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“You cannot hope to build a better world without improving the individuals. 
To that end each of us must work for his own improvement, and at the same 

time share a general responsibility for all humanity, our particular duty 
being to aid those to whom we think we can be most useful”. Marie 

Skłodowska-Curie, 1923 

 

 

“Kαὶ ἐγὼ τῷ Σόλωνι, ἓν μόνον προσλαβών, συγχωρῶ: γηράσκων γὰρ πολλὰ 
διδάσκεσθαι ἐθέλω ὑπὸ χρηστῶν μόνον…εἰ δὲ νεώτερος ὁ διδάσκων ἔσται 
ἢ μήπω ἐν δόξῃ ὢν ἤ τι ἄλλο τῶν τοιούτων ἔχων, οὐδέν μοι μέλει.” (I too 

agree with Solon, while adding just one word to his saying: I should like, as 
I grow old, to learn more and more, but only from honest folk….but if my 

teacher is to be a younger man, or one who so far has no reputation, or 
anything of that sort, I care not a jot.) In: Laches 189a, by Plato 
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SUMMARY 

 

Vitis sp. diseases are a constant threat to wine production and quality. At the same 
time, consumers’ demand for organoleptically superior wines that should result from 
sustainable practices both in vineyards and in wineries is increasing. Thus, the 
development of efficient practices to regulate the microbiome of grapevines and wine 
fermentations is more than urgent and relevant. This PhD thesis is divided into two 
parts. One part concerns Pierce´s disease, a serious grapevine disease caused by the 
bacterium Xylella fastidiosa subsp. fastidiosa. Different control strategies have been 
suggested for the protection of vineyards from Pierce´s disease. In order to aid control 
efforts, this thesis has gathered all different concepts of control interventions and has 
explored the potential of these concepts by means of an epidemiological model. The 
second part of the thesis focuses on the versatile bacterium Lactobacillus plantarum. 
Many studies have demonstrated the crucial role that L. plantarum plays in human 
health (probiotic), agriculture (biocontrol agent of phytopathogens, plant-growth 
biostimulator) and in the food industry (food preservative, fermentation starter, food 
spoiler). With a view to identifying natural enemies of L. plantarum, this thesis has 
isolated and characterised viruses (bacteriophages) infecting wine-related strains of 
the bacterium. 
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DANSK RESUME 

 

Sygdomme i vinstokke (Vitis sp.) er til stadighed en trussel mod vinproduktion og 
vinkvalitet. Samtidig stiger forbrugernes krav til vins kvalitetsmæssige og 
organoleptiske (sanselige) egenskaber (fx. farve, smag og aroma); egenskaber der 
sædvanligvis kan tilskrives bæredygtig produktionsmetoder i såvel vinmarker som på 
vingårde. Således er udviklingen af effektive metoder til regulering af mikrobiota i 
vinstokke og i vingæringsprocesser mere relevant og presserende end nogensinde før. 
Denne ph.d.-afhandling er opdelt i to dele: Første del handler om ”Pierce´s Disease”, 
en alvorlig sygdom der rammer vinstokken og som skyldes bakterien Xylella fastidiosa 
subsp. fastidiosa. Forskellige kontrolstrategier har været foreslået for at beskytte 
vingårdene mod ”Pierce´s Disease”. For at understøtte kontrolindsatsen, har denne 
afhandling samlet de forskellige former for kontrolindgreb, og har endvidere 
undersøgt potentialet af disse indgreb ved at benytte en epidemiologisk model. Anden 
del af afhandlingen fokuserer på bakterien Lactobacillus plantarum som er anvendelig 
i mange sammenhænge. Mange studier har påvist den altafgørende rolle som L. 
plantarum spiller inden for folkesundheden (probiotik), i landbruget (biologisk 
bekæmpelse af plantepatogener, vækstfremmende biostimulatorer) og i 
fødevareindustrien (til konservering, til fermentring som starter kulturer, og for at 
undgå fordærvelse af fødevare). Med henblik på at identificere L. plantarum’s 
naturlige fjender, har denne afhandling isoleret og karakteriseret vira (bakteriofager) 
der inficerer vinrelaterede bakteriestammer. 
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PART A: REGARDING PAPER 1 

 

Part A revolves around Pierce’s disease of grapevines (PD) and the potential of various 
control strategies to protect vines from the causative bacterium, Xylella fastidiosa 
subsp. fastidiosa. Essentially, this part is devoted to Paper 1, which is a review paper 
on all published control strategies against PD and an assessment of these strategies 
through an epidemiological model. Part A comprises an introductory section (Chapters 
I-III), Paper 1 (Chapter IV) and the corresponding bibliography that appears at the 
“References” together with the bibliography of Part B. Chapter I delineates the PhD 
candidate’s contributions to Paper 1. Then, Chapter II explains the research questions 
connected to Paper 1. Furthermore, Chapter II is a critical overview of recent 
epidemiological models developed for insect-transmitted plant pests, as compared to 
the model of Paper 1. Chapter III ends the introductory section by summarising the 
main outcomes of Paper 1 and briefly evaluating methods used to collate information 
for the review and model dataset. The introductory section of Part A is arranged 
according to the rules of the Graduate School of Science and Technology for PhD 
theses.  
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CHAPTER I. PhD Candidate’s Contributions  

 

The idea to develop a model that would evaluate control strategies against PD was 
conceived by both Alexander Byth Carstens and myself during a PhD course. This idea 
was received with enthusiasm by prof. Ariena van Bruggen during that same course 
and was refined with her help. Later, I started a systematic search for similar models 
and created a compendium of control strategies. Through this search, I recognised the 
need for a review on PD control strategies and decided to combine review and model 
in one paper (Paper 1). Owing to my contributions to Paper 1, I was deemed to be first 
author. In particular, I executed the literature search for all currently published, PD 
intervention strategies and wrote the first half of Paper 1 (Review). I also collected the 
dataset on the epidemiology of PD to fit the model, and calculated changes for some 
of the data to adjust them to our model’s assumptions and the field conditions. I 
designed the graphical representations of the prophylactic and therapeutic strategies 
and together with Taneli Pusa defined the state variables and parameters of the 
model. Lastly, I interpreted the results of the model analyses, linked them to control 
strategies and wrote nearly all the second half of Paper 1 (Model). 
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CHAPTER II. Research Questions & Overview of Similar 
Studies 

 

Research Questions 

Xylella fastidiosa is a Gram-negative bacterium, first described as the aetiological 
agent of Pierce’s disease (PD) of grapevines (Pierce, 1892). What characterises this 
phytopathogen is a wide host range of more than 300 plant species (Stancanelli et al., 
2015) and its transmission by xylem-sap feeding insects (Almeida et al., 2005). The 
taxonomy of the species remains unresolved, since different studies have supported 
the existence of three to five subspecies (Almeida and Nunney, 2015; Marcelletti and 
Scortichini, 2016). What is clear though, is that X. fastidiosa poses a serious threat to 
crop and ornamental plants worldwide. X. fastidiosa subspecies are responsible for 
more than one severe plant diseases, such as alfalfa dwarf disease, phony peach 
disease, plum leaf scald disease, citrus variegated chlorosis and olive quick decline 
syndrome (Jeger et al., 2018). Just a regular search in PubMed reveals the intensity 
with which X. fastidiosa has been studied and the variety of intervention strategies 
suggested to control its spread. The first half of Paper 1 (Chapter IV) is a review that 
aims to organise all strategies against PD by answering to the questions below: 

1. What strategies have been proposed to control PD in the field? 
2. How can PD control strategies be classified?  

 

The second half of the paper is an attempt to model the epidemiology of X. fastidiosa. 
We focus exclusively on the well-documented, grapevine – X. fastidiosa subsp. 
fastidiosa pathosystem, and the insect vector Homalodisca vitripennis (GWSS) which 
has led to the epidemics of PD in Southern California (Rapicavoli et al., 2017). The 
purpose of this model is to assess current and future control strategies against PD in 
order to help prioritise and coordinate efficient control efforts. The research questions 
that prompted this study are formed as follows: 

3. Which aspects of PD epidemiology are most influential to PD spread and 
persistence within a grapevine population? 

4. Which control strategies can undermine the effect of those influential 
parameters? 
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Overview of Similar Studies 

There are a few epidemiological models for insect-transmitted plant pests to compare 
to our model. Ιn most cases these models are utilised to evaluate control strategies 
against pests. Given that the purpose of this overview is to present the state-of-the-
art, I further limit the comparisons to the models that were published after the year 
2000. By extension, when multiple optimised versions to the first model exist only the 
latest version is chosen. A first case regards models of huanglongbing (HLB) disease, 
which analyse the spread of bacteria of Candidatus Liberibacter to citrus trees by the 
psyllid Diaphorina citri. Two distinct, compartmental-systems-based models (Chiyaka 
et al., 2012; Vilamiu et al., 2012) address the epidemiology of this disease, but each 
one follows a different approach. The model by Chiyaka et al. (2012) describes the 
various stages of psyllid individuals with more accuracy and thus better simulates the 
impact of each one of them in the epidemiology of HLB. A cluster of newly emerged 
leaves is designated as the host-related state variable, to account for the high 
concentrations of Candidatus Liberibacter there. Finally, the model by Chiyaka et al. 
(2012) recognises the contribution of nymphs to the transmission of HLB. On the other 
hand, the model by Vilamiu et al. (2012) sets a whole citrus tree as the host-related 
state variable. This allows them to study the spread from tree to tree and the effect of 
tree removal on the epidemic but comes at the expense of the patchy distribution of 
Candidatus Liberibacter. The state variable of latent but non-infectious hosts is 
replaced by the incubation period of HLB in the citrus. Notably, the greatest strength 
of this model is that it accounts for the duration of the vector’s egg-nymph period, 
rather than assuming a constant rate of change.  

The epidemiology of PD has a major similarity to that of HLB, which is the 
exclusive transmission by an efficient insect vector. This explains why the core of our 
model, i.e. the state variables, largely agrees with the model by Vilamiu et al. (2012). 
However, there are some constitutive differences concerning the survival of each 
phytopathogen in the host and in the vector. For example, grapevines are able to 
recover from PD if certain conditions occur (Purcell, 2013). These differences mean 
that extensive parameter comparisons are meaningless. There are two contrasts 
worth mentioning. Firstly, delay times are absent from our model, hence this HLB 
model can serve as an inspiration on how to incorporate them in succeeding version. 
Secondly, Vilamiu et al. (2012) set a parameter for the human detection efficiency of 
symptomatic hosts. Instead, we refrain from incorporating any control strategies in 
the parameters of our model, unless these happen naturally (healing effect of cold 
winters) or as part of the normal management of a vineyard (replacement of vines and 
roguing). The decision to embrace parameters that reflect control strategies may add 
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unnecessary complexity to a model and create bias in the analysis if their exact effect 
is not well-understood (Getz et al., 2018). A significant divergence of our model from 
both HLB models is the way of evaluating control strategies. HLB models assess control 
strategies by means of a sensitivity analysis of the basic reproduction number R0 to 
the model parameters. The basic reproduction number is a metric to determine 
whether an infection will spread in a healthy population. Hence, this type of analysis 
can merely identify strategies that prevent spread of a disease but not its 
establishment within a population. To investigate the latter, we also did a sensitivity 
analysis of the endemic equilibrium to the parameters of our model. 

Other relevant epidemiological models are those for pine wilt disease, 
which analyse the spread of the pest nematode Bursaphelenchus xylophilus to pine 
trees by the bark bettle Monochamus alternatus. The latest of this series of models is 
presented by Shi and Song (2013). The novelty of this model and some of its precursors 
(Takasu, 2009 and references therein) is that it formulates the spread of the disease 
in a continuous three-dimensional space using an integro-differential equation. 
Moreover, the model by Shi and Song (2013) is an individual-based model. 
Individuality along with spatiality are important when portraying population dynamics 
(Durrett and Levin, 1994) and the model retains there traits for the insect vector 
population. Due to the introduction of spatiality, the model by Shi and Song (2013) 
facilitates calculation of the local and global stability of the disease-free equilibrium 
and of a unique endemic equilibrium, using the basic reproduction number R0 and 
another value designated as Rc, with Rc > R0. Predictions are that in a global scale if R0 
< Rc < 1 is achieved then the pest Bursaphelenchus xylophilus would be ultimately 
eradicated. Otherwise, if Rc > 1 and R0 < 1 the disease would spread but not persist in 
the population of pines, whereas if R0 > 1 the disease would be established (endemic 
equilibrium). It is difficult to argue about the framework of the pine wilt model from 
the point of view of a microbiologist. Nevertheless, the values of spatiality and 
individuality have already been stressed out and could be included as amentments to 
the current version of the PD model. The only critisism is, again, the absence of a 
sensitivity analysis of the endemic equilibrium, as argued before for the models of HLB. 
Specifically, this model solely relies on the sensitivity analysis of the basic reproduction 
number to comment upon the effeciency of intervention strategies. 
The final set of recent models to compare with our model refers to African cassava 
mosaic disease (CMD). These models analyse the transmission of either of two 
begomoviruses, African cassava mosaic virus and East African cassava mosaic virus, to 
cassava by the whitefly Bemisia tabaci. The latest version is developed by van den 
Bosch and Jeger (2001) and detailed in Jeger et al. (2004). This is again a simple 
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compartmental-systems-based model with three host state variables (healthy, latent, 
infectious) and three vector state variables (virus-free, with viruses but not yet 
infective, infective), so with a core similar to ours. Unlike our model, the CMD model 
makes the assumption that all removed host plants are replaced. This is a critical 
simplification since it affects the availability of healthy hosts but can be easily 
circumvented if a rate of replacement is considered. In addition, the CMD model 
accounts for a control strategy, the insecticide-induced death of vectors, which as 
previously argued may be problematic. A major difference is that the predictions on 
disease management and control strategies are not based on the sensitivity analyses 
of the basic reproduction number and endemic equilibrium. Instead, Jeger et al. (2004) 
perform separate analyses where various combinations of infection and management 
parameters are tested for their effect on R0. This only permits predictions on the 
effects of those control strategies that are already represented in the CMD model by 
parameters.  

To conclude, three types of epidemiological models for insect-transmitted 
plant pests have been presented and compared to our model. The analyses that all 
these models apply to evaluate control strategies are generally simpler in comparison 
to those applied by our model. Nevertheless, these models may serve as a source of 
inspiration should we decide to involve delay times, individuality and spatiality in the 
PD model. 
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CHAPTER III. Summary of Results & Assessment of Methods 

 

Summary of Results 

The first half (Review) of Paper 1 resulted in a division of control strategies into two 
groups. Group A comprised all prophylactic strategies, which means strategies to avoid 
infection incidents in vineyards. Group B consisted of all therapeutic strategies, i.e., 
strategies to cure and exclude Xylella fastidiosa subsp. fastidiosa from an infected 
vineyard. Within the two groups, we discerned sub-categories of interventions, which 
shared the same target, agent or mode of control. Namely, interventions within Group 
A were assigned as: 1) control of insect vectors, 2) control of non-vine host plants and 
vine propagation material, 3) alterations to cropping techniques, 4) breeding or 
engineering PD-resistant/tolerant V. vinifera, 5) control via avirulent XYLEFA strains, 
and 6) control via other beneficial bacteria and fungi. Furthermore, strategies within 
Group B were assigned as: 1) bacteriophage cocktails, 2) antagonistic bacteria, 3) 
natural, antibacterial substances, and 4) other defence-stimulating compounds. As 
first interpreted, many different control strategies have been identified. Naturally, 
most of them belonged to the category of prophylactic strategies. This review counted 
a total of 32 strategies with a good potential.  

The second half (Model) of Paper 1 resulted in an epidemiological model 
for X. fastidiosa subsp. fastidiosa, which can be summarised by the schematic below: 

 

where Sv is the state variable for healthy GWSS, Iv the one for infected GWSS, Sh the 
state variable for healthy vines, Lh the one for latent vines and Ih the one for 
symptomatic vines. This model is suitable for areas where the pressure from PD is high, 
such as Southern California. For a certain system of vine - GWSS populations there is 
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an equilibrium for which the system is PD-free. This PD-free equilibrium was found to 
be 𝑖𝑖𝑣𝑣,𝑁𝑁𝑣𝑣, 𝑠𝑠ℎ , 𝑙𝑙ℎ , 𝑖𝑖ℎ = (0,𝑁𝑁𝑣𝑣∗, 𝑠𝑠ℎ∗ , 0, 0), where 𝑁𝑁𝑣𝑣 is the total number of GWSS and 𝑁𝑁𝑣𝑣∗, 𝑠𝑠ℎ∗ , 
are the disease-free equilibria for GWSS and vine, respectively. While not proven 
analytically, numerical simulations of the modelled system also indicate the existence 
of one endemic equilibrium. This equilibrium is asymptotically stable when the basic 
reproduction number R0 > 1. The sensitivity analysis of R0 yielded three parameters of 
the epidemiology of X. fastidiosa subsp. fastidiosa that could and should be targeted 
to control the spread of PD. These three parameters are positively correlated to PD 
and the most influential is the number of probes a GWSS performs on vine per unit of 
time (σ). The other two parameters are the probability of transmission from vine to 
GWSS (βhv) and from GWSS to vine (βvh) during a probe. The sensitivity analysis of the 
endemic equilibrium gave two more parameters that could be linked to intervention 
strategies. These are the PD-induced removal rate of vines (μx), that is negatively 
affecting PD persistence, and the rate of progression from latent to symptomatic vine 
(ν) that positively affecting PD. These parameters point towards the employment of 
therapeutic strategies to avoid PD establishment. Strategies that reduce GWSS 
preference for vines and vine accessibility seem to be the most important in areas 
threatened by PD spread. 

 

Assessment of Methods 

The methods employed for the first half of Paper 1 are rather straightforward and 
general for reviews. A systematic search of the literature was carried out with PubMed 
https://www.ncbi.nlm.nih.gov/pubmed/, in order to find all published control 
strategies against PD. Similar publications were tracked using Google Scholar 
https://scholar.google.com/ and the “cited by” tool. The Proceedings of Pierce’s 
Disease Research Symposia https://www.cdfa.ca.gov/pdcp/research.html proved an 
invaluable resource of studies on PD and especially of the latest studies and scientific 
discoveries. Apart from these, a few information on PD was extracted from the site of 
the European Food Safety Authority (EFSA) 
http://www.efsa.europa.eu/en/search/site/Xylella. A compendium, which resembled 
Tables 1 and 2 of Paper 1, was created to keep track of the various control strategies. 
The search for similar epidemiological models and the dataset of the PD model were 
collected in the same manner. Some data estimates were also acquired by personal 
correspondence with Californian vintners and experts from the National Agricultural 
Statistics Service of U.S. (NASS), the Agricultural Commission for Napa County, the 
University of California-Davis (UC Davis), as well as from the latest NASS/CDFA Grape 

https://www.ncbi.nlm.nih.gov/pubmed/
https://scholar.google.com/
https://www.cdfa.ca.gov/pdcp/research.html
http://www.efsa.europa.eu/en/search/site/Xylella
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and Citrus Acreage Reports for California. All these methods have proven very efficient 
for collecting all relevant publications and building up the dataset for the PD model. 
The methods utilised to develop the model are not discussed here because they were 
selected by Taneli Pusa (co-author of Paper 1). 
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CHAPTER IV. Paper 1 
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PART B: REGARDING PAPERS 2 & 3 

 

Part B concerns bacteriophages of the wine-related strains of Lactobacillus plantarum. 
At the heart of this part are Papers 2 and 3, which constitute reports of newly 
discovered L. plantarum phages. In particular, Papers 2 and 3 present the genomic and 
morphological characteristics, as well as the diversity of these novel phages in relation 
to other Lactobacillus phages. Part B has the following sections: an introductory 
section (Chapters V-VII), Paper 2 (Chapter VIII) and Paper 3 (Chapter IX). Just as for 
Part A, the bibliography of Part B is listed separately, at the References section. 
Chapter V details the PhD candidate’s contributions to Papers 2 and 3. Chapter VI 
presents the research questions connected to Papers 2 and 3. Furthermore, Chapter 
VI is a critical overview of recent studies that isolated and characterised L. plantarum 
phages, and gives some additional information on the latest classification attempts of 
Lactobacillus phages. Chapter VII closes the introductory section of Part B by 
summarising the main results of Papers 2 and 3 and briefly judging the performance 
of those wet-lab and dry-lab techniques chosen by the PhD candidate. The 
introductory section of Part B is arranged according to the rules of the Graduate School 
of Science and Technology for PhD theses. 
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CHAPTER V. PhD Candidate’s Contributions 

 

Paper 2 and Paper 3 have the same scope, ergo the same core methods. For this 
reason, the ways I contributed to both papers are going to be discussed 
simultaneously. The idea to isolate phages against wine-related strains of Lactobacillus 
plantarum and study their diversity was conceived by both my main supervisor, Lars 
Hestbjerg Hansen, and myself. The hunt for phages involved various environmental 
samples, such as wastewater, must, samples from many wineries and from various 
stages of the malolactic fermentation of wine, vine leaves and compost, just to name 
a few. Eventually, inspired by Alexander Byth Carstens who arranged to sample organic 
waste for his studies, I decided to test organic waste samples as well, with positive 
results. I designed the experimental pipeline after considering modern studies with 
similar objectives and consulting my colleagues Alexander and Witold Kot. I also 
conducted the vast majority of experiments and analyses, both wet-lab and dry-lab 
based. Sole exceptions are the electron microscopy tests and the proteome 
comparisons with CMG-biotools and MAFFT. In addition to these, I interpreted the 
results of all analyses (except for the microscopy observations), occasionally with the 
help of my colleagues, principally that of Alexander. Finally, I edited figures and 
exclusively wrote both papers. My position as first author for Papers 2 and 3 was 
determined by all the aforementioned contributions. 
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CHAPTER VI. Research Questions & Overview of Similar 
Studies 

 

Research Questions 

Bacteriophages (phages) of Lactobacillus sp. have been studied less than phages of 
other lactic acid bacteria, such as Streptococcus sp., Lactococcus sp. and Leuconostoc 
sp. (Mahony and van Sinderen, 2014). However, phages infecting Lactobacillus sp. 
have seen a surge of research advances over the past two decades due to the 
increasing role of Lactobacillus sp. as probiotics and as biotechnological tools 
(Hultberg et al., 2007; Villion and Moineau, 2009; Martínez et al., 2015). A good 
example of this is L. plantarum, a probiotic of established significance for the food 
industry (Seddik et al., 2017), as well as of emerging importance for the wine industry 
and for agriculture (du Toit et al., 2011; Lamont et al., 2017). Several phages of L. 
plantarum have been isolated but little is known on their biology and genetic 
composition (Villion and Moineau, 2009). In light of these, the research questions that 
led to the papers presented in Chapter VIII and IX are:  

1. What are the traits of phages that infect strains of L. plantarum with a good 
agricultural and wine-starter potential? 

2. How distinct are these phages to phages of Lactobacillus sp. already 
characterised? 
 

Lactobacillus phages characterised so far display great genetic heterogeneity and as a 
consequence, classification schemes for these phages have been quite limited 
(Murphy et al., 2017). Given this consideration, one more research question was 
posed: 

3. Do the new phages form one or more new taxonomical groups? 
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Overview of Similar Studies 

Modern studies on phages infecting Lactobacillus plantarum are quite limited. A 
search of the NCBI Nucleotide database has yielded 20 complete L. plantarum phage 
genomes. Out of these 20 genomes, ten were submitted by the PhD candidate (five 
are reported in Paper 2 and three more in Paper 3). The other ten belong to phages 
PM411, LpeD, P1, P2, ATCC 8014-B1, ATCC 8014-B2, Sha1, LP65, phiJL-1 and phig1e. 
This overview covers phages that have been fully sequenced and described starting 
from 2016 and going back to the year 2003.  

The most recent case study dealt with phage P1, which was isolated from 
the abnormal liquid of a yogurt strain, L. plantarum IMAU10120 (Chen et al., 2016). 
Electron micrographs of phage P1 showed that it is a member of the family 
Siphoviridae. Moreover, one-step growth curve experiments recorded a latent period 
of 45 min, cell burst after 90 min and a burst size of approx. 133 phages. The rest of 
the experiments conducted by Chen et al. (2016) focused on the effects of 
temperature and pH, Ca2+or Mg2+ presence and chlorampenicol on phage P1 survival 
and adsorption. Evidently, the main objective of this study was to provide insight into 
various factors detrimental to phage virulence. These latter experiments are missing 
from our work (Paper 2 and Paper 3) but would be rather interesting for extended 
phage characterisations. The different scope of our study was the reason why other 
analyses were prioritised in Papers 2 and 3. Considerable deviation is noted among the 
protocol of the one-step growth curve experiment of Chen et al. (2016) and the one 
found in Paper 3. Firstly, phages are added in a high multiplicity of infection (MOI=2) 
and secondly, the pellet of centrifuged and infected cells is resuspended in decimal 
dilutions and monitored for burst. The high MOI can be problematic because it may 
cause lysis from without, i.e. lysis owing to parallel adsorption of many phages which 
provokes cell-wall damage (Abedon, 2011). Not least, the centrifugation may damage 
the cell surface (Peterson et al., 2012) and alter the growth rate of bacteria (Deguchi 
et al., 2011). 

A study that had similar objectives to our work is that on phages ATCC 
8014-B1 (B1) and ATCC 8014-B2 (B2), which were isolated from corn silage and 
anaerobic sewage sludge, respectively (Briggiler Marcó et al., 2012). The 
characterisation of B1 and B2 involved electron microscopy observations, host range 
and adsorption tests, sequencing of their full genome and structural proteins, and a 
thorough bioinformatics analysis. The microscopy observations revealed that both 
phages belong to the family Siphoviridae. Nonetheless, examination of their packaging 
mechanism suggested that B1 is a pac-type phage, while B2 is a cos-type phage. In 
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terms of host preference, genomic characteristics and nucleotide homology the two 
phages are quite dissimilar. All the findings of this study and their implications were 
adequately discussed and broadly compared to other phages of Lactobacillus and 
relative genera. Even if the objectives are shared, some noteworthy discrepancies do 
exist between Papers 2 and 3, and the study by Briggiler Marcó et al., (2012). 
Unfortunately, protein sequencing is missing from Papers 2 and 3 due to logistical 
hurdles (broken equipment of external collaborators, power outages and limited time 
for new plans). Codon usage tests are generally more informative if compared to the 
codon usage of hosts. The current hosts of our phages have not been sequenced yet 
and no other hosts have been investigated, so unlike in the study of phages B1 and B2 
we have postponed codon usage tests. Such host range investigations are reserved for 
a work on the eight phages mentioned in Papers 2 and 3, as well as seven more L. 
plantarum phages that the PhD candidate has isolated, sequenced and assembled 
during her PhD (see Appendix C). Other analyses missing from our work is the digestion 
with different restriction endonucleases, which could shed light on potential 
nucleotide modifications, as well as a generalised search for protein functional 
domains, which could further support genome annotations. On the other hand, this 
study lacks thorough investigation for holin identification and a more systematic 
comparative genomics analysis. Instead, these analyses are addressed in our work. 

The temperate phage Sha1 is another example of a phage infecting L. 
plantarum that has been studied in some detail. This phage was induced from a 
lysogenic strain of L. plantarum, which was previously isolated from fermented kimchi 
(Yoon, Jang and Chang, 2011). The characterisation of Sha1 was done with electron 
microscopy, genome sequencing and in silico protein predictions. Electron microscopy 
images classified Sha1 in the family Siphoviridae and genome comparisons in the 
nucleotide level revealed low overall similarity to other phage records. The study by 
Yoon, Jang and Chang (2011) is a brief but inclusive report of the genomic architecture 
of phage Sha1. Comparisons to other phage proteins done using BLASTp were 
presented in a methodical way (functional gene cluster by functional gene cluster), 
and protein predictions were sufficiently compared to any homologous phage 
proteins. Nevertheless, the study may have accomplished more accurate protein 
predictions if the comparisons were done against more than one protein database. 

Another study on Lactobacillus phage LP65 (Chibani-Chennoufi et al., 
2004) encompasses morphological and microbiological assays, genomic and 
proteomic analyses and some comparative genomics, and is thus closely resembling 
our work. Phage LP65 has been isolated from salchichón salami and is a member of 
the family Myoviridae. The novelty of this study, even if published in 2004, lies in that 
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it closely follows the infection cycle of phage LP65 using ultrathin sectioning. Recently, 
helium-ion microscopy was proposed as an alternative method to observe phage-
bacterial host interactions (Leppänen et al., 2017). In contrast with our study, genome 
wide similarities of phage LP65 and other L. plantarum phages were detected by 
digestion and subsequent southern hybridization. This was because the authors 
wished to compare phage LP65 to unsequenced phages from their phage biobank. 
Aside from that, another contrast is that genomic synteny comparisons were limited 
to either text descriptions (Staphylococcus phage K) or rather simple visualisations of 
conserved genes which lacked calculations on the degree of homology (Listeria phage 
A511 and Streptococcus phage Sfi11). Phage LP65 protein characterisation involved 
scrutinising proteomics analyses but merely a basic description of the proteins’ roles, 
unlike our work. Last but not least, phage LP65 was ascribed to the-now outdated- 
SPO1-like viruses genus using a set of analyses quite distinct to what we used in Papers 
2 and 3. Specifically, this was done on the basis of cross-hybridisation in Southern blot 
analysis, morphological resemblance and extensive protein sequence identity to 
phage members of the SPO1-like genus. These analyses probably reflect the rules of 
the International Committee on Taxonomy of Viruses (ICTV) about how to classify a 
phage in a genus, which have changed since then (Adriaenssens and Brister, 2017). 

The last study to compare our work to is that by Lu et al., (2003) which 
coped with the characterisation of Lactobacillus phage phiJL-1. Phage phiJL-1 was 
isolated from cucumber fermentations of the starter strain L. plantarum MU45 and 
belong to the family Siphoviridae. This study slightly resembles Papers 2 and 3. This is 
because genetic analyses are barely performed, and instead more attention is given 
on phage growth parameters, thermal sensitivities, calcium dependence and host 
range. Earlier comments about the lack of phage digestion and thermal lability 
experiments in our work (paragraphs for phages B1, B2, P1) and about the risks of 
using centrifuged cells for one-step growth curve experiments (phage P1) are also valid 
here. Although, our studies did not systematically test the effect of calcium, we have 
noticed that it is indespensable for our phages’ success, just as demonstrated here for 
phage phiJL-1. A sigificant variation between the study by Lu et al. (2003) and Papers 
2 and 3 of this thesis is the total absence of extensive genomic comparisons and 
protein predictions for phage phiJL-1. This was also the case for the study on phage 
LP65, which was published just a year after this one, and could be attributed to the 
paucity of in silico analyses platforms and the scarcity of fully sequenced genomes at 
that time. 

Papers 2 and 3 partially constitute taxonomic studies on Lactobacillus 
phages. Therefore, this overview will briefly mention up-to-date classification 
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attempts made for Lactobacillus phages. Genus “Phijl1virus” (“Phijlunalikevirus” at the 
time) was introduced by ICTV in 2015 and consists of the species Lactobacillus phage 
phijl1, Pediococcus phage clp1 and Lactobacillus phage ATCC8014 (Adams et al., 2015). 
Genus “C5virus” (previously named “C5likevirus”) is the only other ICTV-adopted 
genus of Lactobacillus phages and it includes the species Lactobacillus phage c5, 
Lactobacillus phage LLKu, Lactobacillus virus Ld17, Lactobacillus virus Ld25A, 
Lactobacillus virus Ld3, Lactobacillus virus phiLdb (Adams et al., 2015, 2017). Currently 
accepted genera of Lactobacillus phages were not the subject of any particular study. 
Given that these genera have been introduced by ICTV, the diversity of their phage 
members must have been examined for common morphology, genomic identity and 
synteny, and common proteome and phylogeny (Adriaenssens and Brister, 2017). 
Conversely, the single subfamily with members from Lactobacillus phages, 
Spounavirinae, has been the subject of a many studies (Lavigne et al., 2009; Bolduc et 
al., 2017; Iranzo, Krupovic and Koonin, 2017). Spounavirinae was first proposed by 
Lavigne et al., (2009) who also suggested the genus SPO1-like viruses be contained in 
this subfamily. The classification of bacteriophages within Spounavirinae was 
substantiated by their common hosts (Firmicutes), their strictly virulent nature, their 
shared morphological properties (Myoviridae), a threshold of 20% of overall related 
proteins and a terminally redundant, non-permuted dsDNA genome of 127–157 kb in 
size (Lavigne et al., 2009; Klumpp et al., 2010). Genus “SPO1-like viruses” was later 
merged into the subfamily Spounavirinae (Adams and Carstens, 2012), which as of 
2017 has two Lactobacillus phage members, phage LP65 and phage Lb338-1 (Adams 
et al., 2017). In a nutshell, the current taxonomy of Lactobacillus phages formally 
embraces the subfamily Spounavirinae and two genera, “C5virus” and “Phijl1virus”. 
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CHAPTER VII. Summary of Results & Assessment of Methods 

 

Summary of Results 

Paper 2 and Paper 3 describe eight new phage species, which infect strains of 
Lactobacillus plantarum isolated from the wine-related environment. Based on 
electron microscopy observation of selected representatives, five of these phages 
belong to the family Myoviridae, while the other three are members of the family 
Siphoviridae. The micrographs of a representative of this Myoviridae group display a 
large isometric head, flexible baseplate appendages with distal globular structures, 
and a long tail with a set of three terminal knobs. The Siphoviridae representative has 
an isometric head, a neck passage structure and a double-disc baseplate with short 
flexible appendages. The one-step burst size experiment for phage Silenus of the 
Siphoviridae group yielded an adsorption success of 99.7%, a latent period of 
approximately 45 min and an average burst size of 4.86. 

The Myoviridae group’s genome was found to range from 138 kbp to 141 
kbp approximately, and to encode 170-180 putative proteins as well as seven to 15 
tRNA genes, whereas the Siphoviridae group’s genome was estimated to be 38-39 kbp 
long and to encode 58-62 putative proteins but not a single tRNA. Following in silico 
protein prediction, the genomes of the Myoviridae group and Siphoviridae group were 
divided into genetic modules. The biological functions of the predicted modules of the 
Myoviridae group are: transcription and translation takeover; DNA metabolism, 
replication, recombination and repair; morphogenesis; DNA packaging and membrane 
transport; cell wall and membrane degradation. Although the extremities of the 
modules could not be deduced due to many putative proteins, each module had at 
least three proteins with predicted function. The predicted modules of the 
Siphoviridae group served for: DNA packaging; morphogenesis; lysis; DNA replication. 
Comparative genomics and phylogenetics to distant relatives of both the Myoviridae 
phages and the Siphovidirae phages showed significant differences among our phages 
and already existing phage records. Together, these papers unlock great genetic 
heterogeneity of new isolates of Lactobacillus phages and support the formation of 
two novel Lactobacillus phage genera named “Semelevirus” and “Silenusvirus”. 
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Assessment of Methods 

The majority of microbiological assays were conducted with generally acclaimed 
laboratory methods for bacteriophages and their host, Lactobacillus plantarum. MRS 
media are selective media for cultures of Lactobacillus sp. and they are the best 
available media for lactobacilli growth (De Man, Rogosa and Sharpe, 1960). Their wide 
use confirms their good performance. However, this media are not the best for 
Lactobacillus phages since they typically require supplements of Ca 2+ ,and sometimes 
Mg2+, to cover the needs of these phages (e.g. Lu et al., 2003b; Chen et al., 2016). The 
inadequacy of MRS may be the reason why we recorded such a low burst size for some 
of our phages (see Paper 3). PVDF membranes have been acknowledged for their good 
hydrophobicity, mechanical strength and chemical stability (Ji et al., 2015). Moreover, 
0.45-μm pore size filters facilitate fast sample processing, because they do not get 
easily clogged and they are less likely to exclude phage particles (Hoyles et al., 2014). 
In our studies, 0.45-μm PVDF filters successfully separated fluid environmental 
samples and lysates by removing bacterial cells without affecting phage diversity. The 
adsorption and one-step burst size protocols were already evaluated in Chapter VI, 
hence they are not mentioned in this chapter. Environmental samples treated with 
polyethylene glycol (PEG) yielded significantly lower phage diversity compared to 
direct plating of samples. This could be attributed to the sensitivity of some phages or 
the various efficiencies with which some bacteriophages can be pelleted at the tested 
PEG concentration and in the absence of NaCl (Yamamoto et al., 1970). Such 
possibilities were not investigated here, given that our samples were not toxic to our 
strains, and the direct plating of these samples was faster and could minimise biases 
that derive from prolonged handling. For the isolation of new phages and the 
identification of their hosts, efficiency of plating assays were superior in capturing 
phage diversity and more reliable than spot tests, as already shown (Khan Mirzaei and 
Nilsson, 2015). Better detection of phage diversity was supported by overlays of 0.4 % 
w/v agarose instead of the commonly used concentration of 0.7 % w/v. This has been 
demonstrated for giant phages before, since lower concentrations of agarose allow 
them to form plaques (Serwer et al., 2004). On the other hand, the addition of glycine 
only partially improved plaque formation (Lillehaug, 1997). The efficiencies of liquid- 
and solid-culture infections were higher at 25 oC as compared to 37 oC incubations, 
which is likely due to the strains outgrowing our phages at 37 oC. The distinct effects 
of various temperatures on the relative plaquing efficiency of Lactobacillus phages 
have been shown in an earlier study (Caso et al., 1995). 

Phage DNA extractions with a standard phenol/chloroform protocol 
resulted in high concentrations of DNA, starting from phage concentrations as low as 
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107 PFUs/mL. Following that, libraries were built and shotgun sequenced using the 
Nextera XT DNA kit of Illumina and the MiSeq platform, respectively. The Nextera kit 
is ideal for small genomes when using the Illumina technology for sequencing, but 
sample contamination may occur during library preparations. The major arguments in 
favour of the Illumina Miseq platform over other sequencing platforms are that it 
accurately calls 99.9 % of the bases and that it creates read outputs of a maximum 
length of 300 bp, which is sufficient for phage genomes. Noteworthy disadvantages 
are that it is motif- and GC-biased and that it is prone to errors when reading the 
beginning and the end of a genomic fragment (Schirmer et al., 2015, 2016). In order 
to reduce sequencing errors in the assemblies, output reads were cleaned off leftover 
sequencing adapters and indexing barcodes. This was done using BLASTn and the 
search parameters of VecScreen against the UniVec database. Also, the beginnings and 
ends of the reads were trimmed with Cutadapt to remove sequences of low quality. 
There was a considerable amount of contaminant and low quality sequences traced, 
which indicated that this step was essential. Phage genomes were assembled with 
three different modern assemblers, namely SPAdes, Unicycler and CLC Genomic 
Workbench, with the view to corroborating assemblies. We found that SPAdes was 
the most efficient in assembling reads in one single contig of high coverage, followed 
by Unicycler and CLC. All phage genomes were autoannotated with RASTtk using 
GeneMark as a gene caller. Although GeneMark was able to identify many open 
reading frames within a genome, combining predictions from two gene finders (e.g. 
Glimmer or Prodical) may have led to better predictions. Nonetheless, genes were 
scanned twice or thrice with different programs to minimise false calling and to define 
hypothetical functions. Specifically, most genes encoding proteins were also scanned 
using two more tools, BLASTp and HHpred. BLASTp relies on sequences to detect 
protein homologies, whereas HHpred applies a profile-based method, i.e. it assesses 
the importance of each position (amino acid) to assign proteins in the same family 
(Soding, Biegert and Lupas, 2005).  

Comparative genomics analyses were designed based on the guidelines of 
the International Committee on Taxonomy of Viruses (ICTV). Nucleotide sequence 
comparisons were done with BLASTn and Gegenees. Gegenees performs a fragmented 
all-against-all analysis using BLASTn, but is rather slow and gets stuck randomly and 
for unknown reasons. More stringent parameters for the normalisation of BLASTn 
results could explain why Gegenees gave lower similarity scores of nucleotide 
homology than plain BLASTn. We set the threshold of Gegenees to 0 %, so as to include 
all fragments for the score calculations, and thus consider all different levels of 
conservation within a genome (Ågren et al., 2012). This choice may have led to the low 
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scores observed within a Gegenees cluster (see Paper 3, phage Bassarid). Phylogenetic 
analyses with the ready-to-use “One Click mode” of phylogeny.fr applies the most 
robust and fast programs and is reccommended by ICTV (Dereeper et al., 2008; 
Tolstoy, Kropinski and Brister, 2018). The pipeline of “One Click mode” applies 
maximum likelihood and the approximate likelihood-ratio test to calculate branch 
supports. Such an approach has been characterised as faster and less conservative 
than Bayesian probabilities and bootstrap mapping (Zhaxybayeva and Gogarten, 2002; 
Anisimova and Gascuel, 2006). To test the phylogeny of our phages we chose the major 
capsid protein because this protein is conserved among closely related phages and 
also reflects current practices of classification, which rely on structural similarities. 
Similarly, additional phylogenetic trees were built with the large subunit terminase, 
since closely related phages have similar DNA packaging strategies (Mitchell et al., 
2002). Easyfig gave fast and informative visualisations of a genome’s architecture and 
of the homologies between genomes. Should the possibility of determining best phage 
pairs prior to comparisons be added, the program could become more convenient. 
Lastly, common proteomes between and within phages were identified with CMG-
biotools and MAFFT. CMG-biotools is able to track distant homologues via conserved 
core sequences, whereas MAFFT applies a “sliding window” method (Katoh et al., 
2002; Vesth et al., 2013). The efficiency of CMG-biotools was demonstrated with our 
dataset after cross-verifying homologies within proteomes with MAFFT alignments 
and BLASTp (Paper 2).  
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CHAPTER VIII. Paper 2 
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CHAPTER IX. Paper 3 

Isolation and characterisation of novel phages infecting the 
important probiotic Lactobacillus plantarum and proposal of 
a new genus, "Silenusvirus" 
Ifigeneia Kyrkou 1, Alexander Byth Carstens 1, Lea Ellegaard-Jensen 1, Witold Kot 1, Athanasios 
Zervas 1, Horst Neve 2 and Lars Hestbjerg Hansen 1,* 

1Department of Environmental Science, Aarhus University, Frederiksborgvej 399C, 4000, 
Roskilde, Denmark. 

2Department of Microbiology and Biotechnology, Max Rubner-Institut, Hermann-Weigmann-
Straße 1, 24103, Kiel, Germany 

 

Introduction 

Lactic acid bacteria are microorganisms of great value to humans. They protect food and feed 
products from spoilage bacteria via acidification and act as sensory biomodulators by 
fermenting different food matrices1. Moreover, some benefits of those lactic acid bacteria 
recognised as probiotics entail health-promoting effects2. Lactic acid bacteria are 
encompassed within the genera of Lactococcus, Pediococcus, Streptococcus, Enterococcus, 
Oenococcus, Leuconostoc, Lactobacillus, Weissella and Carnobacterium3,4. A member of the 
genus Lactobacillus, L. plantarum is a versatile lactic acid bacterium and probiotic with a 
growing potential for the food industry. This is due to the increasing popularity of L. 
plantarum as starter and adjunct culture from dairy to wine fermentations5,6. Not least, many 
studies have suggested that treatments with this bacterial species can have many advantages 
to the health and welfare of crop plants7. Nevertheless, the various applications of L. 
plantarum are at stake because of possible disruptions by bacteriophages (phages) infecting 
these bacteria. 

Effective control strategies against phages of Lactobacillus sp. can be facilitated with deep 
knowledge of their biology and genomic diversity. Unfortunately, the diversity of most 
reported Lactobacillus phages has not been thoroughly addressed8. Owing to this poor 
understanding, the current taxonomy of Lactobacillus phages has been limited to the 
subfamily Spounavirinae that hosts just two members, Lactobacillus phage Lb338-1 and 
Lactobacillus phage LP659. In addition, two genera of Lactobacillus phages have been officially 
approved by the International Committee on Taxonomy of Viruses (ICTV). The first genus is 
called “C5virus” and contains the Lactobacillus phage species C5, Ld3, Ld17, Ld25A, LLKu, 
phiLdb10,11. The second genus is called “Phijl1virus” and involves the species Lactobacillus 
phage phiJL-1, Pediococcus phage clP1 and Lactobacillus phage ATCC 8014-B111. The objective 
of this study is to provide more insight into the diversity of Lactobacillus phages by examining 
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for the first time a group of newly isolated phages targeting the industrially relevant L. 
plantarum. 

 

Results and Discussion 

General bacteriophage characteristics 

Bacteriophages Silenus, Sabazios and Bassarid, each isolated from a different organic waste 
sample, formed plaques of approximately 1 mm following an incubation period of 24 h at 25 
oC in MRSΦ media (Supplementary Fig. S1). Adsorption and one-step burst size tests, as well 
as transmission electron microscopy imaging, were performed using Silenus as the 
representative of the three phages. Adsorption success for Silenus was 99,7%, the latent 
period was approximately 45 min and the average burst size was 4,86 progeny virions 
(Supplementary Table S1). Although the burst size of Silenus is low, equivalent burst sizes 
have been calculated for other Lactobacillus phages 12–14. Transmission electron micrographs 
displayed phage particles with an isometric head (diameter: 55,6 ± 3,2 nm), a neck passage 
with whisker-like structures, a non-contractile flexible tail (length counting in the baseplate: 
173,6 ± 5,6 nm; width: 12,0 ± 0,5 nm) and a characteristic double-disc baseplate (length: 12,2 
± 1,0 nm; width: 20,2 ± 1,4 nm) which culminates in short flexible appendages with tiny 
terminal globular structures. Similar flexible globular structures and capsid-tail dimensions 
have been observed for other Lactobacillus phages3,15. These characteristics classify Silenus 
to the order Caudovirales and the family Siphoviridae (Fig. 1), which is the most widespread 
taxonomic classification among Lactobacillus phages15. After sequencing the phage genomes, 
output reads were assembled into a single contig of high coverage (667,7x-2063x). The 
genomic features of Silenus, Sabazios and Bassarid are presented in Table 1. Their genome 
sizes render them some of the smallest phages infecting L. plantarum together with phage 
phiJL-1 and phage ATCC 8014-B1 (accession numbers: NC_006936 and NC_019916), while 
their G/C content (~42,5%) is close to that of their host, L. plantarum (~44,5%). 
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Figure 1. Transmission electron micrographs of L. plantarum phage Silenus stained negatively with 2% (w/v) 
uranyl acetate. In a & b, triangles indicate the neck passage structure with (faint) whisker structures (see stars). 
Open arrows in c & d highlight the characteristic double-disc baseplate structure at the distal end of the flexible, 
non-contractile tail. Single arrows in c & b show representative short flexible appendages (with tiny terminal 
globular structures) attached under the baseplate structures. The observed morphology classifies phage Silenus 
to the family Siphoviridae. 

Phage Isolate Ratio of Assigned Open Reading Frames Genome Size (bp) G/C Content (%) 
Silenus 18/59 38.716 42,4 

Sabazios 19/62 38.843 42,6 
Bassarid 18/58 37.921 42,7 

Table 1. Basic genomic characteristics of the five Lactobacillus phage isolates. 

 

DNA sequence analysis and description of phage modules 

In the three 37,9-38,8 kbp, double-stranded (ds) DNA phage genomes, all predicted open 
reading frames (ORFs) were located at the sense strand. The total number of predicted ORFs 
was 58- 62 for the three phages. Out of this total, specific functions were assigned to 18 
coding sequences for phages Bassarid and Silenus and to 19 for phage Sabazios, so to an 
average of 30,7% of their coding sequences based on the in silico protein analyses (Table 1). 
Most of the proteins that we were able to assign functions to were identified in all three 
phages, with very few exceptions. Four different genetic modules could be discerned, which 
enable the following: DNA packaging, morphogenesis, lysis and DNA replication 
(Supplementary Figs. S2-S4). On the whole, such a pattern of genome organisation 
corresponds to most Lactobacillus phage isolates3. 

The DNA packaging modules of Silenus, Sabazios and Bassarid contain genes encoding a small 
subunit terminase and a large subunit terminase. Judging by the distribution of reads, it is 
possible that the three phages pack their DNA in a pac-type headful manner as experimentally 
determined for their distant relatives Lactobacillus phage ATCC 8014-B1 and Lactobacillus 
phage phiJL-116,17. For this reason, the start of our phage genomes was arbitrarily set to the 
coding sequence of a hypothetical protein just before the small subunit terminase. In double-
stranded DNA phages, the small subunit terminase is responsible for the specific recognition 
and binding to the cos or pac sequence of the phage DNA18. Subsequently, the main purposes 
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of the large subunit are three; the large subunit supplies the packaging motor with the ATPase 
activity needed for DNA translocation, it cleaves DNA concatemers during prohead filling and 
it interacts with the prohead portal protein of the vertex18. Studies on the phylogeny of large 
subunit terminases have proven that these are descendants of a common ancestor, hence 
they are conserved among related phages19. Consequently, the large subunit terminase was 
chosen to construct a phylogenetic tree of our phages (Fig. 3b). In all three genomes, the 
portal protein constitutes the junction of the DNA packaging and the morphogenesis module. 
Indeed, the portal protein is a crucial component of the packaging motor, because it seems 
to pump the phage chromosome into the capsid with the aid of the large subunit terminase 
(ATPase activity)20. Moreover, it has been proposed that the portal protein directs the final 
shape and size of the prohead21,22. 

Predicted proteins of known function within the morphogenesis module of the three phages 
include proteins of the capsid (a scaffolding protein and a major capsid protein), proteins of 
the connector (the portal protein and a putative head-to-tail joining protein) and proteins of 
the tail (a major tail protein, a putative tape measure protein and a tail fiber protein). The 
scaffolding protein guides structural proteins of the phage head to polymerise into the phage 
prohead20. It comprises the core of the pre-assembled prohead, which is surrounded by the 
major capsid protein23. The scaffolding protein is absent from mature capsids, since it is 
removed to make room for the phage genome, and its removal triggers a reaction that 
stabilises the structure of the capsid24,25. The putative head-to-tail joining protein of our 
phages can either belong to head-completion proteins, i.e. adaptors and stoppers, or to a tail-
completion protein. The adaptors extend the central portal channel, the stoppers regulate 
the ejection of the phage genome and the tail completion proteins fuses the tail tube onto 
the neck at a late stage of virion maturation26. Turning to tail structural proteins, one or two 
different major tail proteins are principal units of the tail tube, while their role varies from 
phage to phage27,28. Another principal unit, the tape measure protein, is enclosed in a shell of 
major tail proteins29. In our phages’ genomes, the tape measure protein, whose length 
defines the length of the tail, has the longest sequence and is located downstream the major 
tail protein30,31. The predicted tail fiber protein is likely to initiate the infection process 
through the identification and binding to host receptors on the surface of sensitive cells, as 
described for other phages32,33. The specificity with which tail fiber proteins identify host 
receptors and the apparent horizontal transferability of their genes between phage species 
constantly reshape the host range of phages34,35. 

A classic phage lysis cassette comprises two types of proteins, a holin and an endolysin. These 
proteins are interdependent and both of them are generally essential for the successful 
release of dsDNA phage progeny36. Holins permeabilise the cytoplasmic membrane thereby 
granting access of the cell wall to endolysins, which then degrade the cell wall37. In this way, 
holins virtually control when lysis should occur36. Studies indicate that Lactobacillus phages 
only employ two out of the five classes of endolysins, muramidases and amidases38. All 
endolysins of our phages strongly matched muramidase entries (HHpred search). In this 
study, noteworthy is the prediction of two slightly overlapping ORFs for endolysins within the 
module of phage Sabazios. According to BLASTp comparisons, each of the resulting proteins 
shares high homology with the endolysin of phages Bassarid and Silenus. It is possible that 
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these two endolysins are products of a nonsense or frameshift mutation, which would create 
a pair of non-functional pieces39. Alternatively, a programmed ribosomal slippage may either 
adjust the degree of endolysin production as a response to conditions in the cell or produce 
a specific ratio of two different endolysin proteins40. So far, ribosomal slippage has principally 
been reported for structural genes of the tail41. In the only studied case of slippage for 
Lactobacillus phages, both the major capsid and the major tail protein of phage A2 are 
affected by ribosomal slippage42,43. However, no slippery sequence was traced in the overlap 
region of the two endolysin ORFs of phage Sabazios. Thus, in vitro tests would be necessary 
in order to validate any of the aforementioned hypotheses. The fact that all predicted ORFs 
are at the same strand implies the absence of genetic switches, and given that no other 
lysogeny-related genes have been detected we presume that our three phages are most 
probably lytic. 

The existence of other modules could not be validated, but some additional proteins in the 
genomes of Sabazios, Silenus and Bassarid were assigned a function. A (putative) DNA 
helicase is the only witness of a replisome machinery in the genomes of all three phages. DNA 
helicases, the enzymes that unfold the double-stranded DNA, are often produced by phage 
genomes but the exact way they serve replication varies44. In all cases, the vast majority of 
proteins in close proximity to this helicase could not be annotated. Therefore, it is not clear 
to what extent the three phages rely on replication proteins of their hosts. Along with the 
DNA helicase, a gene of phages Sabazios and Silenus encodes an adenine-specific 
methyltransferase. Methyltransferases are DNA modification enzymes utilised by some 
phages as an active strategy to evade restriction by host-driven endonucleases45. In phages 
these enzymes are often transferred through horizontal gene transfer. Orphan 
methyltransferases, i.e. without an associated restriction endonuclease, are common in 
phage genomes where they seem to participate in various functions in addition to nucleic acid 
methylation46. Methyltransferases have already been noted in the genomes of some L. 
plantarum strains (REBASE search; http://rebase.neb.com/rebase/rebase.html) and in the 
genomes of Lactobacillus phages PL1, J-1, P1174 (NCBI Protein database search). 

Selfish genetic elements in the genomes of Silenus, Bassarid and Sabazios are represented by 
one HNH homing endonuclease. One or more HNH endonucleases have been found in the 
genomes of Lactobacillus phages before (see Paper 2 of this thesis). Phage-encoded HNH 
endonucleases can be part of self-splicing genes, such as group I and II introns and inteins, 
but they can also be free-standing47. Essentially, HNH endonucleases are highly specialised 
selfish genetic elements that facilitate the mobility of themselves and of those genes to which 
they pertain, from genome to genome47. We joined the two ORFs framing each HNH 
endonuclease of our phages and performed a BLASTn analyses. None of the resulting BLASTn 
hits spanned along the joint region suggesting that no gene was spliced by these HNH 
endonucleases. 

 

 

 

http://rebase.neb.com/rebase/rebase.html
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Support for the introduction of a new Lactobacillus phage genus 

BLASTn analysis yielded a limited overall identity of phages Silenus, Bassarid and Sabazios to 
other phage records. The highest BLASTn similarity scores were obtained from Lactobacillus 
phage phiJL-1, Lactobacillus phage ATCC 8014-B1 and Pediococcus phage cIP1. Our three 
phages and eight BLASTn genome records that had some level of nucleotide sequence 
homology to our phages were afterwards submitted to Gegenees. Normalised all-against-all 
BLASTn comparisons performed according to the Gegenees algorithm resulted in the heatplot 
shown in Fig. 2. The scored phylogenomic distances supported a separate grouping of our 
phages from the other eight phages. Nonetheless, diversity within the group of our phages 
was also noted, since phage Bassarid was found quite distinct from phages Silenus and 
Sabazios in the nucleotide level (average normalised similarity of 24,65-29,9%).



80 
 

 

 

Figure 2. BLASTn heatplot of Gegenees. A fragment length of 50 bp, a step size of 25 bp and a threshold of 0% was implemented 
for the “all-against-all” comparisons. Our phages (4-6) form a separate group. 
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The phylogenetic trees of the major capsid protein and the large subunit terminase protein 
corroborated the sorting of our phages into one individual group (Figs. 3a and 3b, 
respectively). Consistent with earlier observations was the clustering of our three phages and 
phages phiJL-1, ATCC 8014-B1 and cIP1 into sister groups. 

 

 

Proteome homology tests were done for our phages and the phages that appeared to be their 
distant relatives based on the aforementioned tests (phiJL-1, ATCC 8014-B1 and cIP1). 
Homology between and within the six phages further clarified how diverse these phages are. 
Specifically, our three phages share between 62,5-92,1% of their proteome (Fig. 4), while the 
homology with the proteomes of phiJL-1, ATCC 8014-B1 and cIP1 is low (< 28,4%). Regarding 
homology within each phage proteome, no paralogous proteins where found for any of the 
six examined phages (last row of Fig. 4). 

Figure 3. Phylogenetic trees constructed for phages Silenus, Bassarid, Sabazios and those Lactobacillus phages 
that score an average similarity of at least 0.05 or higher with the Gegenees algorithm. Tree a was constructed 
using amino acid sequences of the major capsid protein. Tree b was constructed using the amino acid 
sequences of the large subunit terminase. Comparisons were run with the “One Click mode” (http://phylogeny. 
Lirmm.fr/). Oenococcus phage phiOE33PA proteins served as an outgroup. 
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Finally, genomic synteny tests with Easyfig visualised the previously manifested homology 
among our phages and provided evidence for their conserved genome architecture (Fig. 5). 
The major differences between phage Bassarid and our two other phages were localised in 
the region of the tail-related structural genes, and particularly at those hypothetical ORFs that 
neighbour the tail fiber gene (Supplementary Fig. S4). At the same time, it is seen from Fig. 4 
that phages phiJL-1 and ATCC 8014-B1 show some conserved gene order against our phages 
but with low scores of nucleotide homology.

Figure 4. Homology tests between proteomes and within proteomes (last row) of our phages and their closest 
phage relatives, phiJL-1, ATCC 8014-B1 and cIP1. BLASTp comparisons were performed using CMG-biotools 
system. 
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Figure 5. Genomic synteny comparisons with Easyfig and the BLASTn algorithm. The genomes of our phages are tandemly compared to each other and to the distantly related phages ATCC 8014-
B1 and phiJL-1. Arrows represent the locations of coding sequences and shaded lines reflect the degree of homology between pairs of phages. 
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Taken together, all our results suggest that Lactobacillus phages Silenus, Bassarid and 
Sabazios form a coherent group and are considerably distinct from all other fully-sequenced 
phages. Therefore and in agreement with ICTV criteria, we propose the introduction of a new 
Lactobacillus phage genus, which we name “Silenusvirus”. The new genus should consist 
exclusively of phage Silenus (founder), Bassarid and Sabazios. 

 

Conclusion 

A few phages of L. plantarum have been isolated over the years15 but our study reports the 
first of them infecting strains of L. plantarum that come from the wine environment. We 
characterise three new phage species, Lactobacillus phage Sabazios, Lactobacillus phage 
Bassarid and Lactobacillus phage Silenus, by means of whole-genome sequencing and in silico 
protein prediction. We also assess the growth parameters of a representative phage and 
investigate its morphology with transmission electron microscopy. By comparing the group 
of phages from this study (Lactobacillus phage Sabazios, Lactobacillus phage Bassarid and 
Lactobacillus phage Silenus) to existing phage records we demonstrate significant genomic 
heterogeneity. This heterogeneity is further evident by the fact that we could assign functions 
to less than one third of the predicted ORFs. Our findings support the creation of a novel 
Lactobacillus phage genus “Silenusvirus”, with phages Silenus, Sabazios and Bassarid as the 
new members of this proposed genus. The results of our study may shed more light on the 
diversity of L. plantarum phages and their hosts, as well as aid towards the development of 
efficient phage control interventions in the future. 

 

Methods (preliminary version) 

The three Lactobacillus phages were isolated from organic waste samples coming from an 
organic waste treatment plant in Denmark. Efficiency of plating assays were done on a lawn 
of two L. plantarum strains, strain L1 (wine fermentation isolate) and strain MW-1 (grape 
isolate). An exhaustive description of the majority of methods applied here can be read 
elsewhere (see Paper 2 of this thesis). This includes phage isolation, purification and 
enrichment, DNA extractions, library preparation and sequencing, de novo genome 
assembling, protein annotations, transmission electron microscopy and phylogenetics 
analyses. Phage genomes were compared with BLASTn, Gegenees48, CMG-biotools49 and 
Easyfig50. The genome of phage Sabazios was scanned for -1 frameshift slippery sequences 
near the endolysin genes with FSFinder51. Lastly, phage adsorption and one-step growth 
experiments were conducted at a multiplicity of infection of 0.05. Strain MW-1 was grown up 
to an OD600 of 3,2, which corresponds to approximately 108 CFUs/mL for this strain. 
Immediately after, MW-1 cultures were infected with phage Silenus and incubated for 10 min 
at 37 oC. The remaining steps of the adsorption assay and the burst size assay followed an 
already published protocol52 but under shaking conditions and at a temperature of 37 oC. 

Assembled and annotated genomes of Silenus, Bassarid and Sabazios have been uploaded to 
GenBank under accession numbers MG765278, MG765275 and MH809528, accordingly. 
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Supplementary Table S1: Data from adsorption and one-step burst size tests. 

 

 

 

 

Supplementary Fig. S1: Plaques produced on a lawn of L. plantarum L1 by phage Bassarid. 

 Triplicate A (PFUs/mL) Triplicate B (PFUs/mL) Triplicate C (PFUs/mL) 
Adsorbed phages 5.2 x 10^6 4 x 10^6 4 x 10^6 
Unadsorbed phages 10^4 6 x 10^3 1.3 X 10^4 

    
        

    
Timepoint (min)* Triplicate A (PFUs/mL) Triplicate B (PFUs/mL) Triplicate C (PFUs/mL) 
29 4 x 10^6 9 x 10^6 7 x 10^6 
39 4 x 10^6 5 x 10^6 8 x 10^6 
49 2.6 x 10^7 1.4 x 10^7 2.1 x 10^7 
55 2 x 10^7 1.5 x 10^7 2.4 x 10^7 
60 2 x 10^7 1.8 x 10^7 3.8 x 10^7 
65 3.7 x 10^7 3 x 10^7 4.1 x 10^7 
70 2.7 x 10^7 3.7 x 10^7 2.8 x 10^7 
75 3 x 10^7 3.6 x 10^7 2.6 x 10^7 

    
* timepoint zero is set after the 10 min of adsorption period have passed  
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Supplementary Fig. S2: Genome map featuring all predicted proteins of phage Silenus. 
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Supplementary Fig. S3: Genome map featuring all predicted proteins of phage Sabazios. 
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Supplementary Fig. S4: Genome map featuring all predicted proteins of phage Bassarid.  
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APPENDIX 

The Appendix section comprises Appendices A, B and C. Appendix A encloses Paper 4, 
which is a report on spraying interventions with a biocontrol strain of Lactobacillus 
plantarum. Specifically, Paper 4 follows the effect of such biocontrol sprays versus 
copper sprays on the microbiome of a vineyard, along the season. In Appendix B one 
can view two selected posters of the PhD candidate; first, a poster prepared for the 
MicroWine symposium in Bordeaux (2018) and second, a poster prepared for the 
Annual Congress of the Danish Microbiological Society in Copenhagen (2017). 
Appendix C gives the accession numbers of four phage genomes that have been 
submitted to NCBI but that remain to be published. Three more L. plantarum phages 
have been neither submitted to NCBI nor published, so only BLASTn results are 
provided. All together, these are seven more phages against L. plantarum that the PhD 
candidate has isolated, purified, sequenced and assembled during the three years of 
her PhD studies. 
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APPENDIX A. Paper 4 

 

Seasonal microbial dynamics on grapevine leaves under biocontrol and copper 
fungicide treatments 

Gobbi A., Kyrkou I., Ellegaard-Jensen L., Hansen L.H. 

Since long, winemakers have been using copper as fungicide on grapevine. However, 
the potential of copper to accumulate on soil and affect the biota, poses a challenge 
to achieve sustainable agriculture. Recently, the use of biocontrol agents to replace or 
complement traditional methods became an option. Here, we carried out a field-
experiment in South Africa; two blocks of the vineyard were periodically treated, on 
leaves, with copper sulphate or sprayed with Lactobacillus plantarum MW-1 as 
biocontrol agent. We evaluated the impact, of the two treatments, on bacterial and 
fungal community following their evolution along the growing season. To do this we 
combined NGS with quantitative strain-specific and community qPCRs. Our results 
show the progression of the microbial communities along the season and how the 
different treatments affect the microbiota. Bacteria appear to be relatively stable at 
the different time-points and the only taxa that systematically change, between 
treatments, is Lactobacillacea, which includes reads from our biocontrol agent. We 
detected cells of Lactobacillus plantarum MW-1, only on treated leaves using strain-
specific qPCR and its amount spans from 103 to 105 cells/leaves. The period conversely, 
mostly shapes the fungal community through a succession of different dominant taxa 
along the months. Between treatments, only few fungal taxa appear to change 
significantly and the number of ITS copies is also comparable. In this regards, the two 
treatments seems to affect similarly the microbial community revealing the potential 
of our biocontrol strain to be further investigated, to become a valid alternative among 
sustainable fungicide treatments. 

 

Introduction 

Copper (Cu) compounds have traditionally been the means to combat 
phytopathogenic microbes, especially fungi, in crop plants (Banik and Pérez-de-luque 
2017). In organic agriculture including organic vineyards, the usage of Cu-based 
pesticides is currently the only chemical treatment allowed, although limited to a 
maximum of 6 kg Cu ha-1 per year in the E.U. (Commission regulation, 2002). Such a 
strict regulation is explained by the adverse effects of Cu on soil organisms and its long-



101 
 

term persistence on surface horizons (Van Zwieten et al. 2004). Another rational 
behind this is that Cu overuse may lead to pathogenic fungi developing Cu resistance 
(Wang et al. 2011). Lastly, Cu residues on grapes may compromise wine quality (Tromp 
and Klerk 1988). On the other hand, biocontrol agents, such as lactic acid bacteria, are 
neither environmentally nor health damaging. Indeed, they are classified as “generally 
recognized as safe” (GRAS) by the Food and Drug Administration (FDA, USA) and have 
received the “qualified presumption of safety” (QPS) status by the European Food 
Safety Agency (EFSA) (Trias et al. 2008). 

The biocontrol potential of the lactic acid bacterium Lactobacillus plantarum has 
recently emerged as an important subject of study. The effectiveness of L. plantarum 
against several fungi was emphasized by a large-scale screening study of over 7.000 
lactic acid bacteria, which showed that the most of the strains with antifungal 
properties belonged to L. plantarum. (Crowley, Mahony, and van Sinderen 2013). 
Besides, many in vitro studies have demonstrated the antifungal properties of L. 
plantarum strains against plant parasites of the genera Botrytis (Sathe et al. 2007; 
Wang et al. 2011; Fhoula et al. 2013; de Senna and Lathrop 2017), Fusarium 
(Lavermicocca et al. 2000; Sathe et al. 2007; Smaoui et al. 2010; Wang et al. 2011; 
Crowley, Mahony, and van Sinderen 2013), Aspergillus (Lavermicocca et al. 2000; 
Djossou et al. 2011), Rhizopus (Sathe et al. 2007; Djossou et al. 2011), Alternaria, 
Phytophtora and Glomerella (Wang et al. 2011), Sclerotium, Rhizoctonia and 
Sclerotinia (Sathe et al. 2007). Additionally, chili seeds infected by Colletotrichum 
gloeosporioides germinated well after treatment with L. plantarum (El-Mabrok et al. 
2012). In the field, a mix of L. plantarum and Bacillus amyloliquefaciens applied to 
durum wheat from heading to anthesis showed promising control of the fungal 
pathogens F. graminearum and F. culmorum (Baffoni et al. 2015). 

In vitro trials using different L. plantarum strains showed promising inhibition of plant 
pathogenic bacteria belonging to the genera Clavibacter (Oloyede et al. 2017), 
Xanthomonas (Visser et al. 1986; Trias et al. 2008; Roselló Prados 2016), Erwinia 
(Visser et al. 1986) and Pseudomonas (Tajudeen et al. 2011; Fhoula et al. 2013; Roselló 
Prados 2016). In fact, the inhibitory activity of L. plantarum against P. syringae in 
planta had long been documented (Visser et al. 1986), while that against Rhizobium 
radiobacter was only recently reported (Korotaeva N, Ivanytsia T, and Franco BDGM 
2015). Not least, field sprays of L. plantarum on Chinese cabbage alleviated the 
severity of soft rot by Pectobacterium carotovorum subsp. carotovorum (Tsuda et al. 
2016) and contributed to reduction of fire blight by Erwinia amylovora on apple and 
pear (Daranas et al. 2018). However, the aforementioned studies have focused on the 
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effects of L. plantarum on single organisms while its effects on the microbial 
community of a field remain to be investigated. 

Next-generation sequencing (NGS) and quantitative PCR (qPCR) techniques facilitate 
fast and cost-competitive mapping of complex microbiomes by tracking fastidious, 
unculturable or even unknown taxa and their roles (Schloss and Handelsman 2005; 
Clark et al. 2018). In particular, through accurate, real-time enumeration of taxonomic 
or functional gene markers, qPCR has enabled microbiologists to quantify specific 
species or phylotypes out of an environmental “genetic soup” (Clark et al. 2018) 
Nonetheless, qPCR assays rely exclusively on known genes and, as a result, overlook 
taxa distinct to those already described (Smith and Osborn 2009). This limitation is 
circumvented thanks to NGS technologies and the approaches of either marker gene 
amplification (amplicon sequencing) or total (shotgun) sequencing of environmental 
DNA. Owing to the PCR amplification of specific molecular gene markers, amplicon 
sequencing can still be quite inefficient in drawing conclusions regarding the genus or 
species level (Escobar-Zepeda, De León, and Sanchez-Flores 2015). Moreover, biases 
can be introduced due to horizontal gene transfer, interspecific gene copy number 
variation within a microbiome and underrepresentation (Escobar-Zepeda, De León, 
and Sanchez-Flores 2015). Nevertheless, both NGS and qPCR have substantially 
contributed to exploring the microbiome of our planet and amplicon sequencing 
remains a valuable tool for comparative studies of microbial communities (Warinner 
et al. 2014; Roggenbuck et al. 2014).  

From an anthropocentric point of view, there has been increasing interest in utilizing 
the aforementioned technologies to decipher the microbial interactions that directly 
affect human health and resources (for e.g. crops and livestock). In this context, the 
positive role of probiotic bacteria has long been acknowledged and their potential is 
being investigated in some detail (Soccol et al. 2010). L. plantarum is a versatile lactic 
acid bacterium and probiotic, ubiquitous on plants. The bacterium has been isolated 
from various environments, such as fermented food products, the human mouth and 
grape must (König and Fröhlich, 2009), and hence constitutes a promising case study. 
Amongst others, L. plantarum has been examined for its adequacy as biocontrol agent 
against phytopathogens and, as mentioned previously, it is generally considered a 
good candidate for use in agriculture. 

Even if available results of the antagonism of L. plantarum against phytopathogens in 
vitro are encouraging, the harsh field conditions call for careful design of field 
application trials (Visser et al. 1986). For example, lack of nutrients can be 
circumvented by repeated, surface spray applications to sustain high viable biocontrol 
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numbers (Visser et al. 1986). The scarcity of field studies makes it more difficult to 
evaluate this prediction, as well as the effect L. plantarum may have on the native 
microbiome of a field. In this study, we aim to evaluate this effect by investigating the 
progression of the bacterial and fungal communities in two plots of the same vineyard, 
one treated with Cu and the other with a biocontrol strain of L. plantarum, along the 
season. Furthermore, we will monitor the persistence of the applied biocontrol 
organism on the vines. To our knowledge, this study constitutes the first preventive 
intervention of a biocontrol L. plantarum strain in a field-experiment. 

 

Results 

In this study we used a combination of amplicons library NGS for both 16S and ITS and 
qPCR with universal and strain-specific primers. The outcome of the DNA sequencing 
is presented below and followed by the results of qPCR analyses on the vine leaves. 
Finally, we show the results regarding the analyses of the must during different steps 
of the fermentation process. 

DNA Sequencing dataset description 

From the sequencing, we obtain a dataset of 147 samples. After quality filtering we 
attained 14,028 exact sequence variant from 3,011,656 high quality reads only 
regarding 16S community on leaves. For the ITS sequencing of the leaves, instead, we 
retained 6,901 features coming from 4,854,508 reads. All the samples have been 
sequenced with sufficient coverage to unravel the complexity of the microbial 
community harboured on the leaves as seen by the rarefaction curves in Figure S1. To 
reduce statistics problems that could come from differences in terms of sequencing 
depth we normalized the samples by randomly extracting 24,000 reads from each of 
the samples before any downstream analyses. 

Alpha diversity on leaves 

In the following, we will focus on two different parameters that describe the microbial 
community on leaves; phylogenetic diversity (PD) and evenness. The alpha diversity 
results are summarized in Fig. 1. Looking at the bacterial community on leaves we 
noted that PD is significantly higher in the Cu treated compared to the biocontrol 
samples in Fig. 1a (p-value= 0,014) and that PD seems largely unaffected by the 
sampling time along the season (p-value= 0,538) as shown in Fig. 1c. Looking at the 
evenness in Fig. 1a, it is seen that the Cu samples have a higher evenness than 
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biocontrol (p-value =0,0003). Contrary, no statistical effect on evenness are shown 
when looking at the collection time for 16S (p-value= 0.38) as displayed in Fig. 1c. 

The fungal community, instead, seems not to be affected by the treatments in terms 
of PD and evenness (p > 0.05) as visualized in Fig. 1b. However the sampling time 
produced a strong effect on PD (p-value<<0,05) and Evenness (p-value<<0,05) on the 
ITS distribution as revealed in Fig. 1d. In particular, the number of sequence variants 
of the community tends to increase over time from September to November and 
suddenly decrease from December to the post-harvest period in February and March.  
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Figure 1: Boxplots of Phylogenetic Diversity PD (left) and Evenness (right) grouped by 
treatments (above) and period (below) for Bacteria and Fungi. a) PD (left) and 
Evenness (right) of Bacteria grouped by treatment, b) PD (left)  and Evenness (right) of 
Fungi grouped by treatment, c) PD (left) and Evenness (right) of Bacteria grouped by 
period, d) PD (left) and Evenness (right) of Fungi grouped by treatment. 

Beta diversity on leaves 

In this section, we show the differences between the samples using Bray-Curtis 
dissimilarity, looking at the distribution and at the relative abundances of the single 
feature between the samples. The beta diversities of 16S and ITS sequence datasets, 
colored by treatment or by collection time, are visualised by PCoA plots and shown in 
Fig. 2. Regarding the bacterial community in Fig. 2a, we can clearly see that the 16S 
distribution on leaves strongly clusters by treatment (p-value=0,001), while no 
significant pattern (p-value>0,05) is found according to sampling collection time (Fig. 
2b). The opposite trend is shown for the fungal community. In fact, although the ITS 
distribution does not appear to be affected by the treatment (p-value >0.05) as 
displayed in Fig. 2b, it rather strongly depends on the period of collection along the 
season, not only at month-level (p-value= 0,001) as shown in Fig. 2d but sometimes 
even at day-level (p-value= 0,001) as presented in Fig S2.  
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Figure 2: PCoA plots displaying the beta diversity within our dataset for 16S (left 
column) and ITS (right column) with samples coloured by Treatment (above) and 
Period of collection (below). a) Distribution of 16S data based on treatment b) 
Distribution of ITS dataset grouped by treatment c) Distribution of 16S dataset 
coloured by period d) Distribution of ITS coloured by period. All distance matrixes are 
calculated based on Bray-Curtis dissimilarity. 

Taxonomical composition on leaves 

The results below show the microbial composition in terms of taxa assigned to the 
different features found, highlighting the microbial representation on grapevine 
leaves. All the information regarding bacterial and fungal community are summarized 
in Figure 3. Fig. 3a shows the taxa bar-plots of the bacterial population. In order, the 
dominant bacterial taxa inferred from the sequence features are Lactobacillacea, 
Bacillus, Oxalobacteriacea, Enterobacteriacea, Planococcacea, Pseudomonas, 
Enterococcus, Sphingomonas and Staphylococcus. The main notable difference 
between the biocontrol treated samples compared to the Cu treated leaves is 
represented by the variation of Lactobacillacea. This family includes our potential 
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biocontrol agent and this is an important indicator of its presence on the leaves. 
Although members of Lactobacillacea are generally present on the leaves, the 
difference between biocontrol and Cu treated is statistically significant (based on 
ANCOM). When we identified the exact sequence variant assigned to this taxa we 
performed an alignment against NCBI Database using BLAST and the result confirmed 
the sequence belong to Lactobacillus plantarum. The presence of Lactobacillacea on 
treated samples vary from 42 to 68 % of the total bacterial community in the period 
from September to December. In the post-harvest months (February and March), the 
relative abundance decreases to between 0.1 and 3.8 % resembling the values found 
in the control/Cu treated samples. This means that three months after the last spray 
(December) the relative abundance of Lactobacillacea here resemble the levels 
occurred on copper treated leaves. 

The fungal communities, displayed Fig. 3b, are instead relatively similar for the 
biocontrol and Cu treated samples looking at the entire growing season. The dominant 
taxa belong to Pleosporacea, Cladosporium, Alternaria, Capnodiales, Sporobolomyces 
and Aureobasidium pullulans. Although no differences appear between the two 
treatments, another pattern is seen with respect to the collection time. In fact, during 
the growing season, there is a significant change of the taxonomical composition of 
the fungal communities. Several fungal outbreaks lead to variation of the relative 
abundances along the studied period. For instance, Pleosporacea members tend to 
increase in relative abundance from September to December where they reach 55% 
of the total community and then suddenly decrease to 9% on March, although they 
still appear among the dominant taxa. Sporobolomyces, Sporidiobolus and 
Botryosphaeriacea are more dominant in September while Cladosporium and 
Alternaria are mostly represented in the post-harvest months. In light of this finding, 
it became interesting to look into the differences between the treatments only within 
the same sampling period. Interestingly Botryospahaeriacea varied in relative 
abundance from 18% in the Cu treated leaves to 0.67% to the biocontrol in September. 
We performed a further analyses using BLAST on the dominant sequence variant 
assigned to Botryosphaeriacea and the read was assigned to species level to Diplodia 
seriata, a known pathogen that causes bot canker on grapevine. Conversely 
Lepthosphaeriacea detected in September, ranged from 2,7% in Cu-treated leaves to 
12% recorded in biocontrol treated samples during the same period. 
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Figure 3: Taxonomical bar plots for Bacterial and Fungal community; Fig. 3a) from left 
to right: taxa-bar plots in which all the 16S samples are grouped by treatment, a taxa-
bar plot in which the 16S samples are grouped by treatment during a specific period 
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and finally the legend representing the 18 most abundant bacteria. Fig 3b) from left to 
right: taxa-bar plots in which the ITS samples are divided by treatment, a taxa-bar plot 
in which the ITS samples are grouped by treatment within a specific period and finally 
the legend representing the 18 most abundant fungi. 

ANCOM and Gneiss 

To test which taxa change in a statistical relevant way we run ANCOM using treatment 
and period as discriminant for our samples. It results that, for 16S between different 
treatments, the only taxa which change in a statistical significant way is 
Lactobacillacea, the family where our biocontrol agent belongs to, with the main 
sequence variant assigned to Lactobacillus plantarum (Table S1). Only two statistically 
relevant differences were found when looking at the period regarding mitochondria 
and Ralstonia but any of them is associated with grapevine and furthermore they 
appear in low abundance (Table S2).  

In the fungal community there are only two taxa that change significantly between 
treatments. These taxa belong to the species Kondoa aeria and to the order of 
Filobasidiales (Table S3). They are in very low abundances and do not seem to be 
related with any known disease or having impact on the plant itself. Instead, for the 
period we observed a large amount of taxa that change along the season, 42 of which 
are classified at least at class level (Table S4). These findings represent information 
that can be used to understand the evolution of the fungal community along the 
season. Among these 42 taxa, potential pathogens  are seen such as Alternaria, 
Cladosporium or members of Botryosphaeracea with the main sequence assigned to 
Diplodia seriata using BLAST. As the period shape the fungal community, we 
investigated which taxa change between different treatments during specific periods 
of the season. This ANCOM test returned 50 taxa of which 46 classified at order-level 
(Table S5). Among the taxa that appear to be differentially distributed between 
treatments, in a short period of time (such as only September), there are 
Botryosphaeracea and Lepthosphaeriacea, which were previously highlighted looking 
at the taxonomical composition in Fig 3b. 

We then ran Gneiss on the bacterial community dataset to evaluate the impact of MW-
1 on other bacteria. Interestingly, Lactobacillacea appear to be sensitively different (p-
value <0,05) from the rest of the microbial community, based on the position occupied 
in the tree (Fig. S3) but the fact that this taxon branch out from the rest means that it 
does not interact with other species in the community within the same microbial 
niche. This is a further evidence of how the introduction of this biocontrol agent does 
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not alter the bacterial community that would normally be found on leaves sprayed 
with copper. 

Quantifying fungal and MW-1 biomass on leaves 

The results of the quantitative evaluation of the microbial community of our samples 
by qPCR are summarized in Figure 4. The detection of the biocontrol agent is 
determined by strain-specific qPCR combined with high-resolution melting curve. Also, 
the total relative abundance of fungi along the period and between the treatments 
was compared using universal primers for fungi (with the same primer set used for the 
generation of the sequencing reads to reduce the biases). We detected the biocontrol 
agent in all the treated samples after the first spray (26th of September) and until 02nd 
of February, one month after the harvest. The cell numbers were showed a range 
spanning from 10^3 to 10^5 cells/leaf. The maximum amount of Lactobacillus 
plantarum MW-1 cells was detected after the spray of the 15th of November while in 
two dates the number of cells detected was below the detection limit. Our time-zero, 
the 15th of September, is the first time where MW-1 was not detectable, with no spray 
done before, while the second time was in March 9th, two months after harvest. 

The total fungal abundance cannot be estimated at cells level number without 
introducing significant biases due to an uneven ploidy variation between the different 
taxa detected. However, since the community composition, between the treatments, 
appear to be very similar we assume to have a negligible difference in terms of genome 
distribution. For this reason, we performed a relative quantification between the two 
fungal community grouped by treatments. In this frame, the results we obtained 
showed that the fungal communities between the two treatments follow a similar 
trend with no profound variations between the different treatments. We decided to 
estimate the number of fungal genomes assuming a fungal-genome average size of 
27,5 Mb. Accordingly, we calculated the number of genomes which span, along the 
period, from 10^2 to 10^4 genomes/leaves. After normalizing the raw-qPCR signals 
using gDNA amount we run an ANOVA which returns a p-value of 0,56 which state the 
variation between the two fungal communities, coming from the two treatments, is 
not significant. Finally we performed a correlation analyses between the number of 
cells of MW-1 detected and the correspondent fungal genome amount for each 
sample. In this case, the analyses returned a coefficient of -0.39 which can be 
interpreted as a moderate negative correlation between fungi and MW-1. 

To further demonstrate the link between initial gDNA amount and qPCR signal we 
performed an additional correlation analysis. We first calculated two index-ratio (IR); 
IR1 between input gDNA in Cu versus biocontrol treated leaves and IR2 by dividing 
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qPCR genome-copies detected on Cu versus biocontrol treated leaves. Finally, we 
determined the correlation between IR1 and IR2 along the period. The correlation 
coefficient, is 0.81. This means the two IRs are highly positively correlated and itis 
shown in Figure 4a. A t-test on the two IR-series (the assumption of equal variance was 
tested with a F-test that resulted in a p-value = 0,165) confirms that the difference is 
not significant (p-value= 0,699). This means that the tendency of the two IRs does not 
differ significantly between the treatments. To conclude, this indicate that not only 
the two fungal communities does not significantly differ, in composition, between 
treatments, but also they are quantitatively comparable.  
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Figure 4: a) positive correlation between index-ratios IR1 and IR2; letters identify the 
collection date as reported in Table 1. b) normalized genomes count for MW-1 (light 
blue triangles), estimated fungal genomes on community treated with biocontrol 
agent (dark blue squares) and fungal community genomes count under Cu treatment 
(black diamonds); curves are expressed as log10 of the genome count. The red-dashed 
line indicate the harvest. 

 

 

 

 

Discussion 

Understanding the structure and the dynamics of the microbial communities on the 
phyllosphere is important because of their effects on plant protections and plant 
growth. Since structure and dynamics of the microbiome, are affected by 
environmental factors, such as geography (Bokulich et al. 2014) grape cultivar (Singh 
et al. 2018) and climate(Perazzolli et al. 2014), we here focused on different 
treatments applied in two blocks of the same vineyard. Both treatments, Cu and MW-
1, are applied to control fungal diseases. The treatments were applied all along the 
growing season and followed by periodic samples collection. The number of sprays 
was unequally distributed and based on the visible symptoms evaluation on the plants 
belonging to the two blocks. This is important to notice since the impacts of any 
chemical and biological treatments depend on the dosage and frequency of 
applications as well as for others biotic and abiotic factors (Perazzolli et al. 2014). 

In this study, we revealed the development of the grapevine leaf microbiome 
throughout the growing season and displayed the impact of different vineyard 
managements using NGS technology combined with qPCR. The combined use of these 
approaches allow us to recover quantitative and qualitative information from the 
compositional dataset (Perazzolli et al. 2014). 

In the present study, the biocontrol-treated phyllosphere-bacterial community had a 
reduced phylogenetic diversity and evenness compared with Cu treated leaves, 
seemingly due to the presence of a highly dominant taxa (i.e. the biocontrol agent, 
which appear as Lactobacillacea, being dominant in almost all the treated samples). 
These highly abundant taxa probably compact the remaining populations, lowering 
evenness and phylogenetic diversity, excluding some of the rare species that are likely 
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to be missed at a fixed sequencing depth. In fact, phylogenetic diversity positively 
correlates with sequencing depth as shown by (Davison and Birch 2008). The Beta 
diversity of the bacteria display significant differences since both communities, by 
treatment, scatter in two distinct directions along Axes 1 which explain 28.5% of the 
variation. 

The fungal communities were, in contrast to the bacterial communities, affected by 
the sampling period during which PD and evenness showed similar trends for both the 
biocontrol and Cu treated leaves. This is in line with Singh et al. (2018) where the shift 
of the microbial community, in samples collected in different moments, was detected 
only for fungi. The fact that phylogenetic diversity increases, together with evenness, 
until December suggests that the complexity of the fungal community increases due 
to a higher number of equally abundant taxa. In December, the drop of PD and 
evenness is probably due to the presence of one or few taxa with a high relative 
abundance that replace rare species. We suggest this hypothesis based on the fact 
that sequencing depth was comparable between samples. The beta diversity of the 
fungal communities showed that the two treatments have an insignificant effect on 
the fungal community when the whole period is considered. This result is consistent 
with (Perazzolli et al. 2014) in which they tested a chemical and a biocontrol agent 
against Downy-Mildew in different locations and climatic conditions. They show that 
the fungal community is impacted mostly by geography and was resilient to the 
treatments tested. Instead, it is clear that the fungal community is strongly affected 
by the sampling time, suggesting an evolution of the harboured microbiota due to 
seasonal changes such as temperature, solar exposition, rainfalls and other abiotic 
fractions. The fact that microbial seasonal shift only impacts the fungal community and 
not the bacterial is consistent with the work of (Singh et al. 2018). In this paper, they 
analyzed two sets of samples coming from the same vineyards and measured the 
impact of different sampling moment on the microbial community. 

The differences in beta diversity reflect the taxonomical composition change for both 
bacterial and fungal communities. In particular, the bacterial communities differ 
significantly only for the relative abundance of Lactobacillacea as shown from Table 
S1 obtained applying ANCOM.  This taxon appears in the biocontrol treated leaves up 
to 40% in relative abundance and contains reads of the biocontrol agent MW-1. After 
Blasting the exact sequence variant against NCBI we could refine the analyses to 
species level finding Lactobacillus plantarum as the most likely assignment. Our 
biocontrol strain, which here appear as the dominant sequence variant, is not the only 
representative of Lactobacillacea. The presence of other sequence variants assigned 
to Lactobacillacea is also retrieved on copper treated samples. This is consistent with 
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the existing literature where a community of LAB, is naturally found living on the 
phyllosphere (Daranas et al. 2018). Furthermore, the strain-specific qPCR applied to 
recognize and quantify MW-1 produced a precise signal peak only on the biocontrol-
treated samples. This allow us to conclude that the different amount detected in 
relative abundance, for the family Lactobacillacea, is due to the presence of reads from 
our biocontrol agent. Finally, the bacterial community, which appears to be relatively 
stable along the season, reflects the composition already reported from (Singh et al. 
2018) The dominance of Proteobacteria and Firmicutes highlighted in their paper is 
consistent with the distribution shown here where the dominant taxa belong to the 
same phyla. Furthermore, in (Singh et al. 2018)they analyzed two different sets of 
samples, one collected in spring and one during harvest period, which display similar 
bacterial community composition with a few differences in relative abundance e.g. the 
taxa Cyanobacteria. 

The analysis of the microbial community along the season represents an interesting 
insight into the possible correlations between specific fungal outbreaks and seasonal 
variations. When looking at the whole period it is clear the succession of dominant 
fungal taxa of Botryosphaeracea and Sporobolomyces in September, Pleosporacea in 
December and Cladosporium, Alternaria and Aureobasidium pullulans in February and 
March. All of these taxa are listed as commonly recovered on grapevine plant in the 
review of (Dissanayake et al. 2018) 

However, focusing on the differences between treatments that appear only in a 
specific period of the season other taxa, sensitive to the treatments, can be retrieved. 
These taxa are generally hidden when looking at the complete timeline but appear 
clear when we focus on a specific period. For instance, in September, just after the 
beginning of the sprays, there are differences in the dominant taxa between 
treatments. The biocontrol leaves showed a reduced relative abundance of 
Botryosphaeracea compared with the Cu treated samples with the dominant 
sequence variant assigned to Diplodia seriata, a known grapevine pathogen, who can 
cause bot canker (Úrbez-Torres et al. 2008). Conversely, within the family 
Botryosphaeriacea, there is also the genus Botryosphaeria which anamorph stage have 
been confused with Diplodia (Phillips, Crous, and Alves 2007). This genus appear not 
to be strongly affected by Cu (Mondello et al. 2017) and from the results of this paper 
it might be impacted by MW-1. Conversely, this biocontrol agent seems not to affect 
the taxon Leptosphaeriacea, which group contains pathogenic taxa such as 
Leptosphaeria that can cause black-leg disease in Brassica (Hammond, Lewis, and 
Musa 1985). However, to our knowledge, Leptosphaeriacea are not including 
pathogenic strains on grapevine. Furthermore, Leptosphaeriacea is sensitive to 
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chemical pesticides (Eckert et al. 2010) and this could explain the reduction when Cu 
was applied, although this statement requires targeted quantitative methods to be 
surely asserted. 

Finally, we combined the outcome of the NGS approach with a targeted strain-specific 
qPCR to detect and quantify the biocontrol agent and applied a qPCR on the fungal 
communities from the two treatments. This combined approach has previously been 
reported (Perazzolli et al. 2014) as an efficient way of drawing conclusion about 
microbial ecology when biocontrol agents are involved. The number of cells detected 
for the MW-1 is consistent with the existing literature in which biocontrol agents are 
studied and quantified on phyllosphere, and could eventually be used as an indicator 
of the effectiveness of the treatment (Perazzolli et al. 2014). The detection limit in this 
study was 102 cells/gram of leaves, a frequent limit of detection when qPCR is used 
(Hierro et al. 2006). The number of cells detected during the season varied between 
105 to 103. A sudden ten times decrease is expected 1-6 days after the spray as 
previously reported in other field studies such as Daranas et al (2018) using L. 
plantarum PM411 on apple, kiwy, strawberry and pear plants. When investigating the 
amount of fungi, we did not estimate the number of cells due to the biases that we 
could have introduced by different ploidy between species. However, we managed to 
estimate an average amount of fungal genomes based on the information reported in 
(Li et al. 2018) where they estimate the average size for ascomycetes and 
basidiomycetes being respectively 13 and 42 Mb. Accordingly, since we retrieved 
members of both phyla, we used 27,5 Mb as average size for genomes. However, the 
results could be slightly different if changing these parameters coherently with other 
studies on fungal genomes such as (Mohanta and Bae 2015) which reported different 
sizes. All the analysis established that the two fungal communities were quantitatively 
similar to each other.  Finally, when comparing the two normalized qPCR signals, an 
ANOVA test confirmed there are no significant differences between treatments.  

We suggested, based these results, that leaves treated with L. plantarum MW-1, 
shows minor differences in specific period of the year in terms of taxonomical 
composition and no significance differences in terms of fungal load when compared 
with Cu treated leaves,  

 

Conclusions 

In this work, we describe the dynamics of the bacterial and fungal communities on 
grapevine leaves, along the growing season, comparing two different treatments: Cu 
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and biocontrol sprays with L. plantarum MW-1. Bacterial community differs only for 
Lactobacillacea, between treatments, while it remains stable along the time. 
Conversely, the fungal community is comparable between treatments both in a 
quantitative and qualitative way. It rather appear to be shaped by the time of the 
sampling and these differences represent the fungal shift that occur. Although further 
evidences are required, this work provides affirmation that Lactobacillus plantarum 
MW-1 offer a promising biocontrol alternative, or supplement, to the use of Cu as 
fungicide treatment on grapevine leaves. Finally, this opens up for a more 
environmental friendly treatment practices, not only in vineyards but also in other 
crops, which are sensitive to fungal diseases and require chemical treatments.  

Material and Methods 

Materials 

Leaves were collected periodically from September 2016 to March 2017 in a vineyard 
in a winery in Western Cape (South Africa). Two plots of the same field, separated by 
several lines of grapevine, were managed in two different ways; one block was sprayed 
with Cu in a traditional vineyard management system while the other one was sprayed 
with a Lactobacillus plantarum MW-1 as a potential biocontrol agent. The 
Lactobacillus plantarum MW-1 strain was previously isolated from grapes in the same 
wine-region (data not shown). During the studied period, 12 different sampling were 
carried out in which leaves were collected in five spots for each of the treatment areas 
within the vineyards. For each spot and each treatment there was three independent 
biological replicates. Each sample consisted of five leaves that were placed into a 50 
ml Falcon tube. The tubes were frozen at -20°C and shipped to the laboratory in 
Denmark. Collection of samples followed the spray calendar for the biocontrol agent. 
After the grape-harvest, occurring in January, there was a follow-up with two extra-
sampling in February and March. All plants from which leaves had been collected were 
marked and did not change throughout the experimental plan. A complete calendar 
of the sampling is reported in Table 1.  

Date of Collection Code in the paper Note 

15th September 2016 A Time-zero, no sprays performed 

26th September 2016 B After spray biocontrol agent 

29th September 2016 C After spray biocontrol agent 
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10th October 2016 D After spray biocontrol agent 

17th  October 2016 E After spray biocontrol agent 

25th October 2016 F After spray biocontrol agent 

3rd November 2016 G After spray biocontrol agent 

18th November 2016 H After spray biocontrol agent 

30th November 2016 I After spray biocontrol agent 

12th  December 2016 L After spray biocontrol agent 

2nd February 2017 M After harvest 

9th March 2017 N After harvest 

 

 

 

Sample preparation and DNA extraction 

The tubes containing the leaves were thawed at room temperature and subsequently 
added 20 ml of a washing solution (Singht et al. 2018) and placed on to a rocket 
inverter applying one hour of gently shaking rotation. After this, the leaves were 
discarded using sterile pincettes.  The washing solution was centrifuge for 15 minutes 
at 6000rpm to create a pellet. Following removal of the washing solution, the pellet 
was resuspended in 978 ul of Phosphate Buffer Solution and DNA was extracted 
according to the manufacturer’s protocol using FAST DNA Spin Kit for Soil (MP-
Biochemical, CA). After the extraction, the DNA quality and concentration were 
measured with Nanodrop (Thermo Fisher Scientific) and Qubit®2.0 fluorometer 
(Thermo Scientific™). 

Library preparation for sequencing 

Amplicon library preparation for 16S bacterial gene was performed as described by 
(Gobbi, A., et al. 2018) with minor modifications hereby reported. To reduce the 
amount of plastidial DNA from the grapevine leaves, specific mPNA and pPNA were 
used, with the same sequences recommended by Lundberg et al. 2013. Each reaction 
contains 12 µL of AccuPrime™ SuperMix II (Thermo Scientific™), 0.5 µL of forward and 
reverse primer from a 10 µM stock, 0.625 ul of pPNA and mPNA to a final 
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concentration of 0.25mg/mL, 1.5 µL of sterile water, and 5 µL of template. The reaction 
mixture was pre-incubated at 95°C for 2 min, followed by 33 cycles of 95°C for 15 sec, 
75°C for 10 sec, 55°C for 15 sec, 68°C for 40 sec; a further extension was performed at 
68°C for 10 min.  

The fungal community was sequenced using the same double-step PCR approach for 
library preparation but the primers in use were ITS1 
(TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-GAACCWGCGGARGGATCA) and ITS2 
(GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-GCTGCGTTCTTCATCGATGC) with 
adapters for Illumina MiSeq Sequencing. Each reaction for the first PCR on ITS 
contained 12 µL of AccuPrime™ SuperMix II (Thermo Scientific™), 0.5 µL of forward 
and reverse primer from a 10 µM stock, 0.5 µL of bovine serum albumin (BSA) to a 
final concentration of 0.025 mg/mL, 1.5 µL of sterile water, and 5 µL of template. PCR 
cycles were the same as abovebut without the step at 75°C for 10 sec that was used 
to allow the annealing of pPNA and mPNA. The number of cycles was set to 40. Second 
PCR, beads purification, quantification was common for 16S and ITS and followed the 
protocol reported in Gobbi et al 2018. The final pooling was proportional to the length 
of the fragment in order to sequence an equimolar amount of gene fragments for all 
the samples. In this way, by sequencing all the samples within the same sequencing 
run we minimize biases due to run variations. Sequencing was done using an in-house 
Illumina MiSeq instrument and 2x250 paired-end reads with V2 Chemistry.  

Strain specific primer for the biocontrol agent 

In order to find a region that was unique for the biocontrol agent, we uploaded and 
scanned part of the genome using PHASTER (PHAge Search Tool Enhanced Research) 
(Arndt et al. 2016) to detect phage and prophage genomes within the bacterial 
genome. Following this, we tested the uniqueness of an amplicon generated from one 
primer that targets the genome and the other one targeting the phage sequence 
against NCBI database and a private genome database repository of the strain 
provider. In this way, we obtained a fragment of 300 bp that does not show any hit in 
NCBI and only one full hit in the private genome repository. To amplify this fragment, 
we use the primers MWP3F (CATCCCAACCGCTAACAA) and MWP3R 
(CGCAGAAAAGGTAGCAAA). We further tested these primers against other strains of 
L. plantarum from our collection, showing amplification only toward our biocontrol 
agent. To create a standard curve, we extracted the DNA from a pure culture of the 
biocontrol agent and performed serial dilutions from 10-2 to 10-7. Knowing the length 
of the fragment of 300 bp, the qPCR signal and the fact that our fragment appear only 
once in a genome we estimated the number of cells of our biocontrol agent L. 
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plantarum MW-1 for each reaction. We used this information to estimate the number 
of cells in leaf extract samples. 

2.5 qPCR 

All PCR reactions were prepared using UV sterilized equipment and negative controls 
were run alongside the samples. The qPCR with primers specific for the biocontrol 
agent and the fungal community was carried out on a CFX Connect™ Real-Time PCR 
Detection System (Bio-Rad).  

The primers used for the bacterial biocontrol agent were MWP3F and MWP3R, while 
for the total fungal community we used the same primer ITS1 and ITS2 used also during 
library preparation; to reduce biases we maintained the adapters for Illumina MiSeq 
Sequencing also in qPCR. Single qPCR reactions contained 4 µL of 5x HOT FIREPol® 
EvaGreen® qPCR Supermix (Solis BioDyne, Tartu, Estonia), 0.4 µL of forward and 
reverse primers (10 µM), 2 µL of bovine serum albumin (BSA) to a final concentration 
of 0.1 mg/mL, 12.2 µL of PCR grade sterile water, and 1 µL of template DNA. Since DNA 
concentration in some of our samples was very low (around 0.5 ng/ul) we avoided a 
normalization by dilution before qPCR but we normalized the qPCR signal using the 
total input DNA measured by Qubit. The qPCR cycling conditions included initial 
denaturation at 95°C for 12 min, followed by 40 cycles of denaturation at 95°C for 15 
sec, annealing at 56°C for 30 sec, and extension at 72°C for 30 sec; a final extension 
was performed at 72°C for 3 min. Quantification parameters showed an efficiency of 
E=87.7% and R2 of 0.999. The same qPCR cycle conditions were applied for both 
bacterial and fungal qPCR. All qPCR reactions are followed by dissociation curve in 
which temperature was increased from 72 to 95 degrees rising 0,5°C each cycle and 
fluorescence measured after each increment. Since the initial concentration of DNA 
was not homogeneous and in few samples lower than 1 ng/ul , we decided to 
normalize the qPCR result using the initial concentration of total DNA as reported in 
Yun et al. (2006). 

2.6. Bioinformatics 

Sequencing data were analyzed and visualized using QIIME 2 v. 2018.2 (Gregory 
Caporaso et al. 2010) using the same pipeline described in (Gobbi A. et al., 2018); 
Taxonomic assignments were performed using qiime feature-classifier classify-sklearn 
with a pre-trained Naïve-Bayes classifier with Greengenes v_13.8  for 16S and UNITE 
v7.2 for ITS. The raw data of this study are available on ENA (Study Accession Number) 

2.7 Statistics 
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Statistical evaluation of our results was performed separately for qPCR and sequencing 
dataset. All statistical evaluation and visualization regarding the qPCR dataset were 
performed on Microsoft Office Excel 2010 while NGS dataset was analyzed through 
QIIME2 v. 2018.2. The qPCR signals obtained, allowed us to calculate the number of 
cells of our biocontrol agent detected on the sprayed leaves along the period, while 
for the fungal community it was possible to perform a relative quantification between 
the two different treatment Cu and Biocontrol. For both dataset we normalized the 
signal obtained using the total DNA used as input (Yun et al 2006). 

To relate the differences in qPCR signal on the fungal community to the 
presence/absence of biocontrol treatment we needed to correlate the qPCR signal 
with the initial DNA amount before checking the differences and their statistical 
relevance.  To do this we created two different Index Ratio (IR); IR1 dividing raw qPCR 
signal from Cu samples with that from Biocontrol samples, and IR2 dividing the initial 
amount of DNA ofCu treated withthat of Biocontrol treated leaves. Then we obtained 
two series of IRs to test for variances with a F-test. This was meant to establish if the 
two IRs, deriving from two different dataset, have a comparable variance within their 
samples. The F-test for variances, with a p-value= 0,16 proved the two variances were 
equal and then we run a t-test on two series assuming equal variances between the 
IRs on the two treatments, Cu and Biocontrol. We also performed a correlation 
analyses between the initial DNA amount and the resulting qPCR signal. Finally we 
repeated correlation analyses and t-test also on the samples treated with the bacterial 
agent to compare the variation between the total fungal community on biocontrol 
treated leaves and the number of cells detected of the biocontrol bacteria. 

Sequencing data after QIIME 2 pipeline processing were statistically evaluated using 
Kruskal-Wallis test for alpha and beta diversity. The resulting p-value of our alpha 
diversity comparison is based on two parameters (phylogenetic diversity and 
evenness) calculated between the different series analyzed. Beta-diversity analyses 
were evaluated using PERMANOVA with 999 permutations. Finally we performed a 
statistical evaluation of differentially abundant features based on Analysis of 
Composition of Microbiomes (ANCOM) (Mandal et al. 2015). This test is based on the 
assumption that few features change in a statistical way between the samples and 
hence it is very conservative. To individuate microbial niches we also applied Gneiss 
(Morton et al. 2017) on the bacterial dataset using treatment as determining variable. 
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APPENDIX C. Additional Phage Genomes 

 

Accession numbers for the four Lactobacillus plantarum phages already submitted:  

MG765274 (Lactobacillus phage Maenad), MG765276 (Lactobacillus phage Nyseid), 
MG744354 (Lactobacillus phage Satyr), MG252693 (Lactobacillus phage Lenus). 

 

BLASTn results for the three unsubmitted L. plantarum phages: 

1. Lactobacillus phage Hyades 
2. Lactobacillus phage Zagreus 
3. Lactobacillus phage Macris 
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