

(-)- - Pinene 112089 ALDRICH. 99% 

 

2.3.6 The process of conducting the treatment on the blue stain fungus 
When inoculating fungal mycelium and applying terpene treatments, only 8-12 glass petri 

dishes were handled at a time inside the sterile bench. The detailed description of 

conducting treatment on blue stain fungus is presented in part a-d.  

 

a. Arrangement of glass and plastic petri dishes 
The groups of glass petri dishes inside the sterile bench were taken out of the autoclave bags 

then marked with date, isolate number and type of treatment before they were placed in a 

row with the lid off. Isolates were marked with different filter pen colours. Minimum five 

plastic petri dishes containing pure start culture actively growing mycelium from for one 

isolate were then opened inside the sterile bench by peeling off the plastic foil on the side, 

which were used for protection against contamination under the storage period. Only one 

plastic petri dish with pure start culture was placed on the same row as the other glass petri 

dishes with the lid off, the other plastic petri dishes with pure start culture were stacked on 

top of each other and placed in a corner inside the sterile bench.  

 

b. Inoculation 
Sterilization technique as described in section 2.3.3 was applied on the agar plug stamp, two 

long metal needles and one tweezer.  The agar plug stamp was used to make ca 12 agar-

plugs from the actively growing mycelium in the start culture petri dish. A single agar plug 

was then transferred and placed on the MEA growth medium with the actively growing 

mycelium facing down at the centre of the glass petri dish with the use of the two long metal 
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needles. Method for inoculation described in the following text had to be done very quickly 

to reduce risk for contamination through the air content.   

 

c. Treatments 
200 μl of terpene was pipetted with micropipette on to filter paper for replicates within a 

treatment. Pipetting was done by pressing terpene drops upon the filter paper edge to 

spread the terpene liquid content even on it. After pipetting terpenes on the first replicate 

to be made from the row of opened glass petri dishes, the lid was closed. Glass petri dishes 

had to be closed quickly to minimize highly volatile monoterpenes loss, reduce 

contamination risk and to prevent filter paper to dry out from the ventilation which would 

make attachment inside the glass petri dish lid difficult. After pipetting one terpene 

treatment on the filter paper inside all replicates, the closed glass petri dishes had to be 

sealed with 7-8 cm bit of Parafilm 2 in x 250 ft PM -992 www.parafilm.com before volatile-

tight DuraSeal™ film 1 inch size x 150 ft, Z379026-1EA PCode 10016448043 SIGMA –ALDRICH 

Inc. P.O 14508, St.Louis, MO 63178 USA 314-771-5750 was strapped on.  The control 

replicates were made by following description in a-b and the two types of sealing with 

Parafilm and then DuraSeal™ film was applied for these replicates as well.  

 

d. Storage 
Replicates in one treatment within one isolate were put inside a plastic bag and sealed 

before being placed inside a dark incubation chamber which had a constant temperature of 

25°C, which were repeated for all replicates in the six treatments within the two isolates.  

 

2.3.7 Differences between the isolates   
Under the procedure of performing the GIE there was differences that were made between 

the isolates of the blue stain fungi used and these are shown in table 5. In the text for figure 

4-11 the date for the pure culture inoculation done in advance to be used in the GIE, the 

date of inoculation for starting the GIE and the date for when the measurement started for 

every isolate is given.  
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Fungi  Isolate Glass petri dish type Challenges MT mix content 
O.pic A: 1998-50/3 

B:  1980-92/34 
Pyrex Glass petri 
dishes 95mm size ca 
104 pieces. 

1. Specific sequence for 
measurement not done.  

2. Lots of problems with the 
use of the old Kipp automat 
reduced the number of 
replicates for controls for 
isolate A and B. 

(+)-3-carene 
(+)- -pinene 
(-)- - pinene 
(+)-limonene 

G.pen A: 1980-91/54 Blue green in color 
and 100mm in 
diameter ca 84 
pieces.  

1. Specific sequence for 
measurement not done.  

2. Four days after the 
inoculation, the mycelium 
grew quickly towards the 
edge of the pate.  

(+)-3-carene 
(+)- -pinene 
(-)- - pinene 
(+)-limonene 

B: 1960-21 Blue green in color 
and 100mm in 
diameter ca 84 
pieces. 

1. Specific sequence for 
measurements not done.  
 

(-)- limonene 
(+)- -pinene 
(-)- - pinene 
(+)-limonene 

O.bic A: 1980-48/36 
B: 2004-38/1    
 

Pyrex Glass petri 
dishes 95mm size ca 
104 pieces. 

1. Specific sequence for 
measurements done.  

 

(-)- limonene 
(+)- -pinene 
(-)- - pinene 
(+)-limonene 

E.pol A: 1994-
169/113 
 
B: 1993-208/115 

Pyrex Glass petri 
dishes 95mm size ca 
104 pieces. 

1. Specific sequence for 
measurements done.  
 

(-)- limonene 
(+)- -pinene 
(-)- - pinene 
(+)-limonene 

 Table 5. Differences between isolates of blue stain fungi used in the growth inhibition experiment is 
shown for; type of glass petri dishes used, and challenges that influenced the data collection and 
content in the monoterpene mix (MT mix). For some isolates measurements were done repeatedly in 
one specific sequence regarding what the treatment measurements started on and continued with until 
all six treatments were measured where the number of replicates within a treatment also were 
measured in one specific sequence. Limited amount of (+)-3-carene monoterpene made it necessary to 
replace it with the (-) limonene after the growth inhibiting experiment was done for O.piceae isolate A 
and B and G.penicillata isolate A. The concentration ratio was close to 1:1:1:1 between the four 
monoterpenes used in the MT mix.  The fungus shown in the table where; Ophiostoma- piceae (O.pic), 
Grosmannia- penicillata (G.pen), Ophiostoma- bicolor (O.bic) and Endoconidiophora-polonica (E.pol). 
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2.4 Data collection and processing 
 
2.4.1 Data collection  
Two perpendicular lines were drawn under the bottom of all the glass petri dishes at the 

centre of the plate where the inoculation of the agar plug was, before the first growth 

measurement took place.  Fungal growth along the four axes were marked using waterproof 

felt pens of different colours, with alternate colours used on different days (black, green, red 

and blue). Criteria for which measurements were to be included to be collected as data, is as 

follows:  

1) It was always the longest hyphae that could be measured along the axes from the 

two perpendicular lines that was marked as growth.  

2) Exception for criteria 1 was when the monoterpene treatment inhibited the growth 

of mycelium to the extent where only growth zones were possible to be measured 

along the axes of the two perpendicular lines.  

3) If some of the replicates in the growth inhibiting experiment were contaminated, 

data from the uncontaminated area was to be collected until the contaminated fungi 

came as close as one cm to the uncontaminated hyphae was measured along the 

axis. Then the measurement stopped. Measurements collected from a replicate that 

was contaminated were always compared with the growth of the other replicates. If 

the growth differed too much, the contaminated replicate was discarded. 

4) All data collected had to be written by hand in a scheme like the one shown in 

Appendix 3. It was strictly forbidden to bring possibly contaminated items inside the 

laboratory facility, and this included a laptops or mobile phones. 
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2.4.2 Data processing 
Average growth for each time measurement was calculated from the four axes in each 

replicate within one treatment and for all six treatments in the two isolates. The exact time 

lapse between two measurements, for example 06.02.14 and 05.02.14 were calculated by 

subtracting the difference in of minutes and then recalculated to express time as days called 

“time (days)”. Then, the growth in mm per day called “growth (mm)/time (days)” was 

calculated by dividing the average growth with “time (days). Data that was missing or had 

too high growth value due to MT or MT mix leakage was not included in the calculation of 

the average growth from the four axes, and was adjusted for by calculating the average 

manually. 

 

Objective critera used for discarding measurements from replicates were: 

1 Contamination.  

2 Useless measurement of data, due to markings that were sometimes rubbed off 

when the glass petri dishes had to be stacked upon each other in a plastic bag for 

storage.  

3 Leakage from the terpene treated fungus. 

Leakage in the growth inhibiting experiment was defined as: 

Terpene treated fungi had a higher growth for the same isolate at the same 

measurement time than the average growth for the control. All measurement from 

the replicate ware checked with calculation for possibly leakage.  

 
2.4.3 The regression analysis   
Description of how values from the regression analysis were obtained is presented in the 

next paragraph as an example that describes the data process in general for only one 

replicate in a treatment for one isolate. 
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Example 

The “accumulated growth (mm)/time (days)” and “accumulated time (days)” were 

calculated by addition of the values from “growth (mm)/time (days)” and “time (days)” from 

the first time measurement until the last time measurement. Series of time measurements 

were restricted by growth pace in the control. Then a graph was made to carry out a 

regression analysis by plotting the “accumulated growth (mm)/time (days)” to “accumulated 

time (days)”. In figure 1 an example of a graph made to perform regression analysis is 

shown. The regression equation with its slope value and R2 value that was obtained by 

formatting a trend line in the graph using Microsoft Excel. 

 

 
Figure 1. In this figure, the growth curve shown is based on the calculated average 
accumulated growth (mm) / time (days) in relation to the accumulated time between every 
time measurement from the collected data within monoterpene mix (MT mix) treatment in 
the blue stain fungi G.penicillata isolate A = 1980-91/54. Grosmannia penicillata is shortened 
to G.pen in the graph. The growth is expressed on the y-axis as; Growth (mm). The time 
between every measurement is shown on the x-axis as; Time (days). The result from making 
a regression analysis by formatting a trend line shown as dotted black line on the graph is 
given with the regression equation y = 3,876x + 0,2778 and the R2 value 0,99403. R2 values 
close to 1 indicate a near perfect fit.  
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The process described in the example above, were repeated for all replicates in all the six 

treatment for the eight isolates where the growth slope value was collected to be used in 

statistical analysis after the data was properly organized in a new Excel sheet. In Appendix 6 

an overview of the regression equation, R2 value and standard error value from the average 

“accumulated growth mm/time (day)” to “accumulated growth (mm)/time (day)” based on 

the number of replicates within each six treatment for the eight isolates is shown.  

 

2.4.4. Growth curves  
The growth curves displayed in figure 4-11 were made using the program MATLAB.  

 
2.4.5. Precentage  
The percentages were calculated on the assumption that the average growth slope value 

from the regression equation based on the replicates from the control in each specific 

isolate could describe the potential 100 % growth. The average growth slope value based on 

replicates within terpene treatments were then divided by the average growth slope value 

from the replicates in the control to compared the different percentages for all the five 

terpene treatments. 

 

2.5 Statistical methods   
 

The whole growth inhibiting experiment can be explained as a block experimental design 

which is described in general terms in (Mendenhall & Sincich 2012;Montgomery 2013). Tests 

for model assumptions were done before the chosen model was applied in further statistical 

analysis. The complete model for the growth inhibiting experiment could be described as 

shown in model 1 under. The program R version 3.3.2  and JMP pro 13 were used for the 

statistical analysis. 
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i = 1,2,3,4 k = 1,2 
i = 1,2,3,4,5,6  k = 1,2 

Model 1:               ݕ௜௝௞௟ = ߤ  + ߬௜ + ௝ߚ ௞ߛ + + ௜௝ߚ߬  + ௜௞ߛ߬  + ௝௞ߛߚ + ௜௝௞ߛߚ߬ +                     ௜௝௞௟ߝ
 
 

 

The complete model was reduced to contain only the relevant factors to examine hypothesis 

H1 and H3 with two-way analysis of variance (ANOVA). 

 

Model 2 for H1: 
௜௝௞௟ݕ  = ߤ  + ߬௜ + ௝ߚ ௞ߛ + + ௜௝ߚ߬  + ௜௞ߛ߬  + ௝௞ߛߚ + ௜௝௞ߛߚ߬ +  ௜௝௞௟ߝ
 
 
Model 3 for H3: 
௜௝௞௟ݕ  = ߤ  + ߬௜ + ௝ߚ ௞ߛ + + ௜௝ߚ߬  + ௜௞ߛ߬  + ௝௞ߛߚ + ௜௝௞ߛߚ߬ +    ௜௝௞௟ߝ
 
When model 2 and 3 showed significant low p value in the two-way ANOVA, then a follow 

up post hoc analysis like Tukey Multiple Comparisons of Means with honest significant 

difference (Tukey HSD) was to be included, so the effect from the factors could be examined 

more specifically (Mendenhall & Sincich 2012; Tukey 1949).  

 
 
 
 

i j k l    
= = = = 

1,2,3,4,5,6 1,2,3,4 1,2 1,2,3,4,5,6, 
 ௜௝௞௟    = Growth rate explained from the slope in the regression linesݕ
μ                   =  Overall sample mean  ߬௜ = Treatment where i, is number of treatments and 1= (+)- -Pinene, 2= (-)- -Pinene, 3= 

(-)- Limonene, 4= (+)-Limonene, 5= MT mix (monoterpene mix), 6= Control ߚ௝                 = Fungi species where j is number of fungi and 1 = O.piceae, 2= G.penicillata, 3= 
O.bicolor, 4= E.polonica ߛ௞              = Isolate where k is number of isolates and 1= A, 2= B ߬ߚ௜௝              = Treatment x Fungi species ߬ߛ௜௞              = Treatment x Isolate ߛߚ௝௞             = Fungi species x Isolate ߬ߛߚ௜௝௞         = Treatment x Fungi species x Isolate ߝ௜௝௞௟             

 
~ 
 

Random error term; 
NID = normally and independently distributed with mean 0, and variance ߪଶ.  
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3. Result 
 

3.1 Plot of mean  
Two different mean plots were made to look for possible unequal growth before any 

statistical testing. The two mean plots were calculated with r commander based on the 

dataset with linear regression value obtained from all replicates within monoterpene treated 

isolate A and B for all blue stain fungi used in the growth inhibiting experiment.  

 

The mean plot comparing the response to the monoterpene treatments for all the fungi that 

were tested can be seen in Appendix 4 The plot indicated that (-) limonene might be the 

most growth inhibiting monoterpene treatment for the two blue stain fungi E.polonica and 

G.penicillata. The plot also indicated that G.penicillata might had the highest potential for 

average growth under influence from all the monoterpene treatments in the growth 

inhibiting experiment. 

 

The second plot of mean that compares the average growth response from the two isolates 

A and B for each fungi tested in the growth inhibiting experiment can be seen in Appendix 5 

The plot revealed that the different average growth between the two isolate A and B for all 

four fungi tested differed, which were especially visible for O.bicolor and G.penicillata.  

 

3.2 Model adequacy test 
Figure 2 A-D sums up the results from the summary of fit using Model 2. Model adequacy 

was checked efficiently with residual plots before two-way ANOVA was conducted as 

recommended in Montgomery (2013)., p 80. Highest RMSE = 0,5536 was found for 

E.polonica implying more random errors made when measuring growth in this fungi than for 

the other three fungus. 
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Figure 2. Actual by predicted plot made with JMP pro 13. The graphics display the response 
variable growth_slope  on the y-axis as a function of the design factors described in detail for 
Model 2 in section 2.5. Dataset was based on the calculated growth slope value obtained by 
regression analysis done for all replicates within the four monoterpene treatments for all 
four blue stain fungi.  The actual by predicted plot indicate lower fit for Model 2 in both  
E.polonica with R2 = 0,57 and O.piceae with R2 = 0,76  than Model 2 does for G.penicillata 
and O.bicolor which had a similar R2 value = 0,95. R2 closer to 1 indicates a better fit of the 
model than R2 closer to 0. RMSE = 0,5536 for  E.polonica indicating more random errors 
imposed on the observed data for this fungi compared to the other fungus.. The four fungal 
species shown in separate panales were; Ophiostoma- piceae (O.pic), Grosmannia- 
penicillata (G.pen), Ophiostoma- bicolor (O.bic) and Endoconidiophora-polonica (E.pol). 
 

3.4 Result from the two-way ANOVA test   
Table 6 sums up the result from the two-way ANOVA test in Model 2 using JUMP pro 13. The 

two-way ANOVA test in Model 2 revealed almost p < 0, 05 for all source variables, apart 

from the source variable “Treatment x Isolate” in O.piceae and “Isolate” in E.polonica. Low p 

values in the two-way ANOVA indicated that there was need to use post hoc analysis to 

understand where possible differences in the growth response variables were to be found 

within the source variables. 
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Table 6. Overview two-way ANOVA test result.  For most source variables in Model 2, the p 
values were < 0,05, apart from the source variable “Treatment * Isolate” for O.pic and 
“Isolate” for E.pol. The four fungi in this table were; Ophiostoma- piceae (O.pic), 
Grosmannia- penicillata (G.pen), Ophiostoma- bicolor (O.bic) and Endoconidiophora-

polonica (E.pol). The p values < 0,05 are highlighted in red.  

 

3.5 Result from Tukey HSD test 
Figure... sums up the result from the Tukey HSD test. The Tukey HSD shown in figure 3 

indicated that some MT treatments affected mycelium growth significantly different when 

compared with an isolate, between isolates A and B within a fungus and between the four 

fungi. It is interesting that response to MT treatments for isolate A and B in E.polonica and 

O.bicolor were not as similar as for isolate A and B in O.piceae and G.penicillata.  

 

 

Fungi Source variable DF Sum of Squares F Ratio Prob > F 

O.pic Isolate 1 0,36 5.52 0.0226 
Treatment 3 9,64 49.16 <.0001 

  Treatment*Isolate 3 0,52 2.67 0.0573 
G.pen Isolate 1 1,32 37.36 <.0001 

Treatment 3 36,58 344.34 <.0001 

  Treatment*Isolate 3 0,51 4.79 0.0048 
O.bic Isolate 1 24,34 398.73 <.0001 

Treatment 3 8,56 46.74 <.0001 

  Treatment*Isolate 3 16,05 87.65 <.0001 
E.pol Isolate 1 1,06 3.46 0.0698 

Treatment 3 4,38 4.76 0.0059 

  Treatment*Isolate 3 15,22 16.55 <.0001 
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Figure 3. Tukey HSD test result for the source variable treatment in Model 2 for all isolates 
with an signalize significant differences in 
growth response to the terpene treatments used in the growth inhibiting experiment. The 
standard error is shown as error bars over the bars. Growth is expressed on the y-axis as; LS 
mean growth (mm)/ time (day). On the x-axis the six treatments in the growth inhibiting 
experiment for two isolates; (+)- -pinene ((+) a-pin), (-)- -pinene ((-) b-pin), (-) limonene ((-) 
lim), (+) limonene ((+) lim), monoterpene mix (MT mix), control (C). The fungal species shown 
in separate panels were; Ophiostoma- piceae (O.pic) isolate A = 1998-50/3 and isolate B 
=1980-92/34, Grosmannia- penicillata (G.pen) isolate A =1980-91/54 and isolate B =1960-21,
Ophiostoma- bicolor (O.bic) isolate A = 1980-48/36 and isolate B =2004-38/1 and 
Endoconidiophora-polonica (E.pol) isolate A = 1994-169/113 and isolate B = 1993-208/115  
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3.6 Result from percetnage calculation 
Table 7 shows all percentages differences of growth rate between terpene treatment and 

control within all isolates in the five terpene treatments. High value of percentage indicates 

a strong growth inhibiting effect from terpene treatments on the fungi. Isolate A and B in 

each fungus had not the same growth rate when treated with terpenes as can be seen from 

the percentage values in table 7. The variation in growth rate within isolate A and B also 

reflected variation in growth rate for the fungus under terpene treatments.  

 
Table 7. Percentage of unequal growth rate between terpene treatment and control within 
all isolates in the growth inhibiting experiment and total average from each terpene 
treatment. The percentage value was found by using the growth slope value from linear 
regression in all replicates within every treatment and using its average value to calculate 
the relation between terpene treated mycelium and control, expressed as % in the table. 
High % value indicates strong growth inhibiting effect. The fungal species were; Ophiostoma- 
piceae (O.pic) isolate A = 1998-50/3 and isolate B =1980-92/34, Grosmannia- penicillata 
(G.pen) isolate A =1980-91/54 and isolate B =1960-21, Ophiostoma- bicolor (O.bic) isolate A 
= 1980-48/36 and isolate B =2004-38/1 and Endoconidiophora-polonica (E.pol) isolate A = 
1994-169/113 and isolate B = 1993-208/115. The six treatments were;(+)- -pinene ((+) a-
pin), (-)- -pinene ((-) b-pin), (-) limonene ((-) lim), (+) limonene ((+) lim), monoterpene mix  
(MT mix), control (C). Detail of MT mix content for isolates can be seen in section 2.3.7 

 
3.7 Fungal growth 
Figures bellow shows how the fungal growth (mm)/time (days) was for all included 

replicates. The growth curve for isolate A  in O.bicolor and E.polonica can seem odd, like 

time measurement suddenly stopped and is missing when compared to isolate B. The 

growth curve for isolate A in O.bicolor and E.polonica grew fast, so for the first time 

measurement the growth was several mm  but when growth (mm)/time (days) were 
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calculated this effect is masked since the data from first time measurement becomes  a cero 

start reference for growth between time measurements.  

 
 

 

 

 

 

 

 

Figure 4. Growth inhibiting experiment with five selected terpene treatments for one strain of
Ophiostoma piceae (O.pic A =1998-50/3). Replicates with terpene treatment in mycelium growth 
environment consisted of 200 μl neat individual monoterpenes like (+)- -pinene or (-)- -pinene or (+) 
limonene or (-) limonene or monoterpene mix (ca 1:1:1:1 concentration of (+)- -Pinene, (-)- -Pinene, (+) 
Limonene and (+)-3-Carene). Control replicates were left untreated. Pure culture was made 17.01.2014, 
inoculation from pure culture for growth inhibiting experiment was done 01.02.14 and the first radial 
growth measurement happened at 05.02.14. When mycelium in control treatment reached the edge of 
the plate, radial growth measurements stopped. The figure lines    ,   ,   shown together with 
initials S, C and T in the figure legend respectively, stand for the observed growth given by the collected 
radial growth measurements were; S= single replicate growth, C= average growth from the control 
replicates, T= average growth from the terpene treated replicates.  
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Figure 5.Growth inhibiting experiment with five selected terpene treatments for one strain of 
Ophiostoma piceae (O.pic B = 1980-92/34). Replicates with terpene treatment in mycelium growth 
environment consisted of 200 μl neat individual monoterpenes like (+)- -pinene or (-)- -pinene or (+) 
limonene or (-) limonene or monoterpene mix (ca 1:1:1:1 concentration of (+)- -Pinene, (-)- -Pinene, 
(+) Limonene and (+)-3-Carene). Control replicates were left untreated. Pure culture was made 
17.01.2014, inoculation from pure culture for growth inhibition experiment was done 01.02.14 and the 
first radial growth measurement happened at 05.02.14. When mycelium in control treatment reached
the edge of the plate, radial growth measurements stopped. The figure the lines   ,  ,     shown 
together with initials S, C and T in the figure legend respectively, stand for the observed growth given 
by the collected radial growth measurements were; S= singe replicate growth, C= average growth from 
the control replicates, T= average growth from the treated replicates.  
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Figure 6. Growth inhibiting experiment with five selected terpene treatments for one strain of 
Grosmannia penicillata (G.pen A = 1980-91/54). Replicates with terpene treatment in mycelium 
growth environment consisted of 200 μl neat individual monoterpenes like (+)- -pinene or (-)- -pinene 
or (+) limonene or (-) limonene or monoterpene mix (ca 1:1:1:1 concentration of (+)- -Pinene, (-)- -
Pinene, (+) Limonene and (+)-3-Carene). Control replicates were left untreated. Pure culture was made 
17.01.2014, inoculation from pure culture for growth inhibition experiment was done 01.02.14 and the 
first radial growth measurement happened at 05.02.14. When mycelium in control treatment reached 
the edge of the plate, radial growth measurements stopped. The figure the lines  , ,  shown 
together with initials S, C and T in the figure legend respectively, represents the observed growth given 
by the collected radial growth measurements were; S= singe replicate growth, C= average growth from 
the control replicates, T= average growth from the treated replicates.  
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Figure 7. Growth inhibiting experiment with five selected terpene treatments for one strain of 
Grosmannia penicillata (G.pen B =1960-21)). Replicates with terpene treatment in mycelium growth 
environment consisted of 200 μl neat individual monoterpenes like (+)- -pinene or (-)- -pinene or (+) 
limonene or (-) limonene or monoterpene mix (ca 1:1:1:1 concentration of (+)- -Pinene, (-)- -Pinene, 
(+) Limonene and (-)-Limonene). Control replicates were left untreated. Pure culture was made 
01.05.2014, inoculation from pure culture for growth inhibition experiment was done 17.05.14 and the 
first radial growth measurement happened at 20.05.14. When mycelium in control treatment reached 
the edge of the plate, radial growth measurements stopped. The figure the lines  ,  ,    shown 
together with initials S, C and T in the figure legend respectively, represents the observed growth given 
by the collected radial growth measurements were; S= singe replicate growth, C= average growth from 
the control replicates, T= average growth from the treated replicates.  
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Figure 8.. Growth inhibiting experiment with five selected terpene treatments for one strain 
of Ophiostoma bicolor (O.bic A = 1980-48/36). Replicates with terpene treatment in mycelium 
growth environment consisted of 200 μl neat individual monoterpenes like (+)- -pinene or (+)- 

-pinene or (+) limonene or (-) limonene or monoterpene mix (ca 1:1:1:1 concentration of (+)-
-Pinene, (-)- -Pinene, (+) Limonene and (-)-Limonene). Control replicates were left untreated. 

Pure culture was made 01.05.2014, inoculation from pure culture for growth inhibition 
experiment was done 17.05.14 and the first radial growth measurement happened at 20.05.14. 
When mycelium in control treatment reached the edge of the plate, radial growth 
measurements stopped. The figure the lines  ,  ,    shown together with initials S, C 
and T in the figure legend respectively, represents the observed growth given by the collected 
radial growth measurements were; S= singe replicate growth, C= average growth from the 
control replicates, T= average growth from the treated replicates.  
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Figure 9.  Growth inhibiting experiment with five selected terpene treatments for one strain of 
Ophiostoma bicolor (O.bi B = 2004-38/1)). Replicates with terpene treatment in mycelium growth 
environment consisted of 200 μl neat individual monoterpenes like (+)- -pinene or (-)- -pinene or 
(+) limonene or (-) limonene or monoterpene mix (ca 1:1:1:1 concentration of (+)- -Pinene, (-)- -
Pinene, (+) Limonene and (-)-Limonene). Control replicates were left untreated. Pure culture was 
made 01.05.2014, inoculation from pure culture for growth inhibition experiment was done 
17.05.14 and the first radial growth measurement happened at 20.05.14. When mycelium in 
control treatment reached the edge of the plate, radial growth measurements stopped. The figure 
the lines  ,  ,    shown together with initials S, C and T in the figure legend respectively, 
represents the observed growth given by the collected radial growth measurements were; S= singe 
replicate growth, C= average growth from the control replicates, T= average growth from the 
treated replicates.  
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Figure 10. Growth inhibiting experiment with five selected terpene treatments for one strain of 
Endoconidiophora polonica (E.pol A = 1994-169/113). Replicates with terpene treatment in 
mycelium growth environment consisted of 200 μl neat individual monoterpenes like (+)- -pinene 
or (-)- -pinene or (+) limonene or (-) limonene or monoterpene mix (ca 1:1:1:1 concentration of 
(+)- -Pinene, (-)- -Pinene, (+) Limonene and (-)-Limonene). Control replicates were left untreated.  
Pure culture was made 20.07.2014, inoculation from pure culture for growth inhibition experiment 
was done 09.08.14 and the first radial growth measurement happened at 11.08.14. When 
mycelium in control treatment reached the edge of the plate, radial growth measurements 
stopped. The figure the lines  ,   ,  shown together with initials S, C and T in the figure 
legend respectively, represents the observed growth given by the collected radial growth 
measurements were; S= singe replicate growth, C= average growth from the control replicates, T= 
average growth from the treated replicates.  
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Figure 11. Growth inhibiting experiment with five selected terpene treatments for one strain of 
Endoconidiophora polonica (E.pol B = 1993-208/115). Replicates with terpene treatment in 
mycelium growth environment consisted of 200 μl neat individual monoterpenes like (+)- -pinene or 
(-)- -pinene or (+) limonene or (-) limonene or monoterpene mix (ca 1:1:1:1 concentration of (+)- -
Pinene, (-)- -Pinene, (+) Limonene and (-)-Limonene). Control replicates were left untreated. Pure 
culture was made 20.07.2014, inoculation from pure culture for growth inhibition experiment was 
done 09.08.14 and the first radial growth measurement happened at 11.08.14. When mycelium in 
control treatment reached the edge of the plate, radial growth measurements stopped. The figure 
the lines    ,    ,   shown together with initials S, C and T in the figure legend respectively, 
represents the observed growth given by the collected radial growth measurements where; S= singe 
replicate growth, C= average growth from the control replicates, T= average growth from the treated 
replicates.  
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4. Discussion 

All blue stain fungi had less growth under the influence of terpene treatments which is seen 

with the capital letter A over the bar for the control treatment in figure ....... from the Tukey 

HSD test. Isolate A grew almost twice as fast as isolate B for E.polonica and O.bicolor and 

from figure ... it is possible to see that the isolate A for both fungi were a bit less affected by 

the terpene treatments, than isolates that had more similar growth pace which was the case 

for isolate A and B in O.piceae and G.penicillata. The result discussed above might indicate 

that growth capacity is a characteristic for terpene tolerance which also is mentioned in 

Krokene et al., 1996 as follows “ Pythopathogenic blue stain fungi have several adaptions 

that increase their ability to grow in fresh host tissues, among them higher growth rates and 

the ability to grow at lower oxygen pressures than most other blue stain fungi”.  

From the Tukey HSD test shown in figure 3, MT treatments had different effect on the 

isolates tested and between the fungi. It was expected to find clear inhibition from the MT 

treatment (-) limonene as a study from Novak et al.,2013 indicated that (-) limonene 

inhibited fungal growth where they suggested “that it is an important induced defense 

metabolite involved in Norway spruce resistance to   primary fungal invaders such as E. 

polonica “. In the Tukey HSD analysis for this growth inhibiting experiment isolate B in 

E.polonica had the highest growth inhibiting effect while (+)- -pinene was the most 

inhibiting terpene treatment for isolate A.  

For the MT mix that consisted of different MT compounds the Tukey HSD clearly indicated 

an effect that differed from the control but between other MT treatments only in 

G.penicillata isolate A there was significant differences from the other MT treatments.  

The weaknesses for conducting this growth inhibiting experiment was the lack of air tight 

containers since the volatile terpenes leaked out from the sealing and because the sealing 

kind of melted away because of the interaction between the plastic and volatile terpene 

molecules. This caused problems because leakages could be found perhaps long time after it 

appeared due to small size on the hole from the sealing plastic around the glass petri dishes. 

Leakages could perhaps upregulate growth for the blue stain fungi when normal O2 levels 

increased in the growth environment.  
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Having only two samples of isolates for each fungus was too small sample size to begin to 

evaluate what kind of fungi had the highest of lowest growth rate. An approach to the 

evaluate growth between the fungi was done by calculating percentages. But these did not 

show any clear differences too since the isolates had high variation in growth rate. 

In conclusion, MT treatments affect growth differently and MT mix did not have much 

significantly effect on fungal growth when compared to the MT treatments.  
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Appendix 1  
Information about the isolates  

 
 
 
 
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 MA; Malt extract agar  
 PCA; Potatoe carrot extract agar.  
 10 % of the liquid in the sample stored in the deep freezer (-152o), contained glycerol said 

senior engineer Gro Wollbæk at NIBO.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Appendix 2  
Common synonyms for the terpene chemicals 
 

 
Appendix 3 

Scheme for collecting data from samples (replicates with treatments) in the 
growth inhibition laboratory experiment 
  



Appendix 4 
Plot of means comparing treatments for the four fungi tested 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Plot of means made to check after observable effects from treatments for each blue stain 
fungi species tested. The plot of means was made from the data available to test statistical 
model 2 as shown in section 2.5. On the x-axis the shortened name for the blue stain fungi 
used is; E.pol, G.pen , O.bi, O.pi which stands for E.polonica, G.penicillata, O.bicolor, 
O.penicillata respectively. In the y-axis, the average mean growth slope from all replicates 
within every monoterpene treatment for each type blue stain fungi could be viewed in 
(mm)/ time (day). The legend box named “Treatment” shows the shortened name for the 
monoterpene treatment used in the growth experiment where; (+)- -pinene ((+) a-pin), (-)-

-pinene ((-) b-pin), (-) limonene ((-) lim), (+) limonene ((+) lim), monoterpene mix (MT mix), 
control (C). The plot indicates that the terpene treatment (-) limonene, might be one of the 
most inhibiting monoterpene treatment in the growth inhibition experiment for the two 
blue stain fungi E.polonica and G.penicillata.  
 
 
 
 



Appendix 5 
Plot of means for isolate A and B for the four fungi tested 
 

 
Plot of means for checking how different the growth for the two isolates for one species of 
blue stain fungus tested was. The plot of means was made from the data available to test 
statistical model 2 as shown in section 2.5. On the x-axis the shortened name for the blue 
stain fungi used is; E.pol, G.pen, O.bi and O.pi which stands for E.polonica, G.penicillata, 
O.bicolor, O.penicillata respectively. On the y-axis the mean growth slope from all replicates 
within one isolate either A or B for each type of blue stain fungi tested could be viewed in 
cm. From the plot, there is indication that isolate E.pol and O.pi have the most similar 
growth between the two isolate A and B. In G.pen some difference between the two isolate 
A and B could was indicated, but for O.bi the plot indicated huge differences in the average 
growth rate between the two isolate A and B.  



 
Appendix 6.  
 
Average regression analysis values for all treatments in the growth inhibiting 
experiment. 
 
Table continue next page  
 

 
 



 

 
 
 
 
 



  


