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Abstract 

Root exudates from host plant species are known to play a critical role in the establishment and 
maintenance of symbiotic relationships with soil bacteria. In this study, we investigated the impact of root 
exudates from compatible host plant species; Elaeagnus angustifolia on the exoproteome of Parafrankia soli 
strain NRRL B-16219. A total of 565 proteins were evidenced as differentially abundant, with 32 
upregulated and 533 downregulated in presence of the plant exudates. Analysis of the function of these 
proteins suggests that the bacterial strain is undergoing a complex metabolic reprogramming towards a 
new developmental phase elicited in presence of host plant root exudates. The upregulation of Type II/IV 
secretion system proteins among the differentially expressed proteins indicates their possible role in 
infecting the host plant, as shown for some rhizobia. Additionally, EF-Tu, proteins upregulated in this 
study, may function as an effector for the T4SSs and trigger plant defense responses. These findings 
suggest that Parafrankia soli may use EF-Tu to infect the actinorhizal host plant and pave the way for 
further investigations of the molecular mechanisms underlying the establishment of symbiotic 
relationships. 

  

Introduction 
Parafrankia is a bacterial genus classified within 

the Frankiaceae family, alongside the genera Frankia, 
Protofrankia, and Pseudofrankia [1, 2]. Parafrankia strains 
are known for their ability to form symbiotic 
relationships with actinorhizal plants of the Elaeag-
naceae, Colletieae (Rhamnaceae), Morella (Myricaceae), 
and Gynmnostoma (Casuarinaceae) species. Within the 
formed root nodules, the bacteria are able to fix 
atmospheric nitrogen, which can then be utilized by 
the plant as a nutrient source. The rhizosphere serves 
as the site for the symbiotic signalling cascade, which 
coordinates the regulation of genes and exchange of 
symbiotic signals [3]. This intricate process leads to 
mutual recognition and, ultimately, the formation of 
functional root nodules. Although actinorhizal and 

legume root nodules share many developmental 
characteristics [4], there are notable differences in 
certain molecular signals. 

In legume symbiosis, flavonoids have been 
identified as crucial signalling molecules during the 
early stages [5]. These compounds act as chemotactic 
signals for rhizobia and specifically bind to the 
rhizobial NodD protein. As a result, this protein 
activates the transcription of nodulation genes 
essential for the synthesis of lipochito-oligosaccharide 
(LCO) Nod factors [6, 7]. Subsequently, these Nod 
factors transmit signals back to the host plant by 
binding to LysM receptor kinases, initiating the 
activation of the common symbiotic signalling 
pathway (CSSP). The CSSP is a shared signalling 
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pathway found in both legume symbiosis and 
mycorrhizal symbiosis [8]. While there is a belief that 
actinorhizal plants also employ flavonoids as 
signalling molecules, there is currently a lack of direct 
evidence to support their role in the process [9-14]. In 
almost all frankia genomes, canonical nod genes are 
generally absent [15, 16]. Furthermore, there is no 
indication that early frankia signalling relies on 
canonical nodABC genes or molecules associated with 
rhizobial Nod factors, even when these genes are 
present in their genomes [17, 18]. The conserved 
symbiotic signalling pathway (CSSP) is also involved 
in the communication actinorhizal plant and their 
frankia microsymbionts [19, 20]. Typically, receptor 
complexes with LysM motifs are responsible for 
binding GlcNAc-based elicitors such as chitin, chitin 
oligosaccharides with lipid modifications; Myc factors 
[21] and Nod factors [22], and peptidoglycan [23-25] 
which consist of alternating GlcNAc and 
N-acetylmuramic acid residues linked by peptides. 
LysM-receptor-like kinases can also detect 
proteinaceous elicitors like flg22 from flagellin and 
nlp20 [26-28], a conserved epitope found in bacteria, 
fungi, and oomycetes [29, 30]. There are other receptor 
classes involved in recognizing lipopolysaccharides 
(lectin-like) [30]. Secretion systems have been 
demonstrated to play crucial metabolic roles in 
exporting various molecules including effectors 
which are instrumental in manipulating host cellular 
processes and also in sensing and responding to 
changes in the environment, particularly within the 
context of plant symbiotic bacteria [31, 32]. 

Studies have explored the cellular proteomes of 
Frankia alni, Protofrankia coriariae, and Parafrankia soli 
species following treatments with host root exudates 
in order to describe the induced molecular dynamics 
[18, 33, 34]. The results of these studies indicate that 
the symbiotic signalling systems in actinorhizal 
symbiosis are highly intricate and tightly regulated. 
According to a study conducted by Gueddou et al. 
[18], proteins involved in various biological processes 
showed increased expression when exposed to root 
exudates from Elaeagnus angustifolia. These proteins 
are associated with nitrogen fixation and assimilation, 
respiration, oxidative stress, proteolysis, and plant 
cell wall degradation. Thus far, there have been no 
significant findings of any candidate proteins linked 
to nodulation factors that can be sensed by 
LysM-receptor-like kinases and leading ultimately to 
a signal transduction cascade in actinorhizal plants. 

The bacterial exoproteome is the entirety of 
proteins that a bacterial cell releases into the 
environment through secretion systems, outer 
membrane vesicles, or lysis [35; 36]. The proteins 
within the bacterial exoproteome have diverse 

functions in bacterial physiology [36-39]. This can 
include proteins that aid in nutrient acquisition, such 
as transporters and enzymes that break down 
complex molecules [40]. Additionally, the 
exoproteome can contain proteins that bind to host or 
microbial receptors, which allows for the mediation of 
signalling [41; 42]. Quorum sensing molecules are also 
present in the exoproteome and allow bacteria to 
coordinate their behaviour based on population 
density [39; 43; 44]. Some proteins within the 
exoproteome can also modulate the host immune 
system, suppressing host defences [39; 45] or 
promoting the growth of host tissues [46-48]. 

In the early stages following plant stimuli, it has 
been shown that rhizobial exoproteome comprises 
adhesins that assist in bacterial attachment to roots, 
enzymes necessary for the modification of surface 
polysaccharides, and effectors that can either 
suppress plant defense responses or activate specific 
signalling pathways [7].  

In this study, we present the extracellular 
proteome analysis of Parafrankia soli strain NRRL 
B-16219, which was treated with root exudates in a 
minimal medium. The goal was to identify whether 
the secreted proteins during the early response phase 
of Parafrankia soli strain NRRL B-16219 to plant stimuli 
contained a significant amount of symbiotically 
relevant proteins and could provide insights into 
symbiotic signalling. 

Materials and Methods 
Production of root exudates  

To obtain root exudates, Elaeagnus angustifolia 
seedlings were grown axenically in Broughton and 
Dilworth [49] nutrient solution supplemented with 5 
mM KNO3 as the nitrogen source (BD+N). Two 
weeks later, the BD+N medium was replaced with 
nitrogen-free BD medium (BD-N and root exudates 
were collected after two additional weeks seedling 
growth. The collected exudates underwent filter 
sterilization using a 0.22 µm polycarbonate 
membrane. 

Bacterial growth conditions and protein 
extraction 

Parafrankia soli strain NRRL B-16219 [50] was 
cultivated in 125 ml bottles containing 40 ml of 
Broughton and Dilworth solution without nitrogen 
(BD-N), supplemented with 5 mM pyruvate as the 
carbon source, at a temperature of 28°C without 
shaking. After five days of exponential growth, one 
volume (v/v) of freshly collected root exudate was 
introduced to the culture. In control experiments, one 
volume of BD-N was added to NRRL B-16219 cultures 
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grown under identical conditions. Following three 
days of exposure to the root exudates, the 
exoproteomes of NRRL B-16219 were analysed using 
the methods described previously [34]. Each 
experiment consisted of four independent biological 
replicates. 

Nano-liquid chromatography and tandem 
mass spectrometry analysis 

To analyse the peptide digests, we employed an 
Ultimate 3000 LC system (Thermo-Scientific, 
Villebon-sur-Yvette, France), following the detailed 
protocol outlined in Ktari et al. [34] and subsequently 
in Gueddou et al. [18]. The MS/MS spectra were 
examined using the MASCOT 2.3.02 search engine 
(Matrix Science, London, UK) with standard 
parameters, as described by Hartmann and 
Armengaud (2014). The search was conducted against 
the complete list of annotated CDS from the draft 
genome of Parafrankia soli strain NRRL B-16219 
(GenBank/EMBL/DDBJ accession number 
MAXA00000000.1), which comprises 6,679 protein 
sequences [17]. Peptide matches exceeding the 
peptidic identity threshold were filtered based on a 
significance level of P < 0.05. Validated proteins were 
those that had at least two peptide sequences assigned 
to them, following the principle of parsimony. For 
protein abundance evaluation, we employed a 
previously described approach [51; 52] involving 
shotgun analysis with MS/MS spectral counts. The 
calculation of normalized spectral count abundance 
factors was performed following the methodology 
outlined by Paoletti et al. [53]. The resulting values 
were expressed as percentages of the total signal. 

Data analysis 
Computational predictions of protein subcellular 

localization data were performed based on 
Subcellular localization of proteins was predicted 
with PrediSi software [54]. Signal peptide sequences 
were further investigated at the CBS prediction server 
(http://www.cbs.dtu.dk./services/), using SignalP 
version 6.0 [55], TatP version 1.0 [56], and SecretomeP 
version 2.0 [57]. 

Type IV secretion system proteins were 
identified by T4SEpre (beta) [58] which predicts Type 
IV secreted proteins based on amino acid composition 
in C-termini and using EffectiveDB [59] with the plant 
classification module and selective (0.5) restriction 
value method enabled. 

Differentially detected proteins were categorized 
into functional classes and re-annotated using 
FUNAGE-Pro v1 software [60]. FUNAGE-Pro also 
allows enrichment analysis and additionally predicts 
most relevant functions.  

Results  

General characteristics of Parafrankia soli 
NRRL B-16219 exoproteome 

The experimental pipeline for producing root 
exudates, treat NRRL B-16219, and analysing the 
exoproteome by next-generation shotgun proteomics 
using high resolution nanoLC-MS/MS, was 
summarized in Fig. 1. As expected, the root exudate 
by itself was very low in terms of protein load and 
resulted in negligible peptide identification [18]. The 
analysis of the exoproteome from strain NRRL 
B-16219 using tandem mass spectrometry generated a 
total of 306,055 MS/MS spectra, among which 39,216 
could be confidently assigned to peptide sequences 
when results from all samples were combined 
(Supplementary Tables S1). The percentage of 
assignment reached 29% for the exoproteome of 
untreated bacteria, a ratio commonly found for other 
bacteria [61; 62]. The experimental dataset comprised 
a total of 7,324 peptide sequences that were attributed 
to 2,011 proteins detected, with 948 of them certified 
by at least 2 peptides, representing the exoproteome 
from strain NRRL B-16219 grown in the presence or 
absence of root exudates. Additional information such 
as the abundance of each of these proteins per 
replicate and condition can be found in 
Supplementary Table S2-S3. 

A threshold of ± fold (≥1.5) with a p-value ≤0.05 
was employed to identify proteins that were 
differentially detected, either up- or down-regulated. 
Out of the 565 differential abundant proteins in the 
presence of E. angustifolia root exudates, there were 32 
upregulated and 533 downregulated proteins 
(Supplementary table S4).  

Most of differentially abundant proteins were 
predicted to be cytoplasmic (53.6%) followed by 
unknown localisation (24.2%) and membrane/ 
cytoplasmic (17.7%). Fewer were predicted to occur in 
the extracellular (2.4%) or cell wall (2.1%) 
compartments (Supplementary Table S3). 

Result for the detection of signal peptide 
sequences with potential cleavage site was found to 
be thin. Exception is for “MULTISPECIES_ 
substrate-binding domain-containing protein” 
(WP_083390861.1) putatively secreted through Sec 
machinery with signal peptide probability of 0.78 and 
probable cleavage site between 43-44 residues. The 
“Aspartate aminotransferase family protein” 
(WP_071066848.1) was predicted to route through 
twin-arginine translocation (Tat) pathway with a 
cleavage site most likely between position 46 and 47 
residues. 
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Figure 1: Experimental pipeline used in the present study for root exudate production, treatment of NRRL B-16219, protein precipitation and NanoLC-MS/MS analysis. 

 

Functional analysis of differently expressed 
proteins  

Clusters of Orthologous Groups (COG) mapping 
(Fig. 2) showed that down-expressed proteins were 
mostly (J) INFORMATION STORAGE AND 
PROCESSING; Translation, ribosomal structure and 
biogenesis, (E) METABOLISM; Amino acid transport 
and metabolism, I METABOLISM; Lipid transport 

and metabolism, (C) METABOLISM; Energy 
production and conversion, among others. While 
up-expressed proteins were assigned to (H) 
METABOLISM; Coenzyme transport and metabolism, 
and (J) INFORMATION STORAGE AND 
PROCESSING; Translation, ribosomal structure and 
biogenesis (Fig. 2). 

Gene Ontology (GO) enrichment (Fig. 3) 
assigned dawn-expressed proteins mainly to “metal 
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ion binding”, “ATP binding”, ‘structural constituent 
of ribosome”, “RNA binding”, ‘oxidoreductase 
activity’ among others within Molecular Function, 
“cytoplasm”, “plasma membrane” and ‘ribosome’ 
among others as Cellular Component, and Biological 
Process include “translation” and “tricarboxylic acid 
cycle” among others. Kyoto Encyclopedia of Genes 

and Genomes (KEGG) showed “Ribosome”, ABC 
transporters, Glycolysis / Gluconeogenesis, 
“Oxidative phosphorylation”, “Purine metabolism”, 
“Glyoxylate and dicarboxylate metabolism”, “Starch 
and sucrose metabolism” and ‘Pentose phosphate 
pathway” amongst the main identified sets (Fig. 4).  
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Figure 2: COG classification of significantly affected proteins in Parafrankia soli strain NRRL B-16219 exoproteome in presence of root exudates of E. angustifolia host species. 
A graphical representation of up- (a) and down-expressed proteins (p value ≤ 0.05, Tfold ≥ 1.5 and hits/class score = 9 (0–9, 0 being not significant, ranked based on Benjamini–
Hochberg Algorithm)). 
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Figure 3: GO terms significantly affected in Parafrankia soli strain NRRL B-16219 exoproteome in presence of root exudates of E. angustifolia host species. A graphical 
representation of up- (a) and down-expressed proteins (p value ≤ 0.05, Tfold ≥ 1.5 and hits/class score = 9 (0–9, 0 being not significant, ranked based on Benjamini–Hochberg 
Algorithm)). Only hits/class size >2 are presented. 
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Figure 4: KEGG terms significantly affected in Parafrankia soli strain NRRL B-16219 exoproteome in presence of root exudates of E. angustifolia host species. A graphical 
representation of down-expressed proteins (p value ≤ 0.05, Tfold ≥ 1.5 and hits/class score = 9 (0–9, 0 being not significant, ranked based on Benjamini–Hochberg Algorithm)). 

 
GO enrichment of up-expressed proteins (Fig. 2) 

mainly identify “ATP binding’, ‘GTP binding’ and 
“metal ion binding” among others for Molecular 
Function, “plasma membrane” for Cellular 
Component among others, and “methylation’ 
Biological Process. Among up-expressed proteins 
only “Cysteine and methionine metabolism” was 
identified as connected to KEGG pathway. 

To gain insight functional analysis up-regulated 
proteins were further assigned based on InterPro 
functional classification (Table 1). Interestingly 

“S-adenosyl-L-methionine-dependent methyltrans-
ferase”, “Type II/IV secretion system protein” and 
“Elongation factor Tu” were identified. The latter 
“Elongation factor Tu” was the only predicted as 
Type IV secretion system’s effector among 
up-expressed proteins.  

 Detected enzymes are mainly Transferases (5), 
followed by Lyases (3), Hydrolases (2), and 
Oxydoreductases, Isomerases and Translocases (1 
each) as indicated in Table 1. 
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Table 1: Statistically significant up-expressed proteins (p value ≤ 0.05 and a Tfold ≥ 1.5) categorized into functional classes and annotated 
by COG, GO, KEGG and InterPro analysis using FUNAGE-Pro v1 software (de Jong et al., 2022)  

Class ID Description Score; 
Hits/Class Size; 
p-value* 

 

IPR000640 Elongation factor EFG, domain V-like 9; 2/2; 0.00 WP_071059306.1,WP_071066147.1 
IPR029058 Alpha/Beta hydrolase fold 9; 2/2; 0.00 WP_071063096.1,WP_071066904.1 
GO:0005524 ATP binding 9; 6/6; 0.00 WP_071059701.1,WP_071064601.1,WP_071064902.1,WP_0710655

97.1,WP_071066117.1,WP_071066193.1 
IPR027417 P-loop containing nucleoside triphosphate hydrolase 9; 7/7; 0.00 WP_071059306.1,WP_071059701.1,WP_071064601.1,WP_0710649

02.1,WP_071065597.1,WP_071066147.1,WP_071066193.1 
00270 Cysteine and methionine 
metabolism [PATH:ko00270] 

ko00270 9; 2/2; 0.00 WP_071060170.1,WP_071064376.1 

IPR031157 Tr-type G domain, conserved site 9; 2/2; 0.00 WP_071059306.1,WP_071066147.1 
J INFORMATION STORAGE AND PROCESSING; 

Translation, ribosomal structure and biogenesis 
9; 2/2; 0.00  WP_071064582.1,WP_071066147.1 

IPR009000 Translation protein, beta-barrel domain superfamily 9; 2/2; 0.00  WP_071059306.1,WP_071066147.1 
IPR041095 Elongation Factor G, domain II 9; 2/2; 0.00  WP_071059306.1,WP_071066147.1 
IPR000795 Transcription factor, GTP-binding domain 9; 2/2; 0.00  WP_071059306.1,WP_071066147.1 
IPR036188 FAD/NAD(P)-binding domain superfamily 9; 2/2; 0.00  WP_071059950.1,WP_071066784.1 
IPR022399 Helicase/secretion neighbourhood ATPase 9; 2/2; 0.00  WP_071064601.1,WP_071066193.1 
IPR035647 EF-G domain III/V-like 9; 2/2; 0.00  WP_071059306.1,WP_071066147.1 
GO:0005525 GTP binding 9; 3/3; 0.00  WP_071059306.1,WP_071066147.1,WP_083390659.1 
GO:0032259 methylation 9; 2/2; 0.00  WP_071060170.1,WP_071066904.1 
GO:0051539 4 iron, 4 sulfur cluster binding 9; 2/2; 0.00  WP_071060541.1,WP_083390659.1 
GO:0003677 DNA binding 9; 2/2; 0.00  WP_071062294.1,WP_071065581.1 
IPR029063 S-adenosyl-L-methionine-dependent 

methyltransferase 
9; 2/2; 0.00  WP_071065581.1,WP_071066904.1 

GO:0046872 metal ion binding 9; 3/3; 0.00  WP_071060541.1,WP_071066896.1,WP_083390659.1 
IPR005225 Small GTP-binding protein domain 9; 2/2; 0.00  WP_071059306.1,WP_071066147.1 
GO:0005576 extracellular region 9; 2/2; 0.00  WP_071060541.1,WP_071066896.1 
GO:0005829 cytosol 9; 2/2; 0.00  WP_071060170.1,WP_071060541.1 
GO:0005886 plasma membrane 9; 3/3; 0.00  WP_071060541.1,WP_071064376.1,WP_071067042.1 
GO:0016491 oxidoreductase activity 9; 2/2; 0.00  WP_071059950.1,WP_071066784.1 
GO:0003924 GTPase activity 9; 2/2; 0.00  WP_071059306.1,WP_071066147.1 
GO:0016021 integral component of membrane 9; 2/2; 0.00  WP_071064376.1,WP_071067042.1 
GO:0000746 conjugation 9; 2/2; 0.00  WP_071064601.1,WP_071066193.1 
H METABOLISM; Coenzyme transport and 

metabolism 
9; 3/3; 0.00  WP_020463537.1,WP_071066904.1,WP_083390659.1 

IPR004161 Translation elongation factor EFTu-like, domain 2 9; 2/2; 0.00  WP_071059306.1,WP_071066147.1 
IPR001482 Type II/IV secretion system protein 9; 2/2; 0.00  WP_071064601.1,WP_071066193.1 
Enzymes Oxidoreductases 

ndh; NADH:quinone reductase (non-electrogenic) 
[EC:1.6.5.9] 
Transferases 
metH, MTR; 
5-methyltetrahydrofolate--homocysteine 
methyltransferase [EC:2.1.1.13],  
NMT; phosphoethanolamine N-methyltransferase 
[EC:2.1.1.103] 
small RNA 2'-O-methyltransferase [EC:2.1.1.386] 
pks12; mycoketide-CoA synthase [EC:2.3.1.295] 
ubiX, bsdB, PAD1; flavin prenyltransferase 
[EC:2.5.1.129] 
mucR; diguanylate cyclase [EC:2.7.7.65] 
Hydrolases 
atzF; allophanate hydrolase [EC:3.5.1.54] 
hrpB; ATP-dependent helicase HrpB [EC:3.6.4.13] 
Lyases 
DDC, TDC; aromatic-L-amino-acid/L-tryptophan 
decarboxylase [EC:4.1.1.28 4.1.1.105] 
moaA, CNX2; GTP 3',8-cyclase [EC:4.1.99.22] 
ACO, acnA; aconitate hydratase [EC:4.2.1.3] 
Isomerases 
groEL, HSPD1; chaperonin GroEL [EC:5.6.1.7] 
Translocases 
cpaF, tadA; pilus assembly protein CpaF [EC:7.4.2.8] 

  
WP_071066784.1 
 
 
WP_071060170.1 
 
WP_071066904.1 
 
WP_071064742.1 
 
WP_071063096.1 
 
WP_020463537.1 
 
WP_071067042.1 
 
WP_071060056.1 
 
WP_071064902.1 
 
WP_071066848.1 
 
WP_083390659.1 
WP_071060541.1 
 
WP_071066117.1 
 
WP_071066193.1, WP_071064601.1 

*The values correspond to Score (0–9, 0 being not significant, ranked based on Benjamini–Hochberg Algorithm), p value and the hits/class size. Not applicable for enzymes 
EC assignment. 

 

Discussion 
The abundance exoproteins, detected in NRRL 

B-16219 without root exudate treatment, including a 
high proportion of proteins predicted to have cellular 

localisation, may be explained by extensive cell 
autolysis which is a common feature of microbial 
growth associated with a variety of cultural factors 
and stresses (Shockman et al., 1996). For frankia, 
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studies have reported a similar trend of autolysis in 
both static and stirred defined medium [64-66], under 
nitrogen-fixing conditions [67], and even in aging 
nodules [68]. Mastronunzio et al. [69] suggested that 
detected proteins in exoproteome is due to frankia cell 
lysis during growth rather than true secretion. There 
is a possibility that more secreted proteins in Frankia 
are present, but they might be either attached to the 
membrane or associated with the cell envelope, thus 
not being detected in the medium. In the present 
study the exoproteome of strain NRRL B-16219 
showed a significant decrease in abundance after five 
days of growth when exposed to root exudates 
compared to the control condition. This observation 
suggests that the cellular autolysis may ceased 
indicating a potential recovery of growth. Most 
studies attributed carbon source depletion as a 
stressful condition that can trigger cellular 
proteolysis, which in turn can lead to autolysis [70]. 
While in rich organic media most analysed frankia 
displayed long stationary phases and cells remain 
viable up to one year [65]. Therefore, NRRL B-16219 
may perceive root exudates as abundant nutrient 
sources, potentially postponing its cell autolysis and 
promoting the continuous exponential growth of the 
strain. 

Proteins involved in autolysis consisted of 
proteasomes (WP_071063554.1, WP_071063556.1 and 
WP_071063560.1), aminopeptidase (WP_071065370.1, 
WP_071061455.1, WP_071059318.1, WP_071066137.1, 
WP_071063686.1), and peptidoglycan endopeptidase 
(WP_071063732.1) which may be seen as responsible 
for catabolism of the cell-wall under nutrient 
deficiency [71]. Benoist et al. (1992) [70] reported that 
these proteinase subunits exhibited a significant 
increase in activity upon cessation of growth within 5 
days old culture in stirred mineral medium. The 
addition of fresh BAP medium or carbon source 
(Propionate), but not nitrogen source (NH4Cl), at the 
end of the exponential growth phase extended growth 
for an additional day and delayed the increase in 
activity of the proteinase subunits for 3 days after 
cessation of growth. However, upon resuspending 
frankia cells in the late exponential phase (3 days) in a 
culture filtrate obtained from a 5-day-old culture and 
supplemented with BAP-PCM medium components, 
the biomass yield decreased to approximately 50%. 

Another downregulated protein thought to be 
related to autolysis is GlcNAc-PI de-N-acetylase 
(WP_020458433.1), which is involved in the 
hydrolysis of the bacterial cell wall and signalling the 
need for development under nutrient-limiting 
conditions. According to van Bergeijk et al. [72], 
autolytic degradation of the cell-wall peptidoglycan 
releases amino sugars such as GlcNAc and 

N-acetylmuramic acid (MurNAc) around the colonies. 
GlcNAc accumulation triggers development and 
antibiotic production under famine conditions 
(signalling starvation), while it blocks both processes 
under feast conditions (signalling abundance) [73]. 
Another novel concept is advanced that 
peptidoglycan deacylases is proposed to be seen as 
virulence factors [74; 75].  

Among the up-expressed proteins S-adenosyl-L- 
methionine-dependent methyltransferase (WP_ 
071065581.1, WP_071066904.1). Geelen et al. [76] 
suggested that NodS acts as a methyltransferase that 
depends on S-adenosyl-L-methionine and is necessary 
for the methylation of chitin oligosaccharides lacking 
acetyl groups at the non-reducing end. Because no 
upstream Nod proteins of NRRL B-16219 were 
detected in its cellular proteome [18] nor, here, in its 
exoproteome, this protein may act differently to what 
has been described for rhizobia signalling. 

 Bacterial type IV secretion systems (T4SSs) 
(WP_071064601.1, WP_071066193.1), which are 
up-expressed proteins, belong to the bacterial type IV 
secretion systems (T4SSs). This is a diverse 
translocation superfamily, as noted by Grohmann et 
al. [77], that encompasses various functions. The 
T4SSs are primarily composed of two major sub-
families: (i) conjugative systems that enable transfer of 
DNA between bacteria, and (ii) effector translocators 
that either inject effector macromolecules directly into 
prokaryotic or eukaryotic host cells or secrete them 
into the surrounding medium, leading to a variety of 
effects on host cell functions during infection [78]. 

It has been shown that Mesorhizobium loti and 
Sinirhizobium meliloti secrete via a T4SSs specific 
proteins that affect nodulation [79; 80]. Notably, in 
certain rhizobia, the genes involved in nodulation 
factor synthesis and encoding the type IV secretion 
system are under the control of a common regulator 
that is activated by flavonoids released by root 
legumes [6]. 

Up-expressed proteins EF-Tu (WP_071059306.1, 
WP_071066147.1) were the only predicted in this 
study as effector of T4SS. EF-Tu have been detected in 
the exoproteomes of many microbial pathogens 
[81-84], where it affects calcium cycling and elicits 
plant defense responses such as promoting Ca2+ 
influx across the membrane, induction of an oxidative 
burst, activation of calcium-dependent protein 
kinases and mitogen-activated protein kinase (MAPK) 
cascades [81; 85]. Most of these plant reactions have 
been observed in root epidermal cells following the 
infection by rhizobia [86] or frankia [87].  

In conclusion, the observed alterations of the 
exoproteome of Parafrankia soli strain NRRL B-16219 
in response to root exudates of E. angustifolia indicates 
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that the strain is adapting to its new surroundings 
microniche. The differential expression of proteins 
indicates that the strain might be undergoing a 
complex metabolic reprogramming and ceasing 
autolysis to acquire and utilize nutrients for a new 
developmental phase as part of the transition on the 
road to symbiotic lifestyle. The identification of T4SSs 
among the up-expressed proteins suggests that they 
may play a crucial role in infecting the host plant, 
similar to some rhizobia which use T4SSs to positively 
or negatively influence nodulation. Additionally, 
EF-Tu, which was up-regulated in this study, could 
serve as an effector for the identified T4SSs. EF-Tu has 
been detected in numerous microbial pathogens and 
symbionts and has been shown to trigger plant 
defense responses, particularly in root epidermal 
cells. Hence, it is plausible that frankia employs EF-Tu 
effector during actinorhizal plant infection. The 
up-regulated S-adenosyl-L-methionine-dependent 
methyltransferase in NRRL B-16219, without 
detectable upstream Nod proteins, suggests a distinct 
signalling role from rhizobial nod-dependent 
pathways. 
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