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Abstract: The continuous release of glucosinolates into the soil by Brassicaceae root exudation is a
prerequisite to maintaining toxic levels of breakdown products such as isothiocyanates (ITCs). ITCs
influence plant and microbial diversity in ecosystems, while fungi and Rhizobiaceae are particularly
injured. Studies explaining the molecular mechanisms of the negative effects are presently limited.
Therefore, we investigated the early effects of cyclic ITC goitrin on proteomes of the host and symbi-
otic Mesorhizobium loti in the nodules of Lotus japonicus and of free-living bacteria. In the nodules,
many host proteins had a higher abundance, among them, peroxidases and pathogenesis-related
PR-10 proteins functioning in the abscisic-acid-activated signaling pathway. In the microsymbiont,
transporter proteins as a prominent group are enhanced; some proteins involved in N-fixation
decreased. The proteomes give a report about the loss of immunity suppression resulting in the
termination of symbiosis, which initiates nodule senescence. Free-living M. loti are severely damaged,
indicated, i.a., by a decrease in transporter proteins, the assumed candidates for goitrin protein com-
plex formation, and high proteolysis. The production of chicoric acid by the accompanying bacteria
is inhibitory for M. loti but connected to goitrin elimination, as confirmed by mass spectrometric
(MS) analysis. In summary, the nodulation process is severely affected by goitrin, causing nodule
dysfunction and failed nodule development. N deficiency conditions leads to yellowish leaves and
leaf abscission.

Keywords: Brassica glucosinolate; caftaric acid; chicoric acid; cyclic isothiocyanate goitrin;
Mesorhizobium loti; Lotus japonicus; nodulation; proteomics

1. Introduction

Glucosinolates are the characteristic, glucosylated secondary metabolites of the Brassi-
caceae and a few other dicotyledonous families. The compounds have a large structural
diversity across the different species, but quality and quantity can vary between organs and
depend on plant age, nutrient availability, and further environmental conditions [1-8]. For
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instance, other plant species in the neighborhood can stimulate the biosynthesis and root
exudation of glucosinolates into the soil. The removal of the sugar moiety by myrosinase
and myrosinase-like enzymes leads to the formation of isothiocyanates, thiocyanates, and
nitriles. These toxic degradation products are often converted into further downstream
products with insufficiently investigated bioactive properties [9].

Many isothiocyanates are volatile compounds detectable in the air and in the soil after
Brassica cultivation [10]. Although isothiocyanates have a short lifetime, spanning from
hours to days, they exert a strong allelopathy against many plants and microorganisms
in natural habitats. The continuous release into the soil, for instance, by living plants via
root exudation, is a prerequisite to maintaining toxic levels of the bioactive, short-lived
breakdown products. For example, Alliaria petiolata, a Brassicaceae native to Eurasia, is
an aggressive invader in the USA. The allelopathic success of A. petiolata, based on the
volatile allyl isothiocyanate, is derived from sinigrin that destructively interferes with soil
fungi living in a mutualistic lifestyle with native plants [2,11,12]. Additionally, Lankau [12]
reported significant but temporary shifts in the soil bacterial species composition when
exposed to A. petiolata. The suppression of native species is thought to be maintained until
co-evolutionary processes create a new adaptive balance between the species [13].

The decline in the total microbial biomass encompassing mycorrhizal and other fungi,
Gram-positive and -negative bacteria, concomitant with changes in microbial community
structures, have been often described in agricultural systems and were also recognized by
in vitro soil experiments [8,14-17]. Aside from the fungal communities, species of bacteria
belonging to the Rhizobiaceae are particularly affected by isothiocyanates. The effects
are only short-lasting when the compounds or glucosinolate-rich plant material are not
continuously added. Specialized soil microorganisms may degrade the toxins, paving the
way for the recovery of more sensitive bacteria and fungi.

Recently, Portales-Reyes et al. [18] investigated the effects of synthetic allyl isothio-
cyanate (0.017 ug g~ ! soil) and benzyl isothiocyanate (1.19 pg g~! soil) on the legume
Amphicarpaea bracteata inoculated with Bradyrhizobium sp. The treatment caused a reduced
number of nodules. Portales-Reyes et al. [18] assumed disrupted interactions between
Amphicarpaea bracteata and its mutualistic rhizobia. However, under greenhouse conditions,
nodulation was not affected, although the application of the isothiocyanates were repeated
once a week over a period of two months. Regarding the results of Portales-Reyes et al. [18],
it can be speculated that a rapid loss of the applied isothiocyanates, due to their volatile
nature, could be a reason for the failed effects under greenhouse conditions. For instance,
the half-life of 67 nmol benzyl-ITC/g soil was determined to be only 0.2 days [19]. Under
non-sterile conditions, the microbial degradation of glucosinolate breakdown products
may be even faster [20].

In contrast, the cyclic isothiocyanate goitrin ((R)-5-vinyl oxazolidine-2-thione, epigoitrin)
from glucosinolate progoitrin degradation, is more stable. Epi/Progoitrin is widespread in
the Brassica genus. In cold-pressed rapeseed cake, Miklav¢i¢ Visnjevec et al. [21] determined
progoitrin and goitrin in remarkable amounts (1014 & 56 mg/kg, 22 &= 1.5 mg/kg). In turnip
(Brassica rapa subsp. rapa), 1.32-2.55 umol goitrin/g dw was determined [22]. Progoitrin is
a major glucosinolate of broccoli (Brassica oleracea convar. botrytis var. cymosa) and brussels
sprouts (Brassica oleracea var. gemmifera). It is also present in Chinese kale (Brassica oleracea
var. alboglabra), Ethiopian kale (Brassica carinata), kale (Brassica oleracea var. acephala) and
rape kale (Brassica napus) [23], or in Eruca vesicaria (rucola) [24]. Goitrin is degraded slower
by soil bacteria than other isothiocyanates, as was found in the strains of Bacillus megaterium,
Aminobacter aminovorans, Paenibacillus polymyxa, or Bacillus cereus [16]. The pathway of
goitrin degradation is largely unknown.

In Barbarea vulgaris leaf extracts, Agerbirk et al. [25] measured oxazolidine-thionase
activity. Thus, goitrin, (R)-5-vinyl oxazolidine-2-thione), can be enzymatically converted
into the corresponding oxazolidine-2-one, a class of compounds known for their inhibitory
effect on bacterial translation [25,26] (Figure 1). According to Agerbirk et al. [25], the
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conversion of goitrin to the corresponding oxazolidine-2-one also occurs spontaneously in
the presence of 1% HyO;,

—=CH,

Goitrin Oxazolidine-2-one

Figure 1. Structures of (R)-5-vinyl oxazolidine-2-thione (goitrin) and oxazolidine-2-one.

The main action of all oxazolidinone-based antibiotic drugs, such as linezolid, is
binding to the A-site pocket of the 50S subunit at the peptidyl transferase center (PTC),
which results in the inhibition of the initiation complex and of the translocation of peptidyl-
tRNA from A site to P site [27]. The carbon atom C-5 of the oxazolidin-2-one ring is crucial
for antibacterial activity [28]. A linezolid variant possessing the thio-analog (oxazolidine-
2-thione) as a core structure was unable to inhibit protein biosynthesis. The influence of
a vinyl group at C-5 on interactions with the 235 rRNA—which is necessary to inhibit
translation—is unknown. A direct interaction of goitrin with suitable peptides is likely.
For instance, glutathione binding is possible via the N atom of the heterocycle [29]. In
feces extracts of the kale- and cabbage-fed herbivore Helicoverpa armigera, a cyclic product
of goitrin-Cys, probably derived from goitrin-CysGly, was indicated [30]. The fate of the
cyclic product, existing in very low amounts in the samples, is not known.

The growth of selected bacterial species that survive rapeseed extract treatments
was hardly affected by goitrin over a period of 5 days [16]. However, this study did not
include isothiocyanate sensitive Rhizobium /Mesorhizobium species. If sensible strains of
mutualistic Rhizobia are affected, consequences of the nodulation and N-supply of the host
legume can be expected. To obtain insights in the possible interferences of goitrin with the
proteins of Mesorhizobium loti, we started a proteomic study with goitrin-treated M. loti
cultures and with nodules from Lotus japonicus plants treated with goitrin after the first
inoculation. In silico molecular docking analysis disclosed possible candidates for goitrin
complex formation.

2. Results
2.1. Effects on Nodulation and Plant Phenotype

In comparison to the controls, goitrin treatment of inoculated Lotus japonicus atfected
nodule growth and distribution. The nodules from goitrin-treated plants considerably
varied in size. Large, dark-colored nodules were clustered only at a few roots, while the
very small, even pinhead like nodules, were more evenly spread (Figure 2). Goitrin-treated
plants had predominately yellowish leaves at the young shoot part while the older parts
lost the leaves.

The phenotype of the treated plants suggested a negative influence of goitrin on the
plant and on nodulation. From these results, we assumed that the already free-living
bacteria were severely damaged by goitrin.
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Figure 2. (a) Goitrin-treated L. japonicus plant. (b) Control plant. (c¢,d) Distribution of large nodule
clusters (arrows, green-lined section). (e) Enlarged part of (c). (f) Distribution of nodules at the root
system of a control plant. (g) Arrows in the black-lined section point to very small nodules at the
roots of a goitrin-treated plant. Scale bars: (a,b) 1 cm; (f) (control) 2 mm; (g) (goitrin-treated) 1 mm.

The large nodules are attributed to the first inoculation prior to the treatment. Sub-
sequently, goitrin applications, which started with a second inoculation, exacerbated dis-
turbed nodulation and nodule development. When goitrin enters the cells, proteins are
among the first contacted molecules. These proteins, directly altered by goitrin or indirectly
by the resulting oxidative stress, may be responsible for initiating signal transduction path-
ways that subsequently alter the proteome. Our intention was to first dissect features of the
large nodule proteomes to elucidate whether these nodules have a changed protein abun-
dancy which could have consequences for metabolic functions, particularly for N-fixation.
Secondly, the proteomes of the free-living M. loti were investigated for goitrin-induced
alterations that may explain the disturbed nodulation. The total dataset and tables present-
ing the distinct functional classes of proteins, protein abundance, and the significance of
changes as well as their estimation as putative goitrin docking candidates, are parts of the
Supplementary Materials. Multifunctional proteins can be listed in more than one table
and figure. Proteins belonging to important and affected functional classes are presented
with their UniProt protein IDs and the therein annotated function(s), if known [31].

2.2. Goitrin Terminates the Symbiotic Lifestyle
2.2.1. Large Nodule Proteome

In the large nodules, a total of 1744 protein groups were identified, composed of
629 plant and 1115 M. loti proteins (Figure 3). Comparisons of the group data (control vs.
goitrin-treated), obtained from five repetitions, revealed differentially abundant proteins
(logy fold-change > 0.3 or <—0.3). Changes where —logyg (t-test q value) > 1.5 were
considered significant. In the plant protein group, 384 proteins were upregulated, 96 of them
with significance, and 38 proteins were downregulated, only three of them with significance,
and 205 were unchanged or almost unchanged without significance (specified range: 0.3 to
—0.3 logy FC). In the microsymbiont group, 509 proteins were upregulated, 123 of them
with significance, 195 proteins were downregulated, 72 with significance, and 216 proteins
did not, or almost did not, change in abundance. The affected proteins of the large nodule
proteome are presented in Tables STA-S15A, S17A (M. loti), and S1B-517B (host).
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Figure 3. The volcano plot of the entire protein dataset illustrates a higher increase in plant proteins
(green dots) and a preferential decrease in defined microsymbiont proteins (purple dots) in the
large nodules, while microsymbiont chaperones Q98IH9 and Q98110 are the proteins with the
highest increase in abundance. Extracellular space protein Q98HM3 containing a DUF domain and
aconitate hydratase Q98EA3 is downregulated with high significance. The two host proteins Q53D71,
superoxide dismutase and profilin I3T443, are reduced with highest significance. Alpha-L-fucosidase
135413 is the third significantly downregulated host protein. I3SYE9, an uncharacterized host protein,
and I3SRT2, one of the seven upregulated PR-10 group Bet v I/Major latex proteins, belong to the
proteins with the highest increase in abundance.

2.2.2. Transcription

In the host cell, proteins involved in transcription were hardly changed in abundance,
but changes in variant histones H3, H2A, and H2B were insignificant. Variant H3 showed
the highest increase, displaying gene activations upon goitrin treatment. Proteins from
hormone-related signal transduction systems, which have functions in transcription, are
separately mentioned below.

In contrast, symbiont proteins with functions in transcription were more affected.
The MII3846 protein for the regulation of DNA-templated transcription, and Q98M59,
a probable transcription regulator, were significantly more abundant. Thirteen others
showed a tendency to accumulate, among them, two members of the phosphorelay signal
transduction system (histidin kinase Q988T3, Q98FMS sensory transduction regulatory
protein). Q987Y5, a member belonging to the less complex two-component system, is
slightly downregulated. Two-component signal transduction systems and the phosphore-
lays are important for stress adaption but have additional functions [32]. A higher number
of affected proteins involved in transcription and signal transduction discloses a stronger
response of the symbiont on the transcription level.

2.2.3. Ribosomal Proteins and Translation

The implementation of stress coping programs proceeds on the protein level. The
proteome also reports on failed stress adaption. As a response to goitrin, plant and sym-
biont ribosomal proteins show differences in comparison to the control nodules, while
bacterial ribosomes and translation processes are heavily affected. In the bacteroid, two
ribosomal proteins were depleted (elongation factor Tu, uS8), seven without significance.
Fourteen others marginally or moderately increased in abundance, among them ribosome
hibernation promoting factor Q98GS6, but all upregulations were insignificant. The down-
regulations point to starting dysfunctions in protein synthesis, although the process of
translation was not yet hindered, and still allows the upregulation of defined proteins.

All plant ribosomal proteins increased, and the highest FCs were found with uL11, 517,
and L3. One protein, eukaryotic translation initiation factor 5A (I3SPM6), increased with
significance but with low FC. In plants, translation initiation factor 5A is essential for the
first peptide bond and also improves stress tolerance by increasing protein synthesis [33].



Plants 2024, 13, 2897

6 of 32

The increase in many plant proteins, while only two were downregulated with higher
significance (superoxide dismutase and actin polymerization affecting profilin), points to a
shift in metabolic processes and alterations in the plant-symbiont relationship.

2.2.4. Chaperones

Chaperones support correct protein folding and protect proteins from irreversible
aggregation during synthesis and stress. Chaperone enhancement is a known stress reaction
in bacteria [34,35]. Co-chaperonin GroES 2 and chaperonin GroEL 2, absent in the free-
living bacteria, are the uppermost increased proteins in the large nodules. Also, chaperone
proteins HtpG and GrpE, which have functions in stress protection, were significantly
enhanced. Another six additional proteins with chaperone/chaperonine functions were
upregulated without significance. Three chaperones were unchanged and chaperonin
GroEL 3, a candidate for goitrin docking (see below), was the only one which tended
to decrease. Peptidyl-prolyl-cis-trans isomerase Q98M53 was slightly but significantly
increased, and peptidyl-prolyl-cis-trans isomerase Q98LES insignificantly increased. These
proteins have chaperone functions. The significant increase in phasin and phasin-related
proteins Q98MA2, Q988T6, and Q988Y4 is notable. The increase is in accordance with
the significantly upregulated assumed PHA synthesis regulator protein, Q98FB9. Among
other functions, phasins promote bacterial growth, enhance fitness and resilience, and
probably possess tolerance to toxic compounds. Phasins, PHA (polyhydroxyalkanoate)
granule surface associated proteins, have been shown to perform chaperone-like activities
for counteracting stress reactions [36-38].

Six plant chaperones and proteins with chaperone functions were slightly upregulated,
but none with significance. I35SD49, a calnexin homolog at the ER membrane with chaperone
and signaling function, was significantly increased in abundance. It undergoes distinct post-
translational modifications which enable the coordination of ER functions with proteins
localized at other cellular compartments [39].

2.2.5. Transporters and Outer Membrane Proteins

Bacterial ABC importers usually contain up to two transmembrane permease proteins,
up to two nucleotide-binding proteins, and a specific periplasmic solute-binding protein.
Predominantly, the solute-binding proteins of ABC transporters were affected.

In the microsymbiont, a highly affected functional class are transporters and mem-
brane proteins. None of the identified transporter proteins were significantly reduced
and eighteen increased in abundancy. Six of them function in amino acid transport
(Q987A7, Q98MKO, Q98H18, Q98CDO0, Q98D26, and QI8EE6) and one in dipeptide trans-
port (Q98L42). QI98]Y5, a binding protein component of the sugar ABC transporter, is sig-
nificantly upregulated. Q98ILS, a protein related to the type VI secretion system-associated
lipoprotein, was not significantly upregulated. The type VI secretion system is important
for the secretion of toxins during pathogenesis and for the suppression of bacterial com-
petitors. Genes encoding the Type IV secretion system are part of the M. loti strain-specific
symbiosis island [40]. Q98GF4 and Q98FL2 for phosphate/phosphite/phosphonate trans-
port significantly increased, as did periplasmic binding protein Q98M72, and Q98DQ2 for
manganese transport as well as the iron transporter Q983Q2. Sulfate transporter Q98H21
increased in abundance but without significance. The outer membrane protein NodT can-
didate Q98LAS, which exhibits efflux transmembrane transporter activity, and Q98MNS8,
a lipoprotein encoded within an ATP-binding cassette, slightly increased with signifi-
cance. Q987M5/Q988Z1, a putrescine-binding periplasmic protein for putrescine transport,
spermidine/putrescine ABC transporter Q98JX0, and the spermidine/putrescine binding
protein of ABC transporter Q98JB0 had a significantly higher abundance. Polyamines are
thought to support nodulation and have roles in bacterial stress response. Recently, Solmi
et al. [41] demonstrated putrescine for reducing the susceptibility to H,O,, which was
correlated with a higher catalase gene expression in Pseudomonas syringae. However, in
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M. loti, catalases were not increased in abundance, and in the host, catalase I3T276 was
negligibly increased without significance.

Stress-induced LPS-assembly protein LptD (Q98454), a protein important for mem-
brane integrity, was significantly increased. Outer membrane protein assembly factor BamA
Q98MC3 was significantly upregulated (see below). Efflux transmembrane transporter
Q98BL6 was slightly enhanced, as was Q986P8, a probable sugar transporter. Q98DBS, a
secreted sugar-binding protein involved in sugar transport, was slightly but significantly
higher in abundance, similar to outer membrane acid phosphatase Q98HU7. Q98GKS5,
an RND (resistance-nodulation-division) efflux membrane fusion protein for the active
efflux of antibiotics, was another upregulated M. loti transporter. In contrast to M. loti,
plant transporters and outer membrane proteins are almost not affected. Only ADP/ATP
translocase I3T6D5 was slightly and insignificantly enhanced.

2.2.6. Cell Surface Polysaccharides and Carbohydrate Metabolism

Cell surface polysaccharides have diverse functions in plant-microbe interactions
and in the establishment of symbiosis, for instance, in infection thread formation [42].
The regulation of the biosynthesis of the exopolysaccharide (EPS) group is complex and
depends on many factors, for instance, nutrient availability. EPS also have reactive oxygen
species (ROS) scavenging properties [43].

In microsymbiont enzymes involved in the synthesis/transport of exopolysaccha-
rides, lipopolysaccharide (LPS) and peptidoglycan are enhanced. Also, endo-1,3-1,4-beta-
glycanase ExoK (Q98C78) and plant pectin acetylesterase, acting in cell wall organization,
are upregulated, as well as (Uridine diphosphate)- UDP-sulfoquinovose:(Diacylglycerine)
DAG sulfoquinovosyltransferase. However, Q98KB6, a D-alanine-D-alanine ligase in-
volved in peptidoglycan-biosynthesis by forming UDP-N-acetylmuramoyl pentapeptide,
is downregulated. The altered abundance of these enzymes upon goitrin treatment point
to cell wall reorganizations. Since pectin acetylesterase is significantly upregulated, the
plant cell wall is also probably affected. Noteworthy to mention, Chungopast et al. re-
port on upregulated genes involved in cell wall biosynthesis during L. japonicus nodule
senescence [44].

Only a few proteins with roles in glycolysis and glyconeogenesis showed an altered
abundance. In the microsymbiont, fructose-bisphosphate aldolase Q986N8 was significantly
upregulated and fructose-bisphosphate aldolase Q98F]0 was significantly downregulated.
Dihydrolipoyl dehydrogenase Q98MY4 was slightly upregulated and dihydrolipoyl dehy-
drogenase Q98ED5 was significantly downregulated. In the host cells, enzymes involved in
glycolytic processes were upregulated, except for phosphoglycerate kinase I35Y55, which
was significantly downregulated. Since PGK is a key enzyme in glycolytic processes, its
loss in abundance could reduce glycolysis and glyconeogenesis although other enzymes
of the pathways increased. M. loti glucuronate isomerase Q98CW1, necessary for inositol
catabolism, was significantly upregulated. Inositol catabolism was suggested to be related
to bacterial root colonization [45].

2.2.7. Tricarboxylic Acid Cycle and Energy

In the microsymbiont, succinate Co-A ligase and two citrate synthases are upregulated,
while aconitate hydrolase Q98EA3 is significantly downregulated. Aconitase catalyzes the
conversion of citrate to isocitrate via aconitate. Aconitase is a moonlighting protein that
turns to an iron-responsive-element binding protein (IRE-BP) after losing its 4Fe—4S FeS
cluster under low iron conditions. The downregulation of aconitase abundancy and upreg-
ulation of citrate synthase enzymes may increase citrate concentration. Citrate activates the
glyoxylate cycle, which is important for stress defense (see below, free-living M. loti). In the
host cells, at least four enzymes of the TCA cycle are upregulated (isocitrate dehydroge-
nase I3T5L9 and I3SPT9 for the oxidative decarboxylation of isocitrate to 2-oxoglutarate;
dihydrolipoyllysine-succinyl transferase for lysine degradation; malate dehydrogenase;
and succinyl-CoA ligase).
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In plant cells, members of the NADH:ubiquinone oxidoreductase (complex I) and
other proteins of the respiratory chain are all upregulated, and I3SP]J0 is significantly
upregulated. NADH:ubiquinone oxidoreductases couple the electron transfer between
NADH and quinone to proton translocation [46]. Also, subunits of the ATP synthase are
upregulated. Thus, goitrin treatment elicits energy consuming metabolic alterations in
the host cells. In the symbiont, NADH dehydrogenase [ubiquinone] 1 alpha subcomplex
subunit Q98NC7, a member of bacterial complex I, is significantly upregulated. However,
all other proteins associated with the respiratory chain are significantly downregulated,
such as cytochrome oxidases and NADH dehydrogenase Q98CD?7. Also, subunits of the
ATP synthase decreased in abundance.

2.2.8. Nitrogen Fixation, Amino Acids, and Polyamines

The proteome analysis disclosed dysfunctions in nitrogen fixation, while imbalanced
protein abundancy is thought to be a key factor. Numerous proteins of the fixation complex
are downregulated, prominently, nitrogenase molybdenum-iron protein alpha and beta
chain. Nitrogenase iron protein Q98AP7 was less but significantly downregulated. Other
not significantly downregulated proteins are, for instance, two iron-sulfur ferredoxin pro-
teins, Nif-specific regulatory protein, or protein FixC. Another group of proteins involved
in N-fixation were less affected or not affected, while some were slightly upregulated,
such as nitrogenase molybdenum-iron protein NifX or nitrogenase-stabilizing /protective
protein NifW. Leghemoglobins were not affected, except for insignificantly downregulated
atypical leghemoglobin 2-1, which protects nitrogenase from inhibition by O, and other
inhibitory molecules.

Protein P-II Q98EHO0, a member of the two-component regulatory system NtrB/NtrC,
which controls the expression of nitrogen-regulated (ntr) genes in response to nitrogen limi-
tation, was significantly upregulated. PII proteins are key regulators of cellular metabolism,
including nitrogen-related processes [47]. Therefore, the upregulation of Q98EHO reports
malfunction in the nodule nitrogen metabolism and the necessity to start counteractions.

Several proteins involved in amino acid biosynthesis are differentially changed in abun-
dance. Asparagine synthase Q98AR?2, glutamate synthase Q98H51, Q98KK? for branched
amino acid biosynthesis, Q98E57 for leucine biosynthesis, and Q98E71 for phenylalanine
and tyrosine biosynthesis are upregulated, while aspartate aminotransferase Q98KB6,
serine ammonia lyase Q98D64, and Q98NNO possessing glutaminase activity are down-
regulated. Notably, five polyamine binding proteins are upregulated, three of them with
significance, while Q98ALS, a protein with functions in amine and polyamine biosynthesis,
is significantly downregulated. Legume root nodules are known to accumulate high levels
of polyamines, mainly putrescine, during nodule development [48]. In contrast to former
assumptions, a function in nitrogen fixation was recently suggested [49]. A decline in free
polyamine content is argued as a stress and senescence marker [50].

In the host, two aspartate aminotransferases, cyanoalanine nitrilase, 2-isopropylmalate
synthase for L-leucine biosynthesis and chorismate mutase, involved in the biosynthesis of
phenylalanine and tyrosine, are slightly enhanced without significance.

2.2.9. Lipid Metabolism and Lipid Transport Proteins

Several proteins with functions in lipid metabolism and transport were affected in
the host cells but none were affected significantly. A protein acting in the transfer of
phosphor and galactolipids (I135Y44), a protein possessing a MD-2-related lipid recognition
domain (I35A64), phospholipase D (I1359D4, 3-hydroxyacyl-[acyl-carrier-protein] dehy-
dratase I3T5Z3, plastid lipid-associated protein I3S0B9, and annexin (I35XY1) increased in
abundance. Plant annexins regulate Ca?* channels, bind calcium-dependently to phospho-
lipids and other membrane lipids, and possess peroxidase and ATPase/GTPase activities.
They are also involved in stress adaption [51].

In the microsymbiont, nine lipid-related proteins were changed upon goitrin treat-
ment. Three proteins with transfer/transport functions were upregulated, one of them
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(Q98G53) significantly. Another two proteins involved in lipid and fatty acid biosynthe-
sis were upregulated, the acyl-carrier protein AcpP (Q988Y6) significantly. Two proteins
acting in lipid catabolism were enhanced in abundance (Q9898FS8 significantly). Pro-
tein Q983L8 acting in lipopolysaccharide biosynthesis and Q98ET6 (fatty acid synthase
cyclopropane-fatty-acyl-phospholipid synthase) were considerably downregulated but
without significance.

2.2.10. Hormones and Signal Transduction

The down regulation of two cytochrome P450 enzymes involved in the bacterial GA-
synthetic pathway was significant. In GA biosynthesis, Q989L9, a candidate for goitrin
docking, catalyzes the oxidation of ent-kaurene into ent-kaurenoic acid, and P450 (Q989M2)
converts GA12 into GA9, which is believed to be secreted by the bacteroids for conversion
to GA4. GA4 formation is performed in cooperation with the plant [52]. While inactive
in plant growth bioassays, GA9 can prevent new nodulation [52]. However, according to
Nett et al. [53], the influence of GA9 on nodulation is questionable and GA9 is thought to
serve only as the precursor of plant-produced GAs. GA4 was found to increase nodule size.
A downregulation of the two P450s would restrict GA9 production. Moreover, gibberellins
inhibit nodule senescence. A preliminary experiment revealed that nodules from goitrin-
treated plants contained a 3.5-fold higher content of GA9 and a 1.5-fold higher content of
GA4, compared to the control (Figure S2). The higher GA4 content agrees with a function
in promoting the size of the nodules, which were developed prior to goitrin treatment. The
finding needs further investigation, particularly as gibberellins are also antagonist actors
of the ethylene-JA and ABA pathways [54]. Gibberellins seem to play roles in regulating
brassinosteroids biosynthesis, a class of phytohormones with many functions in plant
physiology [55]. In this context, it is interesting that plant delta(24)-sterol reductase I35M85,
necessary for brassinolide biosynthesis, is one of the few downregulated plant proteins.

The plant PR-10 group/Bet v 1 family was highly affected with seven upregulated
members (I3SSP7, I3SPM5, I3SL56, I3T2N7, I3SGWS, I3SRT2, and I35QKO0). The PR-10
proteins have functions in the abscisic-acid-activated signaling pathway and show promis-
cuous ligand binding, including caffeic acid, flavonoids, sterols, and cytokinins [56]. H,O»,
most likely produced during the response to goitrin treatment, also functions as a signal
molecule. As H,O; interplays with abscisic acid [57], the increase in ABA-responsive
proteins is not surprising. Recently, Wen et al. described that increased ABA levels in
apples are important in N deficiency-induced leaf senescence [58]. The significantly en-
hanced 14-3-3 proteins I3T321 and I352P9 function in signal transduction via the recognition
of phosphorylated target proteins. The 14-3-3 proteins activate Em gene expression by
interacting with the basic leu-cine zipper factor EmBP1 and with VIVIPAROUSI [59].

2.2.11. Glutathione

Four M. loti glutathione-S-transferases increased in abundance, one of them (Q983T8)
with significance. Glutamate-cysteine ligase with a function in glutathione biosynthesis,
and two enzymes acting in glutathione metabolic processes, were upregulated. Lactoylglu-
tathione lyase, essential in methylglyoxal detoxification, decreased. Toxic methylglyoxal,
produced by different pathways such as threonine and glycine catabolism and lipid ox-
idation, affects DNA and proteins by the deletion and transversions of base pairs and
the glucation of amino acid side chains in proteins, which leads to the malfunctioning of
proteins. Methylglyoxal detoxification is, therefore, essential.

In plants, methylglyoxal was also reported to possess beneficial functions in remodel-
ing cellular redox homeostasis and it influences plant growth and signal transduction [60].
However, two plant enzymes acting in methylglyoxal degradation were upregulated.
An upregulation was further found in four glutathione-S-transferases and five enzymes
involved in glutathione-related processes, including glutathione dehydrogenase I3SE57,
which belongs to the ascorbate glutathione cycle.
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2.2.12. Oxidative Stress, Peroxidase, Superoxide Dismutase, and Flavonoids

Detoxification of ROS, when ROS production is out of balance, is a crucial step in
counteracting ROS-caused damage [61]. Superoxide dismutase Q985K3 was the only upreg-
ulated symbiont enzyme for superoxide detoxification. The upregulation was significant,
but FC was low. In the symbiont, no peroxidase increased in abundance. Two peroxidases
were downregulated, one significantly (Q98AY3 cytochrome ¢ peroxidase).

In the plant cells, three glutathione peroxidases and nine peroxidases were upregu-
lated, many of them with significance. Four of them are secreted and others are sited to
specific membranes and organelles. Another group of at least four peroxidases stayed
unchanged, such as ascorbate peroxidase or a non-heme chloroperoxidase. Unchanged
abundancy may, nevertheless, point to functions in coping stress. Two superoxide dismu-
tase proteins increased, one stayed unchanged, and another one, localized to the extra-
cellular space, was downregulated. Several significantly upregulated plant proteins are
stress responsive or are associated with environmental stress reactions, for instance, plant
ozone-responsive stress-related protein I3T2A1, plant peroxidase I3T056, a Bet v I/Major
latex protein domain-containing I3SQKO involved in stress response and the induction of
PR genes (see plant hormones), or heme oxygenase 1 (I35L57). Another functional class of
plant proteins with upregulated members are enzymes involved in flavonoid biosynthesis,
which is known to be triggered by biotic and abiotic stress including nutrient deficiency [62].
Isoflavone reductase AOA411P2Y4 and pterocarpan reductase Q05JY0, enzymes with func-
tions in the biosynthesis of isoflavonoid phytoalexins, chalcone-flavanone isomerase 3
Q8HOF6, isoflavone 4'-O-methyltransferase Q84KK4, and chalcone-flavonone isomerase
family protein I35TD3 belong to the proteins with increased abundance. Q985Y4, a protein
with quercetin 2,3-dioxygenase activity, is insignificantly upregulated in the symbiont. The
enzyme is involved in quercetin degradation. Quercetin is known to modulate the number
of nodules in a concentration-dependent manner [63]. On the other hand, flavonoids are
important for symbiosis. Special flavonoids induce the expression of rhizobial genes, such
as the nod genes, which are required for nodulation. Phytoalexin flavonoids have been
described to increase during nodulation [64]. Interestingly, a protein with similarity to
nodE (Q98CY0) was slightly enhanced in the symbiont. The NodE protein is responsible
for Nod factor decoration with polyunsaturated C18 fatty acid [65].

2.2.13. Proteases

In the host cells, only a few proteases changed in abundance. Cysteine endopeptidase
135747 was significantly upregulated, while I3SLH5 cysteine-type endopeptidase inhibitor
was downregulated. Also, serine carboxypeptidase I35YA1 was downregulated. Two
proteins belonging to the ubiquitin-dependent protein catabolism increased. The increase
in proteasome subunit beta was significant, while ubiquitinyl hydrolase BOBLB2 was
slightly reduced. Secreted subtilisin-like protease 4 (A9QY38) was significantly upregulated,
indicating that host-symbiont interactions are affected by goitrin-elicited processes as
A9QY38 protease is required for arbuscular mycorrhiza development. Several subtilase
genes are also responsive to Nod factor treatment [66]. Interestingly, Nod factor binding
lectin-nucleotide phosphohydrolase Q9SPM8 was significantly increased.

In the microsymbiont, the proteolytic machinery is affected more strongly. Six serine
proteases were upregulated, two of them significant, and one was downregulated. Serine
type signal peptidase Q985A7 was downregulated. Two Clp proteases were affected;
one was enhanced, and another one was reduced. Further upregulated proteases are
metalloproteases, proline peptidase, oligoendopeptidase, carboxyterminal protease, and an
ATP dependent protease. Aminopeptidase Q986E5 was significantly upregulated. Three
proteins with functions in protease activity control were affected, one serine protease
inhibitor was enhanced, a PepSy domain containing protease inhibitor was significantly
upregulated, and protease regulator protein HfIC (Q98KI9) was enriched.
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2.2.14. Miscellaneous Proteins

We want to only focus on two host proteins with functions in cytoskeleton organization.
Significantly decreased 13T443 modulates the polymerization of actin, and insignificantly
increased I2RZN5 acts in tubulin polymer formation. Thus, goitrin treatment may generate
an imbalanced or misstructured cytoskeleton. The downregulation of profilin I3T443 may
have fatal consequences as profilins are important for cell wall maintenance, nucleation,
and cytokinesis and are, therefore, involved in many developmental processes [67]. Except
for actin-binding, profilins bind to polyphosphoinositides [68].

2.3. Goitrin Impacts Growth and Proteome of Free-Living Mesorhizobium loti
2.3.1. Death of Free-Living Mesorhizobium loti

The disturbed nodulation and nodule development after goitrin application lets us
realize that the free-living bacteria are already damaged by goitrin. The growth curves of
the free-living bacteria (stock BN154) in presence and without goitrin did not differ over
the first day, while in the progressing cultures, growth retardation was unambiguous after
24 h. After 48 h, goitrin-supplemented cultures reached a cell density of maximal 80% of
the controls (Figure 4). Additional growth curves were performed with bacteria obtained
after four serial goitrin incubations. Inoculation of fresh medium containing 2 mg of goitrin
with these cells and culturing them for 24 and 48 h led to almost no growth, but during the
next two days, an increase in the cell density was stated. PCR studies disclosed that M. loti
was no longer present in these cultures. The bacteria, which grew instead, were identified
as a Sphingomonas species and a Ochrobactrum species. These species, undetectable by
PCR checks of the stock 154 prior to culturing, were apparent contaminants. They are less
sensitive to goitrin and, therefore, were favored during culturing; nevertheless, only the
Ochrobactrum species finally survived.
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Figure 4. (a) Growth curves of M. loti in presence of goitrin (G) and control (C). Grey dots: goitrin-
series (G); blue dots: control-series (C), n = 6. ODggp: cell density, bars: mean values. Growth
inhibition by goitrin is significant. The GRe-series presents a M. loti growth curve in the presence of
2.5 mg of goitrin using cultures after four previous serial goitrin incubation; n = 4. Validation of the
microorganism identity of the culture after 24 or 48 h by PCR disclosed the death of M. loti (GRet24MI,
48Ml), and confirmed the presence of a Sphingomonas species and Ochrobactrum species; after 24 and
after 48 h, only Ochrobactrum species (AGRet24, 48). Blue and grey arrows: 48 h culture time points for
proteome analyses. Black arrow, skulls: death of M. loti confirmed by PCR. Green symbols: growing
Sphingomonas and Ochrobactrum species. (b) Growth curves of M. loti (purified stock) in the presence
of goitrin (grey, G-series) and the control without goitrin (blue, C-series); growth curve of GCh-series:
additive inhibition in the presence of goitrin and chicoric acid (dark purple); purple: growth curve of
Ch-series: cultures with chicoric acid. Growth is significantly inhibited in the presence of chicoric
acid and goitrin+chicoric acid. Significance: p < 0.0001 = ****; p < 0.001 = ***; p <0.01 =**;p < 0.05 =*
(unpaired t-test).
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2.3.2. Decrease in Goitrin in the Culture Medium Is Concomitant with the Accumulation of
Caffeic Acid Derivatives

In the presence of repeated the addition of 1mg and higher amounts of goitrin, the
cultures already start to emit an extremely unpleasant odor after one day, while some odor
development with 0.5 mM occurred later. Two new compounds accumulated in the culture
medium, concomitant with the complete disappearance of goitrin. The new compounds
were synthesized in high amounts when the incubation was performed with 2.0-2.5 mM
goitrin, but their accumulation differed depending on the culture time. In cultures with
500 puM goitrin, traces of one compound were detectable after two days in the organic
phase when the culture medium was extracted with EtOAc. The UV spectrum and the
retention time of the new compounds point to caffeic acid derivatives. The identification of
one of the compounds as caftaric acid was verified by LC-MS. The second compound was
identified as chicoric acid. To our best knowledge, neither caftaric nor chicoric acid have
been described as compounds produced by M. loti.

The identification of caftaric and cichoric acid succeeded with the medium obtained
after 48 h of incubation with 2 mM goitrin. Ultra-high performance liquid chromatography
high-resolution mass spectrometry (LC-HRMS) equipped with an electrospray ion source
was chosen to increase the grade of confidence (Figure 5). The analyses of the medium
revealed the presence of peaks at 7.41 min corresponding to chicoric acid (CypHj7012,
[M-H]~ = 473.07262, 0.18 ppm mass deviation, 100% relative abundance) and at 4.57
min corresponding to caftaric acid (C13HoOy, [M-H]~ = m/z 311.04109, 0.75 ppm, 22%).
The presence of chicoric acid is supported by the formation of mono- and di-quinone
derivatives oxidation products during the ionization process (mm/z 471.05700, 0.22 ppm, 62%,
and 469.04122, —0.06 ppm, 47%, respectively). Such oxidation reactions were also observed
for the detection of caftaric acid from the medium (m/z 309.02531, —0.59 ppm, 22%) as well
as from a standard solution (309.02501, —0.62 ppm, 100%; 311.04057, —0.93 ppm, 19%).
No goitrin was detected in any of the samples containing high amounts of the caffeic acid
derivatives, especially chicoric acid.
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Figure 5. (a) LC-HRMS analyses of the goitrin incubation experiment revealing the presence of
chicoric acid (EIC m/z 473.07255, RT = 7.41 min) and caftaric acid (m/z 311.04086, RT = 4.57 min) in the
medium. (b) Mass spectra and compound structures.
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The precursor caffeic acid is a known allelochemical, and chicoric acid has been
described to possess antimicrobial properties. The antibiotic properties of caftaric acid
are insufficiently investigated. Therefore, we performed growth curves in the presence of
caffeic, caftaric, and cichoric acid to elucidate the possible additive or synergistic inhibitory
effects of these compounds. Chicoric acid (Figure 4b) inhibited the growth of M. loti in a
similar range as found for goitrin. A combination of the compounds had a much stronger
inhibitory effect. There was no clear influence of caffeic acid and caftaric acid as growth
inhibition was not continuous during the course of incubation.

2.3.3. Proteomes of Goitrin-Treated Free-Living Mesorhizobium loti

The proteome of M. loti under symbiotic conditions is known to differ considerably
from the one of free-living bacteria [69]. Thus, different responses of the free-living M.
loti were also expected upon goitrin exposure. The proteomes of two fractions F1 and F2
were compared. Fraction 1 consisted of pelletable cells at 2000 g and fraction 2 was the
supernatant containing a composition of the secretome, dying and dead cells, and lysates.
In total, 612 proteins were identified, with 590 in F1 and 219 in F2, due to some proteins
found in both fractions. Comparisons of the group data (control vs. goitrin-treated) from
three repetitions, disclosed up- and downregulated proteins. Significance was given with
>logyo q values larger than 1.5. In fraction 1, 130 proteins were upregulated, 95 of them
with significance, 298 proteins were downregulated, only three of them with significance,
and 292 were unchanged or almost unchanged (specified range: 0.3 to —0.3 log, FC, with
exceptions). In fraction 2, 11 proteins were upregulated, only one of them significantly,
4 were unchanged, and 204 were downregulated, with 94 with significance.

The proteomes of F1 and F2 displayed alterations triggered by goitrin treatment.
Fraction 1 was less affected than fraction 2, which exhibited a dramatic loss of proteins
in comparison to the control (Figure 6). As shown in more detail in Tables S18C-525C,
most affected proteins belong to chaperones, ribosomal proteins, transporters, proteins
with functions in transcription and translation, and primary metabolism. Fold changes in
F1 were mostly not significant after 2 days of incubation. Other functional classes, such
as proteins involved in glutathione-related processes or proteolytic enzymes in F1 were
less or almost not changed. Figure 6 depicts the decreased abundancy of goitrin-treated F1
proteins (versus the control) and the dramatic loss of protein abundancy in F2. Thus, both
fractions are dominated by downregulations.
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Figure 6. (a) A volcano plot of fraction 1 (F1, pelleted cells, blue dots) and of fraction 2 (F2, supernatant
with secretome, dying and dead cells, red dots). The cultures were incubated with goitrin for 2 days.
(b) The graph demonstrates the portions of lost proteins, almost unchanged proteins, and of two
significantly increased proteins in F2 (Q98K72: translational regulatory factor EttA. P58168: bL19,
binds to 23S rRNA; necessary for the assembly process of the 50S ribosomal subunit). (c) The boxplot
illustrates the difference in protein abundancy of the pelleted cells (F1, blue) and F2 (supernatant,
red) after goitrin incubation. Mean of F1: —0.2266; mean of F2: —0.8333; significance: p < 0.0001 = ****
(unpaired t-test).
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2.3.4. Transcription

Eight proteins with functions in transcription were significantly downregulated in F2
(Table S18C). DNA-directed RNA polymerase alpha unit (Q98N33), a single-stranded DNA-
binding protein, single-stranded DNA-binding protein Q98M41, transcription termination
factor Rho (Q98DY8), and Q98MAS, a protein with an endoribonuclease domain, had the
highest loss in abundancy. RecA (Q98NQ6), which is part of the SOS response system [70],
tended to be downregulated in F1, but in F2, it was reduced with high significance. Six
transcription-related proteins were considerably, but not significantly reduced, in contrast
to the highly reduced Q98177, a probable cold shock protein involved in stress tolerance
and the regulation of gene expression. None of the identified proteins with functions in
transcription were upregulated.

In F1, only two proteins were significantly reduced: 5'-nucleotidase Q98H62 and
ribonuclease E (Q98NB6) acting in 55 and 165 rRNAs and the majority of tRNAs maturation
and in mRNA degradation. Five proteins have an insignificantly lower abundance, among
them, (anti)termination protein NusG, GMP synthetase, a protein involved in nucleoside
triphosphate synthesis, and pseudouridine-5'-phosphate glycosidase.

The DNA repair protein RecN for double strand break repair (Q98KC3) and stress
response transcriptional regulator Q983K1 were significantly increased. Five proteins were
insignificantly increased, including the two-component system response regulator Q98CL8
for DNA-templated transcription, and Q988L2, another member of the two-component
signal transduction system, which alters gene expression. Q988L2 belongs to the two-
component signal transduction system, which enables bacteria to adapt to changed envi-
ronments [71]. The results point to the stress-induced differential regulation of defined
transcriptional processes and the effects on nucleotide metabolism in F1. However, dissec-
tion of the transcriptome profiles during goitrin treatment was not intended in this study.

2.3.5. Ribosomal Proteins and Translation

In F2, all identified ribosomal proteins were reduced in abundance, except for the
insignificantly increased bL19 (P58168) necessary for the assembly of the 50S ribosomal
subunit. Eight proteins were reduced with significance (Table S19C), among them, as-
paragine, methionine, and phenylalanine-tRNA ligases. In F1, seven proteins of the large
subunit and three proteins of the small subunit were reduced, but only uL1 was reduced
significantly. Protein uL1 has a function in E site t-RNA release. Other ribosomal proteins
(bS6, uS19, uS2, S9, uL15, and bL19) increased without significance. A third group was
not or almost not affected (S4, S1, S8, S11, S3, and L21). Isoleucine- and valine-tRNA de-
creased, as did ribosome-binding ATPase YchF, which binds to the large subunit and to the
ribosome-recycling factor. The ribosome-recycling factor Q98MB8, downregulated in both
fractions without significance, releases ribosomes from the mRNA for the termination of
protein biosynthesis. Three elongation factors stayed unchanged. Considering the multiple
interactions of ribosomal proteins among each other and with rRNAs, the changed abun-
dancies led to disturbed, imbalanced, or downregulated protein biosynthesis, as expected.
Worthy of mention, the impacts on the moonlighting functions of ribosomal proteins, such
as 51, 54, 59, 510, L2, L4, and L14, may occur [70]. Although located in the periplasmic
space, downregulated spermidine/putrescine binding protein Q98JB0 indicates reduced
translation and is, therefore, also mentioned here. Spermidine was recently described to be
essentially required for efficient translational elongation and cell growth [72,73].

2.3.6. Chaperones

In F2, four chaperones were significantly reduced: co-chaperonin GroES 4 (Q983S3),
chaperonin GroEL 3 (Q98AX9), chaperone GrpE (Q98GQ5), and the DegP-like periplasmic
serine endoprotease (Q98K]1), possessing chaperone activity (Table S20C). SecB (Q98DUS),
a chaperone with functions in preprotein transport, was insignificantly lowered in F1 and
not detected in F2. The Sec system is one of the two major bacterial pathways for transports
of unfolded proteins across the inner membrane [34,74]. Three chaperones were insignifi-
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cantly changed in F1, Q98LE8 and Q98G68 were both reduced, and Q98ME5 was increased.
In F2, Q98LE8 was insignificantly reduced, and Q98MED5 was significantly reduced while
Q98G68 was not detected. QI8LES, Q98G68, and QISMES function as peptidyl-prolyl
cis-trans isomerase plp (PPlases) by regulating protein folding at proline residues. Q98LES8
is also a trigger factor chaperone [75]. PPlases represent accessory proteins in multipro-
tein complexes, for instance in pre-ribosomal ribonucleoprotein complexes [76], and are
involved in processes related to signal transduction, transcription, and translation, and
probably contribute to protein secretion [77].

Reduced chaperone abundancy, even when in low ranges, may have essential implica-
tions as the correct folding and repair of proteins can be slowed down with consequences
for subsequent protein—protein interactions. As an example, co-chaperonin GroES 4 inter-
acts with heat shock proteins and ribosomal proteins L7/L12. L7/L12 act in the translation
injtiation, elongation, and termination processes. Disturbances in metabolic processes due
to reduced chaperone GrpE, which must cooperate with chaperones Dna]J, DnaK, and GrpE
for full folding competence, may be severe when some of the partners are diminished and
improper ratios of the proteins occur [78]. Moreover, misfolded and damaged protein can
be toxic [79].

2.3.7. Transporter Proteins, Cell Wall and Outer Membrane Proteins

Transporters were one of the protein groups most affected by goitrin (Table S21C).
Again, solute-binding proteins of the ABC transporters were predominantly affected. They
belong to solute-binding protein family 1, 2, 3, or 5 and to the leucine-binding protein
family, while the SBP superfamily encompasses at least 33 Pfam families [80]. After
substrate binding, SBPs have been reported to stimulate signal transduction cascades [81].

In F1, 18 identified ABC transporter proteins were down regulated. Most affected
proteins were Q98FL9, Q98BA6, QI8FAS8, Q98MD4. Seven of these proteins act in amino
acid transport, ten in sugar transport. Two transporters/transporter binding proteins were
not changed in abundance, one is responsible for thiamine/iron transport, the second one
functions in ribose transport. None of the transporter proteins was significantly changed,
and except for polyamine transporter Q98]B0, no increased transporter protein was found.

In F2, 26 transporters were downregulated. Fourteen of them were decreased with
significance. Eight transporters with amino acid /peptide binding proteins, ten transporters
with sugar binding proteins were affected. Moreover, phosphate transporter protein
Q98FL2 was reduced. Transport of thiamine, betaine, ATP, iron, and polyamine is impaired
by downregulated Q98JB0, Q98H18, Q983A7, Q98G45 and QISNRS5.

In F2, OMPs Q98KC1 and Q98NCO were significantly reduced proteins (Table S21C).
(Q98KC1, the outer membrane protein assembly factor BamD, has functions in assembly
and insertion of beta-barrel proteins. Beta-barrel proteins have many functions includ-
ing ones in transport and signaling. The entire outer membrane protein assembly Bam
complex consists of protein BamA, and the four lipoproteins BamB, BamC, BamD and
BamE), [48,49,82-84]. Outer membrane protein assembly factor BamA, Q98MC3, is reduced
but without significance. OMP Q98NCO0 belongs to the DsbA family. DsbAs, part of the
oxidative folding process in Gram-negative bacteria, are oxidoreductases that recognize a
variety of protein substrates [50,85].

Reduced peptidoglycan-associated lipoprotein Q98F85 acts in cell division and outer
membrane integrity. Also, Q98F84, another protein of the Tol-Pal system, is insignificantly
reduced in F2. Members of Tol-Pal system are outer membrane lipoproteins belonging to
the NodT family of the RND (Resistance-Nodulation-cell Division) type efflux systems [86].
These proteins work with an inner membrane ABC transporter ATPase and an adapter
membrane fusion protein. Most members of this family are likely to export primarily
small molecules rather than proteins, but are related to the type I protein secretion outer
membrane proteins TolC and PrtF- Beta-lactamase. This protein, the reduced abundancies
of BAM complex members and members of the DsbA family point to a loss of outer
membrane integrity in F1 and F2.
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2.3.8. Primary Metabolic Processes

Diverse proteins acting in primary metabolic processes were affected (Table S22C).
Nine proteins with functions in carbohydrate-related processes were lost in abundance
and three of them were involved in glycolytic steps. The reduction in pyrophosphate-
fructose 6-phosphate 1-phosphotransferase was significant. Endo-1,3-1,4-beta-glycanase
ExoK increased. Q98N63, a protein necessary for galactose utilization, decreased. Two
proteins with functions in methionine and branched amino acid biosynthesis were slightly
upregulated in F1. Q9836B, a protein for the interconversion of serine and glycine was
downregulated, as was aminotransferase Q98167. Also, nitrogen regulatory protein Q98N18
was reduced. Q98M73, with a function in glycerophospholipid biosynthesis, Q98BHS,
an enzyme for the introduction of cis unsaturation into fatty acids, and Q984T2, with a
role in the type II fatty acid elongation cycle, decreased. Except for the TCA enzyme
citrate synthase Q98MC9, which was significantly upregulated, and respiratory chain
protein Q98KQ?7, the affected proteins of the TCA cycle and those of the respiratory chain
were insignificantly downregulated. In fraction 2, all proteins with a changed abundancy
were reduced, most heavily, pyrophosphate-fructose 6-phosphate 1-phosphotransferase
which catalyzes the first step of glycolysis, Q98MYS8 for acetyl-CoA production, succinate-
CoA ligase, and isocitrate dehydrogenase. Thus, glycolysis and the TCA cycle belong to
the strongly affected pathways which results in a reduction in the synthesis of primary
metabolites and a restricted energy production.

2.3.9. ROS Detoxification and Miscellaneous Proteins

Regarding proteins assigned to ROS detoxification and to a group of miscellaneous
proteins, six proteins in F2 displayed a significant loss in abundancies (Table S23C), among
them, a putative antifreeze protein (Q98F90), which was also reduced in F1. Other proteins
with a strong reduction were a kinesin-like protein, and flagellin for motility. Bacterial
kinesin-like proteins co-localize with tubulin. The kinesin-like protein was also reduced
in F1 where flagellin was not detected. For Q98EQ?7, a protein with unknown functions
possessing a putative LemA-like domain, exhibited some loss with high significance in F2.
The LemA-like domain points to a transmembrane protein. Superoxide dismutase Q985K3
and catalase/peroxidase Q98750 were almost unchanged.

2.3.10. Glutathione/Sulfur-Related Proteins

In F1, two glutathione-S-transferases are almost not affected, and three were down-
regulated (Table 524C). Proteins Q98DES and Q98M60, which are involved in glutathione
syntheses, are reduced, as are the proteins Q98N11 and Q98DP1 which act in cysteine
biosynthesis. Lactoylglutathione lyase Q98NF2 was upregulated, protein Q98LUS5 for
the glutathione-dependent detoxification of formaldehyde was downregulated. All other
identified proteins related to glutathione/sulfur metabolism were slightly downregulated
or unchanged. None of the alterations were significant. Notably, 8 of the 18 proteins
were molecular docking candidates for goitrin (see below). In F2, six of the proteins
found in F1 were identified, (Q98N11 and Q98DP1 for cysteine biosynthesis, methionine
adenosyl-transferase Q98BJ4, thiol-specific peroxidase Q985V8, and thioredoxins Q98MC9
and Q98E31). Thioredoxins Q98CM9 and Q98E31 were downregulated in both fractions,
and in F2 with significance. In bacteria, thioredoxins serve as general protein disulfide
oxidoreductases. Among their many functions, they act in oxidative stress responses [87].

2.3.11. Proteases, Peptidases, and Proteinase Inhibitors

None of the 22 identified proteases and peptidases were significantly changed in
F1. Two proteolytic proteins (a component of the Clp protease complex responsible for
organizing specificity of protein degradation and a membrane peptidase) increased with an
FC higher than 1, while in F2, only two proteolytic enzymes were found in low abundance.
One of them tended to be upregulated, while the other one was reduced (Table 525C). The



Plants 2024, 13, 2897

17 of 32

result indicates that proteolytic processes still occur in functioning cells and almost do not
occur in the supernatant.

2.4. Summary of Up- and Downregulated Proteins in Nodules and Free-Living M. loti

The most striking differences in up- and downregulated proteins belonging to impor-
tant functional classes of the F1, F2, and nodule proteomes are shown in Figure 7a,b. The
host and symbiotic M. loti are characterized by upregulations and the free-living M. loti by
the downregulations of proteins. The most affected proteins of the host are found in the
functional classes related to hormones and signal transduction, glutathione, translation, car-
bohydrate, TCA, and energy. In the symbiont, the highest number of affected proteins are
substrate-binding proteins of transporters, followed by proteins belonging to the functional
classes of transcription, translation, chaperones carbohydrate-related processes, lipids, and
proteolysis. The highest number of reduced proteins belong to the functional classes related
to energy, nitrogen fixation, and translation. In the free-living M. loti, the largest number of
downregulated proteins are involved in translation or are the substrate-binding proteins of
transporters. The substrate-binding proteins of transporters are an outstanding group for
goitrin docking followed by glutathione and translation-related proteins (Figure 7c). The
summery illustrates the importance of the bacterial envelope and the substrate-binding
proteins of transporters in toxic compound recognition. The Venn diagram presents the
number of proteins with changed abundancy in the different proteomes and the shared
occurrence of proteins in the proteomes (Figure 7d). According to our analysis, only very
few affected proteins are found in all three bacterial proteomes. The nodules and F1 share
only 37 proteins with altered abundancy, and with F2, 13 proteins are shared.
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Figure 7. (a) Numbers of up- and downregulated proteins belonging to important functional classes
preferentially affected by goitrin treatment. A: host; B: symbiont; C: cultured free-living M. loti (F1); D:
culture supernatant (F2). 1: Upregulated proteins, 2: downregulated proteins. Bright cells: no protein
present/inserted. Signal transduction: proteins with an assumed function in signal transduction are
not included. (b) Corresponds a, but only the numbers of significantly changed proteins are pictured.
(c) ustrates the numbers of candidates for goitrin docking. Legend bars to the right of a, b, and c
heatmaps: gradient red—green: number of proteins decreases from red to green; consider different
scaling of the legend bars. (d) Venn diagram for the illustration of shared proteins.
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2.5. Molecular Docking Simulation Analysis

Molecular docking allows to predict the binding affinity of a ligand, here goitrin, to
receptor proteins. For a rough estimation of goitrin binding to the defined sites of possible
target proteins, we performed in silico molecular docking studies using SWISSDock [88],
(Table S26). The results indicate considerable differences between the symbiotic and the
free-living M. loti (Tables SIA-S14A, S17A, and S18C-S25C; Figures S1A,B and S2). The
most candidates were found in the transporter group, for instance, amino acid binding
proteins of the corresponding transporters, with eight in the free-living bacteria and four
in the symbiont. The latter four candidates are proteins occurring in the symbiont and
the free-living M. loti (Q98MKO; Q985D9; Q98CDO0; and Q98EE6). Seven substrate-binding
proteins of sugar transporters were identified as candidates in the free-living M. loti. Many
candidates were proteins acting in glutathione-related processes with estimated AG values
falling in the range of —7.35 to —6.65 kcal/mol, similar to the transporter proteins.

The most promising candidates are Q98EE6 (ABC transporter, amino acid binding
protein), Q98LUS (hydroxymethyl glutathione dehydrogenase), and Q98H18, (Tables S4A
and S21C, Figure S1) existing in the proteomes of free-living M. loti and the symbiont.
Q98H18 functions in the transport of small molecules (thiamine) and in the activation of
signaling proteins including chemoreceptors and sensor kinases [81,89]. This protein could
be regarded as a key protein in eliciting signal transduction responses during the early
phase of goitrin exposure. The high number of candidates belonging to ABC transporters
potentially designates the bacterial envelope as a dominant site of goitrin binding.

It is noteworthy that the binding energies for protein folding were higher, as observed
for most of the tested proteins, (including ribosomal proteins and some chaperones). This
suggests that goitrin is unlikely to form stable complexes with these proteins. However,
we also considered proteins with estimated G values between —6.65 and —6.5 kcal/mol,
as candidates for weaker, possibly temporarily existing docking complexes. Although
unstable, they could, nevertheless, hinder protein functioning. Under this assumption,
three identified amino acid-tRNA ligases in the free-living bacteria are weak candidates
and two additional ones are stronger candidates for goitrin docking (Table S19C). A few
candidates were found with proteins of the functional classes of transcription, primary
metabolic processes, polyamine, drug efflux, and oxireductases. Except for glycolytic
kinase Q98FJ1, none of the identified kinases, proteases, and peptidases identified in the
free-living bacteria formed stable or weak complexes with goitrin (Tables S18C-525C and
526), and only a component of the Clp protease (Q982V5) in the symbiont may complex
with goitrin. The identified proteases seemed to not be inhibited by goitrin. Symbiont
protein Q989L9, another interesting candidate, is a P450 monooxygenase involved in GA9
biosynthesis, with a AG value of —6.80 kcal/mol.

While the search for protein—goitrin complex formation emphasized on M. loti proteins,
we identified only a few host proteins as docking candidates (Tables S1B-517B). Within
this group of plant proteins, a cysteine protease and three peroxidases have estimated AG
values within the range of —6.95 to —6.72 kcal/mol. Additional candidates are annexin,
profilin, subtilisin-like protease 4, and isoflavone reductase.

To note, changes in the protein abundancies did coincide in some cases with goitrin
molecular docking simulations. The molecular mocking simulation analysis provided good
hints for the formation of protein—goitrin complexes that inactivate proteins or hinder their
functions otherwise.

3. Discussion
3.1. Consequences of Goitrin Poisoning in the Nodules

Reactive molecule species ROS, RNS, and RSS have important functions in nodule
formation but also play a role in nodule senescence [90,91]. Oxidative stress elicited
by goitrin treatment is regarded as a key initiator for dysfunctions of ROS homeostasis,
activating ROS sensing systems and signal transduction cascades [92]. Although the
microsymbionts are protected to some degree in the nodules from direct contact with
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goitrin, the proteome is, nevertheless, impaired, indicating that perhaps only a handful
goitrin molecules are sufficient to elicit stress reactions in the partners. A highly increased
abundancy of the two important M. loti chaperones GroES 2 and GroEL 2, points to an
increased capacity for protein repair, but also to a forced modulation of NodD activity
and the promotion of the nodulation process [93]. Essential functions of chaperones in
nodulation are long known. For instance, when Medicago sativa was inoculated with groELc
knockout mutants of Ensifer meliloti, a delay in nodulation was observed, leading to nodules
being unable to perform N fixation [94].

The increase in chaperones GroES 2 and GroEL 2 in the large nodules is regarded
as an attempt to increase stress tolerance, however, without success. The significantly
upregulated M. loti superoxide dismutase and the many secreted host peroxidases in-
dicate excessive ROS in the nodules, but a return to ROS homeostasis obviously failed.
Nitrogenase activity is inhibited by ROS and together, with the downregulated energy
production in the symbiont, nitrogen fixation is reduced, or not possible anymore. The
consequences are downregulated proteins and an imbalanced protein composition of the
N-fixation machinery. A stress-induced decline in N-fixation leads to premature nodule
senescence [95]. In the nodules, a reduced abundancy of leghemoglobins was not noticed
except for atypical leghemoglobin 2-1. However, the stress-induced reduction in N-fixation
is known to occur prior to leghemoglobin decline [92,96].

In healthy symbiosis, the host cells suppress defense responses against the microsym-
biont. Berrabah et al. assume unfavorable environmental conditions as reasons for a
disturbed immunity/senescence balance, causing the loss of immunity suppression. The
activation of defense responses in the host starts, among other reasons, with the upreg-
ulation of PR-10 gene expression and an increase in phenolic compounds [97]. In the
proteome of the nodules from goitrin-treated plants, seven proteins belonging to family
10 of plant pathogenesis-related proteins (PR-10) and seven proteins with function in
flavonoid /phytoalexin biosynthesis were upregulated, indicating that the suppression of
defense reaction by the host was abandoned. 135516, a protein possessing chitinase activity,
was upregulated. Chitinase is regarded as a defense marker. On the other hand, the up-
regulation of PR-10 and chitinase gene expression were also assigned to senescence. [44].
Goitrin imbalances not only lead to ROS homeostasis but activate a defense reaction in the
host cells, resulting in the abrogation of symbiosis and finally, nodule senescence is initiated.
The induction of senescence processes is also indicated by the upregulation of host cysteine
protease 135747. The abscisic-acid-activated signaling pathway is most important in the
goitrin response as indicated by the many upregulated stress- and defense-related proteins
activated by ABA for the termination of symbiosis.

There are hints that M. loti unsuccessfully tries to counteract the imminent loss of
the symbiotic existence. In the microsymbiont, mainly serine-type proteases were up-
regulated, but together with a significantly increased PepSY domain-containing protein.
Proteins with a PepSY domain regulate proteases and prevent cell lysis. Many proteins
with stress managing functions were upregulated, for instance, members of the two-
component/phosphorelay signal transduction systems, or citrate synthase. LPS-assembly
protein LptD acting in lipopolysaccharide assembly was significantly upregulated. LPS
structures can trigger the host immune response. An increase in IAA-Ala conjugate hy-
drolase activity for auxin release and in components for Nod factor biosynthesis, point to
attempts to stimulate the plant for a positive response and nodulation-related activities.
The fight for survival of the microsymbiont, the increasing defense reaction in the host, and
the reorganization of the metabolism are probably the reasons for the enhanced protein
biosynthesis, preferentially in the host but to a lower degree, also in the microsymbiont.
The excessive upregulation of many M. loti transporters indicates either highly enhanced
export and import activities related to starting senescence, or the higher abundance is due
to an increased biosynthesis to substitute damaged transporters.

The question of what the primary targets of goitrin binding are, is difficult to answer.
We suggest that the cell walls of the host and the microsymbiont envelope function as
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first targets. To note, the presented molecular docking study considers hydrophilic, hy-
drophobic, van der Waals, electrostatic, and hydrogen bonding. Covalent adducts with
isothiocyanates via cysteine have been described for trypsin-digested purified eukaryotic
tubulin previously treated with several ITCs but not with goitrin. Also, the intact glucosi-
nolates glucobrassicin and epiprogoitrin have antimicrotubular activity [98]. We identified
significantly downregulated profilin, a protein that binds to actin, as a putative plant candi-
date for goitrin complex formation, while tubulin was not affected. It is unclear whether
covalent adduct formation with goitrin affects the proteolysis of some of the complexed
proteins. This point needs further investigation.

Free goitrin was not yet detected in the nodules. Here, detoxification via glutathione
conjugation cannot be excluded, as diverse host and some microsymbiont glutathione-S-
transferases were upregulated. However, many of these proteins are candidates for goitrin
docking. The search for goitrin—glutathione conjugates and their possible derivates was
not the aim of this study.

3.2. Goitrin Damage in Free-Living Mesorhizobium loti

Regarding the proteomes of the free-living bacteria directly exposed to goitrin, we
found a considerably stronger downregulation of proteins compared to the symbiont. The
protein interactions of impaired proteins may potentiate implications due to knock-on
effects, even when the fold changes of single proteins were low or not yet significant.
As presented above, the most affected functional classes are chaperones, ribosomal pro-
teins, transporters, and proteins related to transcription and translation. Thus, the entire
metabolism is impaired by goitrin with consequences for viability, compound transport,
membrane integrity, cell division, and the mobility of M. loti.

The highest up- and downregulated proteins in F1 may give hints to key metabolic
responses. The damage to outer membrane integrity and the loss of the proper function of
transporters is certainly a key event. Membrane integrity is of outstanding importance for
survival. Recently, the damaged proteins of the periplasm, cell wall, and outer membrane
were found to increase the death rate in starving E. coli [99]. Since proteins localized
to the cell envelope are among the most affected proteins, we assume that continuing
exposure to goitrin preferentially damages the bacterial envelope and membrane integrity.
We hypothesize that the affected transporter proteins elicit subsequent deleterious events
in the cells, most likely attributed to ROS. Surprisingly, superoxide dismutase was almost
unchanged in F1.

Dysfunction in the TCA cycle is another key event. Highly increased citrate synthase
Q98MC9 and the downregulation of succinate-CoA ligase subunit alpha may have indicated
TCA dysfunction or initiated metabolic breakdown. Citrate activates the glyoxylate cycle
and inhibits the bacterial tricarboxylic acid cycle. Citrate synthase is a moonlighting
enzyme not only with functions in the central energy metabolism, but it acts also in cell
cycle regulation [100]. Recently, an increase in citric acid was described to be related to
antibiotic tolerance, concomitant with a reduced energy metabolism [101]. Respiratory
chain NADH-quinone oxidoreductase subunit C (Q98KQ?7) was upregulated. The reason
for the high upregulation of Q98KQ7 is presently unclear. A function in antioxidant
defense, such as reducing quinone substrates or HyO;, is only known for water-soluble
quinone oxidoreductases [102]. The significantly downregulated ribonuclease E (Q98NB6)
for t-RNAs maturation and mRNA degradation together, with the imbalance in ribosomal
proteins encloses malfunctions in translation processes.

The many unchanged or downregulated glutathione-S-transferases being candidates
for goitrin complex formation and other proteins involved in glutathione-related processes
would be concordant with impossible goitrin-glutathione conjugate formation. Many
isothiocyanates form covalent adducts with proteins, such as glutathione-S-transferase,
and with nucleic acids. According to Kumari et al. [103], proteins are the dominant targets
for covalent adduct formation with ITCs. While the strongest binding sites are ionized
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thiol groups of cysteine; binding to lysine, arginine, proline, serine, threonine, and tyrosine
occur as well.

We found differences and similarities of goitrin-stressed and general stress responses
known to occur in bacteria. Known stress responses in bacteria encompass a reduction
in translation, an inhibition of the synthesis of ribosomal proteins, ribosomal RNA down
regulation, ribosome silencing, and ribosome hibernation [34]. However, when exposed
to goitrin, only the reduced abundancy of many ribosomal proteins and some AA-tRNA
ligases are in line with known stress reactions. The reduced abundancy of ribosomal
proteins and the loss of the proteins necessary for energy production in goitrin-treated M.
loti, seem more related to imminent death. Thus, many important strategies for coping stress
are surrendered. The failure of stress adaption is accompanied by extensive proteolytic
processes in the cells and leads to the dramatical loss of proteins in fraction 2.

It is doubted that M. loti, when impacted by goitrin, can perform normal invasion
and nodule formation. As discussed by Simms and Taylor, plants avoid establishing a
mutualistic interaction with microorganisms that suffer from reduced fitness [104].

3.3. Are Caffeic Acid Derivatives Linked with Goitrin Disappearance?

The malodorous volatile compounds in the bacterial cultures are produced during
goitrin disappearance and the accumulation of caffeic acid derivatives. A goitrin-Cys-Gly
conjugate or related derivatives could not be identified. To our best knowledge, a pathway
for complete goitrin degradation is presently unknown. Therefore, a possible pathway in
goitrin degradation is discussed in more detail.

As mentioned in the introduction [25], goitrin can be converted to the correspond-
ing 1,3-oxazolidine-2-one in presence of HyO;. The conversion to 1,3-oxazolidine-2-one,
concomitant with the release of a sulfur compound, probably H,S, requires intermediate
ring opening. It is possible that complete goitrin degradation starts from an unstable,
open-ring intermediate, while the breakdown products could again be bioactive molecules,
such as H)S or mercaptans. In this case, only a small portion is finally converted to
the corresponding oxazolidine-2-one, if at all. This compound was undetectable in the
culture media.

Caffeic acid, caftaric acid, and cichoric acid, where the latter is esterified with a
second caffeic acid molecule, have antioxidant activity while oxidized to ortho-quinone
products [105]. The released electrons can be used for reductions such as reductive ring
opening, for instance, of the goitrin heterocycle (Figure 8). When the compounds turn to
pro-oxidant agents, the initial beneficial, damage reducing effects of caftaric and chicoric
acid shift to fatal ones, causing lipid peroxidation and DNA damage. When turning to pro-
oxidant agents, the compounds acquire antibiotic properties and could accelerate the death
of M. loti. If the oxidation of caftaric acid is reversible, for instance by cellular constituents
with reducing properties [105], the mode of action of the derivatives may oscillate. This
scenario needs further investigation, as well as the origin of the caffeic acid derivatives.

Although speculative, we would like to present the possibilities of caftaric and cichoric
acid formation. The unexpected presence of these compounds, accumulating during
goitrin disappearance, requires the production of the precursor caffeic acid, which could be
provided by tyrosine/phenylalanine conversion. However, phenylalanine ammonia lyase
PAL and tyrosine ammonia lyase TAL exist only in a few bacteria. Neither TAL nor PAL
were found in the M. loti proteomes. In the F1 proteome, aspartate transaminase Q98HS83
was also identified, but the enzyme was downregulated. Bacterial aspartate transaminase
was recently described to possess a broad substrate specificity, including TAL and PAL
activity [106]. Thus, the conversion of tyrosine and phenylalanine to the corresponding
phenolic compounds does not necessarily depend on TAL and PAL.

We preferentially assume another rather interesting possibility without the necessity of a
further hydroxylation step by producing caffeic acid via DOPA (3,4-dihydroxyphenylalanine).
In bacteria, protein-bound tyrosine is converted to phosphotyrosine, which occurs upon
H,O; stress [107]. Following this, phosphotyrosine (p-Tyr) is H,O, dependently oxidized
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by a peroxidase, and converted to protein-bound 3,4-dihydroxyphenylalanine (DOPA).
This process consumes HyO,. DOPA could be released by proteolysis. Free DOPA could be
immediately converted into caffeic acid by aspartate transaminase. The suggested pathway
still has to be proved. Also, the origin of tartaric acid is presently unclear. Recently,
dihydrofumarate was assumed to function as an intermediate for tartrate production [108].
Also, tartrate generation from ascorbate breakdown is discussed [109].
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Figure 8. (a) Hypothetical formation of caftaric acid starts from the protein-bound tyrosinyl radical,
which is converted to protein-bound L-DOPA, released by proteolysis. Tyrosine can also directly be
released by proteolysis. Aspartate transaminase may catalyze the production of caffeic acid from
L-DOPA. Conjugation of caffeic acid with tartrate yields caftaric acid and the esterification of caftaric
acid with a second caffeic acid leads to cichoric acid. (b) For instance, the oxidation of caftaric acid
results in an ortho-quinone derivative, which acts as a pro-oxidant agent. (c) Reductive ring opening
of goitrin may result in an unstable intermediate as a starter molecule for complete degradation, or to
the conversion to oxazolidine-2-one in an oxygen-rich environment.

The contaminating species are assumed to be responsible for goitrin degradation and
the synthesis of caffeic acid derivatives. The Shingomonas and Ochrobactrum species exist in
soil as endophytes in plants and the rhizosphere, but also occur as subsidiary members
of nodule microbiomes. The species composition of the microbiome is known to change
during the lifetime of the nodule [110-113]. Members of the accessory microbiome of
the nodules have been recently recognized as producers of specialized metabolites with
antibiotic and other properties [114].

3.4. Relevance in Agriculture

Glucosinolate-derived degradation products belong to the few allelochemicals with
visible impacts on natural plant communities. In agricultural systems, the Brassicacea
species are used as biofumigants to reduce fungal pathogens and root-knot nematodes
in the soil [115,116]. The intercropping of legumes with crop species, such as wheat or
potato, is a common practice in agriculture to increase the N availability in the soil and to
reduce the use of mineral fertilizers. In most studies, only the positive effect of the legume
on the yield of cereals was considered. Shanmugam et al. studied N use efficiency of
faba bean and cabbage (Brassica oleracea var. capitata cv. Conica) grown in monocropping
and intercropping systems [117]. Faba bean pod yield was lower in the intercropping
system, but cabbage productivity increased. No information is given about faba bean
nodulation. In another study, Brassica napus var. Boheme was grown in mixture systems
with different legumes (lupine, vetch, and clover). The harvest was after three months of
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growth. The dry weights of all three legumes were significantly lower in the intercropping
systems [118]. Nodulation of the three legumes was not addressed in this study. These and
other comparable studies indicate a negative effect of Brassica species on legumes when
intercropped but the reasons are unclear. Allelopathic interaction, including goitrin as one
causative agent that negatively influences nodulation, should be taken into consideration.

It is noteworthy that goitrin is not only toxic to certain microorganisms, but also to
mammals because of the strong antithyroid activity. Goitrin inhibits thyroid peroxidase,
lactoperoxidase, tyrosine iodination, and thyroxine (T4) formation [119,120]. The colonic
microbiome in mammals can contribute to the degradation of progoitrin, as do some
Lactobacillus spp. and a strain of Enterobacterium spec. [121]. Moreover, the thyreostat
2-thiouracil was identified after Brassicaceae crop feeding in the urine and feces of livestock
and of humans. 2-Thiouracil production, formed by the gut bacteria Lactobacillus reuteri and
E. coli strains, seems to be related to glucosinolate degradation products, and may present
a bacterial stress reaction.

As a bottom line, goitrin is a powerful metabolite of the Brassicaceae. The compound
potentially modulates plant species composition in the neighborhood via the suppression
of the Rhizobiaceae species and other microorganisms.

4. Materials and Methods
4.1. Plant Culture

Lotus japonicus seeds were collected in a 1.5 mL microcentrifuge tube and 1 mL of
sterilizing solution (12% NaOCl 2% (v/v), Tween 20 0.01% (v/v)) was added. After 20 min
of incubation under gentle agitation, the sterilization solution was discarded, and the seeds
were rinsed five times with sterile dH,O. Washed seeds were kept in 1 mL of sterile dH,O
in the dark, overnight, at room temperature. The following day, the seeds were placed on
water agarose plates under sterile conditions and kept for 24 h at 4 °C for stratification.
Following this, the plates were exposed to light at 24 °C for 12 days. The seedlings were
cultured in pots (diameter of 15 cm) and filled with quartz sand. Previously, the quartz
sand had been washed 10 times with tap water followed by 10 additional washing steps
with dH,O. The autoclaved sand was distributed in pots and three seedlings/pot were
planted. Over the first days of culturing, the trays were covered with a transparent hood.
Trays were placed in a phytochamber with 160 pmol m~—2 g1 light, 25 °C, and in 65%
humidity. Plants were watered every 2 days with 40 mL of dH,O. After the first week of
growth, the plants were also watered once a week with 0.05 P/5N fertilizer (40 mL/pot) to
prevent wild nodulation with Rhizobia. After 8 weeks of growth, the plants were inoculated
with Mesorhizobium loti WT strain Lj7a (stock BN125). Further fertilization was without N.

4.2. Sequencing of Mesorhizobium loti Stock BN125 and BN 154

The identity of the microorganisms in stocks BN125 and BN154, previously isolated
from L. japonicus nodules developed after inoculation with WT strain Lj7a, was confirmed
prior to culturing and inoculation by sequencing. The bacterial 165 rRNA V4-V7 region
was amplified by colony PCR. The primer of 16S rRNA V4-V7 region (799F: AACMG-
GATTAGATACCCKG and 1992R: ACGTCATCCCCACCTTCC) is described by Schiitz
et al. [122]. PCR products were purified and sequenced by Sanger sequencing. In the
stocks, Mesorhizobium loti was the only bacterium identified by this method. However,
rare contaminants can be overseen even if DNA high throughput culture sequencing is
performed [123].

4.3. Cultures Mesorhizobium loti and Inoculation of Lotus japonicus

For the inoculations and proteome studies, the M. loti stock BN125 was used. Three-
day-old M. loti cultures grown in TY medium were diluted to a final ODggg of 0.05 with
dH;O. Inoculation of 8-week-old plants was performed with 40 mL of the diluted cultures.
Control plants were watered without M. loti. One week after inoculation, the plants were
treated with 40 mL of 0.5 mM (860 ng/treatment) goitrin (Santa Cruz Biotechnology, Dallas,
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TX, USA) every three days for four weeks (total dosage, 7.74 mg goitrin within 4 weeks).
After the treatment, the plants were harvested, washed with dH,O, their phenotypes were
documented, and harvestable nodules were collected with forceps, and transferred to
ice-cold 1.5 mL caps. The nodules were frozen in liquid nitrogen and stored at —80 °C for
further analysis.

4.4. Cultures of M. loti Stock BN154 with Goitrin, Caftaris Acid, and Chicoric Acid

Growth in TY medium was monitored for 2 days. A total of 50 pL of a preculture
was used to inoculate flasks containing 15 mL of TY medium. Serial goitrin incubations
were performed by transferring a 100 pL aliquot of a two-day-old goitrin culture to fresh
medium, which was used after 2 days as a source for the next incubation. The series
encompassed four subsequent cultures. Pelleted cells from culture 4 were resuspended in
fresh TY medium to an ODgg of 0.05 and incubated with 500 uM and 2.0-2.5 mM goitrin.
The high concentrations of goitrin were used for the identification of new compounds.

The bacteria growing after serial incubation were identified as Sphingomonas sp. and
Brucella sp. by search against the NCBI Nucleotide database using BLASTN. The Gene-Bank
accession number of Spingomonas sp. is PQ299522, and of Brucella sp., PQ299523 (NCBI
Nucleotide database).

Additional growth studies with goitrin, caffeic acid, caftaric acid, and chicoric acid
were performed with M. loti from stock BN154. The stock was again purified before use. For
purification, cells were repeatedly plated on TY agar, and grown for days at 27 °C. Single
colonies were picked, cultured, and used for PCR. The PCR products were purified and
sequenced as described above. As before, only Mesorhizobium loti was identified (accession
number PQ299524). Cultures of the purified stock were incubated with chicoric acid, caffeic
acid, or caftaric acid and with mixtures of chicoric acid/goitrin, caftaric acid/goitrin, and
caffeic acid / goitrin. Bacterial growth was monitored for two days. The compounds were
added at the start of culturing.

4.5. Identification of Caftaric Acid and Cichoric Acid

Because of the instability of the thermolabile compounds, the supernatant of the
BN154 goitrin cultures was used for compound identification after sterile filtration without
further processing.

Liquid chromatography was performed on a Thermo Fisher UltiMate 3000 UH-
PLC (Waltham, MA, USA) built from a binary RS pump, an XRS open autosampler, a
temperature-controllable RS column department, and a diode array detector. Sample
separation was achieved at 30 °C on an ACQUITY UPLC CSH column (2.1 x 100 mm,
1.7 pm particle size). Eluent A consisted of H,O and eluent B consisted of acetonitrile; both
were acidified with 0.1% formic acid. The following gradient was applied at a constant
flowrate of 0.45 mL: (i) 5% B isocratic until 0.0~-1 min; (ii) linear increase to 30% B until
6 min; (iii) ramping to 100% until 9.0 min; (iv) holding 100% B until 11.0 min; (v) change
until 11.1 min to the starting conditions of 5% B; and (vii) equilibration for 2.9 min resulting
in a total flow time of 14 min until the next measurement run.

The mass analysis was conducted on a Thermo Fisher Scientific Q Exactive hybrid
quadrupole-Orbitrap mass spectrometer (Waltham, MA, USA) equipped with a heated
ESI source at position B in the negative ionization mode and a voltage of 3.5 kV. Sheath,
auxiliary, and sweep gas (N3) flow rates were fixed at 50, 13, and 3 (arbitrary units),
respectively. The capillary temperature amounted 263 °C and the auxiliary gas heater
temperature was 425 °C. The S-lens RF level was set at 55.0. Mass spectra were acquired in
the mass range between m/z 50 and 750, 70,000 resolutions at m/z 200, and with an AGT
target of 1e6. The mass analyzer was calibrated for mass accuracy once a day according to
the manufacturer’s instructions.



Plants 2024, 13, 2897

25 of 32

4.6. Protein Extraction and Proteomics

M. loti BN125 (500 pL of a pre-culture in TY, OD600 = 0.1) was cultured in TY medium
in the presence and absence of 500 M goitrin (control) for two days at 28 °C (final ODs
between 0.15 and 2.0) and 100 rpm. For protein extractions, 9 cultures were sampled,
resulting in one sample. The combined cultures were centrifuged at 2000 x g. The pellet,
suspended in 1 mL of culture medium, (fraction 1) and the supernatant (fraction 2), were
divided for obtaining three samples used for protein extraction and proteomic analyses.

The harvested nodules from the control and goitrin-treated plants (see above) were
grinded with 600 L of lysis buffer/10 mg nodules using a Polytron homogenizer. The
homogenate was centrifuged (500 x g, 4 °C for 5 min) and the proteins were purified by
chloroform/methanol precipitation as described by Wessel and Fliigge [124]. The final
pellet was washed with ice-cold methanol and centrifuged. The further procedure was
performed according to Tatsukami et al. [69]. Mesorhizobium loti cells were extracted, and
the samples prepared as described by Tatsukami et al. [69].

For MS analysis of the samples, 1 ug of the desalted samples were loaded onto a
C18 reverse phase capillary trap column (Acclaim PepMap C18, 75 pm X 2 cm, 3 pm
particle size, ThermoFisher, Langerwehe, Germany) and separated using a C18 reverse
phase analytical column (Acclaim PepMap C18, 75 um x 25 cm, 2 um particle size, 100 A,
ThermoFisher, Langerwehe, Germany) coupled to an UltiMate3000 nano RSLC system
(Thermo). A 90 min gradient from 5 to 32% (v/v) acetonitrile 0.1% formic acid in H,O
was used to elute the peptides at a flow rate of 300 nL. min~!. The nano-LC system was
on-line coupled to an Impact II high-resolution quadrupole-time of flight tandem mass
spectrometer using a CaptiveSpray nano-electrospray source [125]. The MS spectra were
acquired at a range from m/z 200 to 1750 at 4 Hz. For fragmentation, the 17 most intense
precursor ions of each MS scan were selected (Top 17 method). MS/MS spectra of the
fragmented precursor ions were recorded in a mass range from m/z 300 to 1750 at an
intensity-dependent collection rate of 2 to 20 Hz spectrum.

Peptides were identified and quantified using the MaxQuant software package, ver-
sion 1.6.10.43 [126] using the Andromeda search engine [127]. Generic settings for Bruker
Q-TOF instruments were used to match spectra to protein sequences to the Mesorhizobium
japonicum reference proteome uniprot-proteome_UP000000552_Mesorhizobium _japon-
icum. fasta [128], and Lotus japonicum reference proteome [129]. Search parameters in-
cluded precursor mass tolerance of 10 ppm, fragment ion mass tolerance of £20 ppm,
and semi-tryptic peptides with up to one missed cleavage; static modifications were cys-
teine carboxyamidomethylation (+57.02 Da) and methionine oxidation (+15.99 Da). A
false discovery rate of 0.01 was applied both for spectrum-to-sequence matching and
protein identification.

4.7. Molecular Docking Analysis

Protein structures were downloaded as pdb-files from either AlphaFold [130,131] or
MODBASE [132]. Docking was performed using SwissDock in accurate mode but without
any flexibility option [33]. As a ligand, the ZINC ID of R-Goitrin (ZINC5226611) was
inputted via the HTML Interface of SwissDock for all queries. The exact parameters of each
query were as follows: PASSIVEFLEXIBILITYDISTANCE = 0.0, WANTEDCONFS = 5000,
NBFACTSEVAL = 5000, NBSEEDS = 250, SDSTEPS = 100, ABNRSTEPS = 250, CLUSTER-
INGRADIUS = 2.0, MAXCLUSTERSIZE = 8. Docking results were viewed and evaluated
using UCSF Chimera [133], and developed by the Resource for Biocomputing, Visualization,
and Informatics (University of California, San Francisco). It is worth noting that SwissDock
predicted ligand binding sites overlapped with experimentally determined native binding
sites in 64% of docking experiments [131].

4.8. Determination of Gibberellin GA4 and GA9 in the Nodules

Extraction of the gibberellins GA4 and GA9 from 50 mg nodules was performed as de-
scribed by Tatsukami and Ueda [52]. Following extraction, phytohormones were dissolved
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in 0.1 mL of methanol/H,O (1:1, v/v, with 0.1% formic acid) and then subjected to sepa-
ration on a reverse-phase C18 Gemini HPLC Column (5 um particle size, 150 x 2.00 mm,
Phenomenex) for analysis using HPLC-ESI-MS/MS. The quantification of phytohormones
through mass spectrometry utilized a QTRAP 6500+ LC-MS/MS system (Sciex, Darmstadt,
Germany) equipped with a Turbo V ion source and an Agilent 1260 Infinity quaternary
pump. Detection of phytohormones occurred in the negative ion mode, employing specific
instrument settings: curtain gas at 25 psi, collision gas at medium, ion spray voltage at
—4500 V, ion source temperature at 150 °C, and nebulizer and heater gas at 25 psi. The
parameters for multiple reaction monitoring (MRM) were as follows: declustering potential
at —80 V, entrance potential at —10 V, cell exit potential at —8 V; collision energies were
optimized for each phytohormone (Table S27). Data analysis was performed using Multi-
Quant 3.0.2 software. Identities of GA4 and GA9 were confirmed with RT and MRMs of
pure commercial standards.

4.9. Statistics

Data was used from Tables S1-519. Volcano plots and boxplots were analyzed by
multiple unpaired ¢-tests for significance using GraphPad Prism version 10.1.2. Further
methods are directly mentioned in the text.

5. Conclusions

The findings demonstrate the toxic potential of cyclic isothiocyanate goitrin derived
from progoitrin, a wide-spread glucosinolate in Brassicaceae. Free-living M. loti are severely
damaged by the compound. In already existing nodules, the symbiotic lifestyle is destroyed
and injured free-living bacteria are unable to perform proper nodulation. Under natural
conditions, the survival of M. loti certainly depends on co-existing microorganisms that are
competent in degrading goitrin into non-toxic and short-lived products. This underlines
the importance of a high microbial diversity in the soil and healthy soil microbiomes. Other
microorganisms, even members of the endo-microbiomes, respond with the production
of antibiotics. The sustainable use of allelopathy in agriculture demands much more
knowledge of the complicated interactions between organisms on the molecular level for
developing sophisticated culture systems.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants13202897/s1. Tables S1A,B-S17A,B series: Goitrin treated
large nodules versus control nodules. Tables S18C-525C: Fold change (FC) of down and up regu-
lated proteins in fraction 1 (F1) and fraction 2 (F2). Table S26: -AG values of Proteins (ID) Goitrin
Docking Analysis. Table S27: MRM parameters for phytohormones. Figure S1: Interaction site of
R-goitrin(ligand) and target proteins Q98EE6, Q98H18, and Q98LUb. Figure S2: GA9 contents in the
large nodules (50 mg) and nodules of the control plants (50 mg).
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