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ABSTRACT In any given organism, approximately one-third of all proteins have a yet-
unknown function. A widely distributed domain of unknown function is DUF1127. Ap-
proximately 17,000 proteins with such an arginine-rich domain are found in 4,000
bacteria. Most of them are single-domain proteins, and a large fraction qualifies as
small proteins with fewer than 50 amino acids. We systematically identified and
characterized the seven DUF1127 members of the plant pathogen Agrobacterium tu-
mefaciens. They all give rise to authentic proteins and are differentially expressed as
shown at the RNA and protein levels. The seven proteins fall into two subclasses on
the basis of their length, sequence, and reciprocal regulation by the LysR-type tran-
scription factor LsrB. The absence of all three short DUF1127 proteins caused a strik-
ing phenotype in later growth phases and increased cell aggregation and biofilm
formation. Protein profiling and transcriptome sequencing (RNA-seq) analysis of the
wild type and triple mutant revealed a large number of differentially regulated
genes in late exponential and stationary growth. The most affected genes are in-
volved in phosphate uptake, glycine/serine homeostasis, and nitrate respiration. The
results suggest a redundant function of the small DUF1127 paralogs in nutrient ac-
quisition and central carbon metabolism of A. tumefaciens. They may be required for
diauxic switching between carbon sources when sugar from the medium is de-
pleted. We end by discussing how DUF1127 might confer such a global impact on
cell physiology and gene expression.

IMPORTANCE Despite being prevalent in numerous ecologically and clinically rele-
vant bacterial species, the biological role of proteins with a domain of unknown
function, DUF1127, is unclear. Experimental models are needed to approach their
elusive function. We used the phytopathogen Agrobacterium tumefaciens, a natural
genetic engineer that causes crown gall disease, and focused on its three small
DUF1127 proteins. They have redundant and pervasive roles in nutrient acquisition,
cellular metabolism, and biofilm formation. The study shows that small proteins
have important previously missed biological functions. How small basic proteins can
have such a broad impact is a fascinating prospect of future research.

KEYWORDS gene annotation, nutrient transport, phosphate metabolism, small
proteins

One of the remaining challenges in the postgenomic age is the large number of
annotated domains and proteins of unknown function. Remarkably, almost one-

quarter of the close to 18,000 protein families listed in the Pfam database (1) have an
unassigned function. More than 3,900 of them either harbor or entirely consist of a
domain of unknown function (DUF). More than 2,700 DUFs are annotated in bacteria,
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and they provide a rich source of novel protein folds and functions. Therefore, it is of
prime interest to identify the biological role of DUFs or, in other words, “de-DUF the
DUFs” (2). A common problem in the elucidation of DUF functions is that deletion of the
corresponding genes often is not associated with obvious phenotypes, suggesting that
many DUFs are relevant only under certain conditions or are redundant in the cell. It is
important to note, however, that a substantial number of DUFs are essential. In
Escherichia coli, 89 of the 359 DUFs (25%) have been reported to be essential and called
eDUFs (3).

Identifying the function of short proteins with a DUF poses a particular challenge,
since small proteins typically have modulatory functions, for example, on protein
function, protein complex formation, or translation control, that are not obvious in
standard phenotypic assays (4). In general, the proportion of so-called “small proteins”
with a length of 50 amino acids (aa) or fewer is relatively low in any given proteome (5,
6). They have frequently been missed in automated genome annotations with arbitrary
cutoffs such as 100 aa to avoid a large number of misannotations (7, 8). In addition to
the difficulties in identifying small proteins in silico, they are not amenable to routine
experimental procedures, such as standard protein electrophoresis or mass spectrom-
etry (6, 9, 10). Despite these drawbacks, there is an increasing appreciation for small
proteins and small DUFs (6, 11–13). Recent proteomics and ribosome profiling studies
suggest that bacterial proteomes harbor dozens of small proteins that had been missed
in automatic annotations (14, 15), and revealing their hidden functionalities is gaining
momentum.

A very prominent but largely unexplored bacterial DUF family is DUF1127, which
was first described in 2004 in the Pfam database (release 10.0) (1). Almost all DUF1127
proteins are single-domain proteins (99.8%), and the vast majority (93.4%) have a
length of �100 aa. Approximately 15% are shorter than 51 aa and thus qualify as bona
fide small proteins. The shortest stand-alone DUF1127 protein has a length of merely
23 aa (UniProt accession no. A0A3S1LPK2, Mesorhizobium). The InterPro database
currently lists a DUF1127 in around 17,000 proteins from 4,000 different species (release
77.0) (16); 98.3% of these sequences derive from bacteria, 0.1% from viral genomes, and
1.6% from unclassified sources. Only two DUF1127 proteins are reported in archaea and
three in fungi. DUF1127 proteins almost exclusively occur in alpha- (67.2%) and
gammaproteobacteria (30.4%). Often, multiple DUF1127 members are predicted in
alphaproteobacteria, for example, four each in Agrobacterium tumefaciens, Brucella
abortus, and Rhodobacter sphaeroides, whereas typical gammaproteobacteria, such as
Escherichia coli and Salmonella enterica, only contain a single member, which is called
YjiS (17). The yjiS gene is found in close genomic proximity to the so-called immigration
control region, which encodes different sets of restriction enzymes depending on the
strain (18). The expression of yjiS in S. enterica is induced under virulence conditions,
but the physiological relevance of this response is unknown (19–21).

Information on the expression and regulation of DUF1127 proteins is scarce. The
expression of three DUF1127 genes in B. abortus is activated by the LysR-type tran-
scriptional regulator (LTTR) VtlR (22), which is required for survival inside macrophages
(23). Deletion of one or all three DUF1127 genes did not affect the ability of the
pathogen to infect macrophages, suggesting that other genes are responsible for the
virulence phenotype of the vtlR mutant. The search for phenotypic differences between
the wild type (WT) and mutants in a broad range of growth media revealed a role of
at least one DUF1127 protein in sugar metabolism. The bab2_0512 mutant was unable
to utilize L-fucose (24). Like Brucella, many other alphaproteobacteria encode orthologs
of the VtlR regulator, which is called LsrB (LysR-type symbiosis regulator B) in the
nitrogen-fixing plant symbiont Sinorhizobium meliloti and in the plant pathogen A.
tumefaciens (25, 26). Deletion of lsrB in A. tumefaciens reduces the expression of the two
DUF1127 genes atu1667 and atu8161 (26), suggesting that regulation of this gene
family by LsrB/VtlR regulators is conserved.

In many alphaproteobacteria, DUF1127 genes are found in the genomic context of
cuckoo genes. The cuckoo family encompasses small regulatory RNAs (sRNAs) with a
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typical sequence motif CCUCCUCCC (27) comprising an anti-Shine-Dalgarno sequence
(28, 29). The arrangement of a DUF1127 gene directly followed by one or more cuckoo
sRNA genes is, for example, found in S. meliloti (30, 31), Rhizobium leguminosarum (32),
and B. abortus (33). In R. sphaeroides, the DUF1127 gene RSP_6037 is harbored in an
operon with the four cuckoo sRNAs CcsR1 to -4 (34). This operon is under the control
of the sigma factors RpoHI and RpoHII, which are both activated by heat and oxidative
stress (35, 36). The cuckoo sRNAs indirectly repress several metabolic pathways that
consume glutathione and produce reactive oxygen species, thus increasing tolerance
against oxidative stress. RSP_6037 negatively impacts expression of CcsR1 to CcsR4 by
a yet-unknown mechanism (34).

During our investigations on sRNAs in A. tumefaciens, we noticed that some
DUF1127-encoding genes had previously been annotated as sRNAs (37, 38). The model
organism A. tumefaciens is a widespread plant pathogen which causes neoplastic crown
gall disease in more than 600 plant species from 90 different families (39, 40). Due to
its unique ability to transfer a defined piece of DNA, T-DNA, into its host, A. tumefaciens
is the most commonly exploited vehicle for genetically engineered plants (41, 42).
Despite the widespread use in science and industry, A. tumefaciens still harbors many
genes with unknown function. Prior to this study, four DUF1127 proteins had been
annotated (Atu1667, Atu1847, Atu8161, and Atu8135). We added three more to this list
and systematically studied the expression and biological function of the entire family,
which can be divided into two subclasses based on sequence, length, regulation, and
functionality. Deletion of the three members of the short DUF1127 class with a length
of �50 aa induced striking phenotypes, such as an unusual growth defect and
increased biofilm formation. Transcriptome sequencing (RNA-seq) revealed a massively
altered transcriptome in the triple mutant, in particular, in late exponential and
stationary growth. Cumulatively, our results suggest that the short DUF1127 proteins
fulfill a redundant function in the central carbon metabolism of A. tumefaciens.

RESULTS
The genome of A. tumefaciens encodes seven DUF1127 proteins. The number of

annotated DUF1127 proteins in the InterPro database has continuously increased in
past years (16). To uncover the full repertoire of this protein family in the model
alphaproteobacterium A. tumefaciens C58 (also known as Agrobacterium fabrum), we
established a de novo search pipeline. Briefly, all putative open reading frames (ORFs)
were extracted from all six reading frames of the four replicons, namely, the circular and
linear chromosomes and the At and the Ti plasmids. These ORFs were translated into
the corresponding amino acid sequences, and all sequences exceeding the length of 23
aa, which corresponds to the previously shortest annotated DUF1127 protein in Inter-
Pro (UniProt accession no. A0A370WQ23) were subjected to further analyses.

Using BLAST (43), the resulting 130,000 sequences were compared with a database
assembled from all DUF1127 proteins listed in InterPro. All four previously annotated A.
tumefaciens DUF1127 proteins (Atu1667, Atu1847, Atu8135, and Atu8161) were found
by this approach (Fig. 1A). In addition, two annotated hypothetical proteins of un-
known function (Atu1766 and Atu1865) (44, 45) were assigned to this group (see Fig.
S1 in the supplemental material). The seventh candidate from the linear chromosome
was previously described as small noncoding RNA L4 (37) and only recently received an
ORF designation in the NCBI database (46). According to their size and due to other
characteristics (see below), the three candidates shorter than 50 aa are called short
DUF1127 proteins (SDPs) further on, and the ones between 72 and 101 aa are long
DUF1127 proteins (LDPs) (Fig. 1A). The sequences extending beyond the DUF1127
domain in the LDPs show no similarities among themselves or to other annotated
protein domains. A hallmark of all DUF1127 proteins, not only in A. tumefaciens but also
in other organisms, is the remarkable overabundance of arginine residues in their
sequences. DUF1127 proteins on average contain more than twice as many arginine
residues (14.1%) as the standard protein (5.53%; P � 0.0001) according to UniProt (47).
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Strikingly, five of the seven A. tumefaciens DUF1127 proteins (SDP1 and -2 and LDP2
to -4) are encoded within a 200,000-bp region on the circular chromosome, probably
an indication of gene duplication events. LDP1 is located 1 Mbp away on the same
replicon, and SDP3 is the only DUF1127 gene located on the linear chromosome. The
latter is directly upstream of the cuckoo sRNA gene L5, a genomic arrangement
reminiscent of but not identical to the situation in R. sphaeroides (34). Here, four cuckoo
sRNAs are in an operon together with the DUF1127 protein RSP_6037. In contrast, SDP3
and the L5 RNA are in separate transcription units, each with its own promoter (see
Fig. S2A).

Chromosomally encoded C-terminal 3�FLAG tag fusions of all seven DUF1127
proteins were constructed to examine their expression by Western blotting (Fig. 1B).
The corresponding fusion genes replaced the respective wild-type genes at their native
locations. The fusion proteins showed different expression patterns over the growth
curve. SDP13�FLAG and SDP23�FLAG were present in all growth phases, whereas
SDP33�FLAG and LDP33�FLAG peaked in stationary phase. LDP23�FLAG and LDP43�FLAG

were predominantly produced during late exponential growth (optical density [OD] at
600 nm of 1.5). LDP13�FLAG was most abundant during early exponential growth and
gradually decreased toward stationary phase. Since several DUF1127 genes from other
alphaproteobacteria are regulated by the heat shock sigma factor RpoH (35, 48), the
expression of Agrobacterium DUF1127 genes was analyzed under heat and cold shock
conditions as well. Short-term exposure to heat (20 min at 42°C) induced all three
SDP3�FLAG fusions as well as LDP23�FLAG and LDP33�FLAG. The remaining two proteins
(LDP13�FLAG and LDP43�FLAG) increased after cold shock (20 min at 17°C).

Overall, the results of the 3�FLAG fusions demonstrate that all seven DUF1127
proteins are authentic proteins in A. tumefaciens. It is noteworthy that immunodetec-
tion of the LDPs generally required longer exposure times than for detection of SDPs,
in particular, for LDP23�FLAG and LDP43�FLAG. This suggests that the three short
proteins are produced at higher levels than the long ones. This observation is also
backed up by our RNA-seq data (see below).

The DUF1127 family consists of at least three subclasses. Approximately two-
thirds of all annotated DUF1127 proteins occur in alphaproteobacteria and approxi-
mately one-third in gammaproteobacteria. The higher abundance in the first group is
in part due to several DUF1127 members within one organism, whereas E. coli,
Salmonella, and their close relatives produce only a single DP, which is called YjiS. The
seven DUF1127 proteins from A. tumefaciens fall into two groups, well in line with their
length. The three SDPs are most similar to each other (44.7% to 66.7% identity) but
display only moderate similarity to the four LDPs (23.4% to 40.4% identity), which form
a separate subclass. The homology of the SDPs to E. coli YjiS, which is 54 aa long, is
equally low (27.1% to 34.0% identity) (Fig. 2A and B).

FIG 1 Seven DUF1127 proteins are predicted and produced in A. tumefaciens. (A) Characteristics of three
SDPs and four LDPs. *, protein annotation was incorrect and adjusted at the N terminus (see Fig. S2B in
the supplemental material). (B) Western blot analysis of chromosomally integrated C-terminal 3�FLAG
fusions of all seven DUF1127 proteins at different growth phases in YEB medium at 30°C. A heat shock
was applied for 20 min at 42°C and cold shock for 20 min at 17°C.
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To address the question whether the DUF1127 proteins in general can be sorted
into distinct subclasses, all DUF1127 proteins from InterPro were categorized into three
groups according to sequence similarity: (i) those that display a high similarity to the
SDPs from A. tumefaciens, (ii) those with a high similarity to E. coli YjiS (YjiS-like
proteins), and (iii) those that could not be assigned to either of these groups (LDPs). As
of January 2020, the InterPro database listed 16,537 DUF1127 proteins. The three newly
discovered DUF1127 proteins from A. tumefaciens in this study were appended to the
list. Sorting these 16,540 proteins in the three categories resulted in 3,168 (19%)
proteins in the SDP class, 1,005 (6%) in the YjiS-like class, and 12,367 (74%) without
assignment to either of these groups. For complete lists of all entries see Tables S8 to
S10. Identical results have been retrieved for a selection of species via a clustering
method (see Fig. S3A). The majority of the proteins assigned to the SDPs derive from
alphaproteobacteria (72.1%), whereas only 0.2% derive from gammaproteobacteria. In
contrast, YjiS-like proteins are found mainly in gammaproteobacteria (88.4%) and rarely
in alphaproteobacteria (0.6%). The nonassigned DUF1127 proteins are found partially in
alphaproteobacteria (53.3%) and partially in gammaproteobacteria (30.2%). The overall
length distribution of all DUF1127 proteins shows four prominent peaks at around 47
aa, 54 aa, and 71 aa and at slightly less than 100 aa (Fig. 2C). SDPs and YjiS-like proteins
display a rather narrow distribution within the first two peaks, such that almost all SDPs
fall into the peak around 47 aa and YjiS-like proteins are almost exclusively found in the
peak at 54 aa. The unassigned DUF1127 proteins are very heterogeneous in sequence
and length.

Several other properties support the demarcation of SDPs and YjiS-like proteins
from the remaining ones. The size difference already visible in the length distribution
(Fig. 2C) was confirmed via Welch’s t test (Fig. S3B). As mentioned above, the DUF1127
is arginine rich. The arginine content of SDPs and YjiS-like proteins is even higher and
lies in the range between 16% and 17% (Fig. S3B). The high number of arginine residues
is reflected in a positive net charge of DUF1127 proteins, which is most pronounced in
SDPs and YjiS-like proteins.

Yet another difference between the subclasses pertains to the number of proteins
of the same group in a single species (Fig. S3B). While species producing SDPs on
average have 2.3 of them, species with YjiS-like proteins only have an average of 1.5 of
them. The relative amount of LDPs per species exceeds those of both other groups,
with an average of 3.8. Since this subclass is composed of a rather heterogeneous
group of proteins with various extensions, it might fall into several distinct subclasses
upon further investigation.

FIG 2 DUF1127 proteins can be divided into clusters. (A) SDPs from A. tumefaciens show a high sequence
similarity. Identical residues are marked with an asterisk, residues with highly similar properties are
marked with a colon, and weakly conserved residues are marked with a period. Arginine residues are
shaded in black. (B) The homology tree of all seven DUF1127 proteins from A. tumefaciens and YjiS from
E. coli was calculated by Clustal Omega (109). (C) Subdivision of DUF1127 proteins. The stacked bar chart
shows the absolute frequency for the lengths of all DUF1127 proteins from InterPro. A kernel density
estimation (dashed line) was superimposed. DUF1127 proteins were divided into subclasses according to
sequence similarity to either SDPs from A. tumefaciens or to YjiS from E. coli.
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The presence of SDPs coincides with the LysR-type regulator LsrB and cuckoo
sRNAs. DUF1127 proteins have been studied in only a few bacteria, and two findings
caught our attention. First, DUF1127 genes in A. tumefaciens and B. abortus are
regulated by LysR-type regulators called LsrB and VtlR, respectively (22, 26). Second, a
direct genomic neighborhood of DUF1127 genes with cuckoo sRNAs was described in
R. sphaeroides (34, 35). To examine whether these reported associations can be gen-
eralized, we asked whether DUF1127 proteins, LsrB-type regulators, and cuckoo sRNAs
coincide in various species (Fig. 3). Among the selected species were close relatives of
A. tumefaciens, such as R. leguminosarum, Neorhizobium galegae, and Pseudorhizobium
pelagicum, as well as more distantly related alphaproteobacteria. The analyzed gam-
maproteobacteria included Pseudomonas aeruginosa, Yersinia enterocolitica, and the
Enterobacteriaceae Klebsiella pneumoniae, E. coli, and S. enterica. In this selection, SDPs
were exclusively found in alphaproteobacteria except for P. pelagicum. YjiS-like proteins
were present only in Enterobacteriaceae, which lacked LDP members.

LysR-type regulators belong to the most abundant class of transcriptional regulators
(49). Using A. tumefaciens LsrB as query in a BLAST search, we identified the best hit in
each organism and considered it an LsrB-type protein when it had more than 40%
sequence identity, which is a recommended cutoff (50). A conserved genomic neigh-
borhood between lsrB and homologs of the thioredoxin reductase gene trxB (Fig. 3),
which was reported previously (22), confirmed LsrB homology among the selected
Rhizobiales. With the exception of P. pelagicum, there was a strict association between
SDPs and LsrB homologs in alphaproteobacteria (Fig. 3).

To determine the prevalence of cuckoo sRNAs, each genome was searched for a
pattern coding for at least two CCUCCUCCC motifs: (CCTCCTCCC-N20 –50)�1-CCTCCT
CCC. The three known cuckoo sRNAs from A. tumefaciens (28) and the four annotated
sRNAs from R. sphaeroides (35) were found in this search. Putative cuckoo sRNAs were
identified in all alphaproteobacteria except for Bradyrhizobium japonicum. Gammapro-
teobacteria seem to lack cuckoo-like sRNAs entirely. Despite a few exceptions, these
searches reveal a strong correlation between SDPs, an LsrB-type regulator, and cuckoo
RNAs in alphaproteobacteria.

DUF1127-coding genes are reciprocally regulated by LsrB according to their
subclasses. The previously described LsrB/VtlR-dependent expression of SDP1 and

FIG 3 Cooccurrence of DUF1127 proteins with LsrB and cuckoo sRNAs. The tree shows the phylogenetic
relations of a selection of alpha- (�-proteo.) and gammaproteobacteria (�-proteo.). For each strain, the
numbers of SDPs, YjiS-like proteins, and LDPs are given. BLAST searches identified the proteins with the
highest similarity to LsrB from A. tumefaciens (A9CI74, B5ZXG9, A0A068SS95, A0A081MRV5, C3MD12,
W8I232, G7D4X2, Q2YRP4, Q3J274, Q9I1F9, A1JKA5, A0A0H2UWZ6, A0A0H3GNP2, P30864, and Q8ZRM6).
Red and blue colors represent proteins with higher and lower sequence identity than 40%, respectively
A genomic neighborhood to a trxB homolog is indicated by a check mark. Putative cuckoo sRNA
sequences were extracted from each genome by searching for the pattern (CCTCCTCCC-N20 –50)�1-CCT
CCTCCC. The numbers of sequences encoding two, three, or four CCUCCUCCC motifs are given.
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SDP2 in A. tumefaciens (26) and of homologous genes in B. abortus (22) motivated us
to examine the transcription of all seven DUF1127 genes in A. tumefaciens WT and in
an lsrB-deficient mutant (ΔlsrB). Northern blot analyses revealed that the three SDP
genes were downregulated in the lsrB mutant, whereas the four LDP genes were
upregulated (Fig. 4A). This suggests that the transcription factor LsrB directly or
indirectly activates SDP and represses LDP gene expression. This reciprocal regulation
supports the biocomputational division into two distinct subclasses described in the
previous sections.

The binding sites of the B. abortus LsrB homolog VtlR have recently been deter-
mined experimentally upstream of three positively regulated DUF1127 genes (22).
Based on the common 13-bp-long LTTR-binding motif T-N11-A (51), we searched for
LsrB-binding sites upstream of the A. tumefaciens SDP genes. The palindromic motif
TGC-N6-7-GCA was found upstream of the transcriptional start sites (TSSs) of the SDP
genes from A. tumefaciens as well as in the experimentally determined binding sites
from B. abortus (Fig. 4B). Interestingly, the bab1_0914 and bab2_0574 genes contain this
motif in tandem, once with a linker of six and once with a linker of seven nucleotides,
respectively or vice versa. The location of the putative LsrB-binding site in the A.
tumefaciens SDP promoters between �58 and �71 is consistent with activator binding
sites. Similar motifs were not found upstream of the four LDP genes (data not shown).

The SDPs affect the abundance of the cuckoo sRNA L5. The genomic arrange-
ment of a DUF1127 protein gene followed by a gene coding for a cuckoo sRNA is often
found in alphaproteobacteria. In A. tumefaciens, the SDP3 gene directly precedes the
sRNA gene L5, which is transcribed from its own promoter (37) (Fig. S2A). The L5 RNA
is 162 nucleotides (nt) long and forms four stem-loops containing one CCUCCUCCC
motif in each loop. The full-length RNA is processed to a shorter product presumably
composed of three stem-loops (L5* in Fig. 5). Deletion of the SDP3 gene alone affected
neither L5 expression nor processing (data not shown). To test whether the SDPs as a
group have an influence on the cuckoo sRNA, we constructed a triple mutant (ΔΔΔ),
which lacks all three SDPs, and compared the transcript amounts of L5 and L5* in the
WT and mutant at different growth phases by Northern blotting (Fig. 5). In early and
late exponential growth (ODs of 0.5 and 1.5, respectively), the amounts of both L5
products were increased in the ΔΔΔ mutant compared to that in the WT, whereas the
L5 level was decreased in the mutant in stationary phase. The elevated L5 levels in
the triple mutant resemble the situation in R. sphaeroides where the expression of the
cuckoo sRNA cluster CcsR1 to -4 is low in the presence of the DUF1127 protein
RSP_6037 (34).

FIG 4 SDP and LDP genes are reciprocally regulated by the transcription factor LsrB. (A) Northern blot
analyses of SDP- and LDP-encoding genes in the WT and lsrB mutant. Ethidium bromide (EtBr)-stained
16S or 23S rRNA served as a loading control. (B) Putative LsrB-binding sites marked in red match the
TGC-N7-GCA motif, and orange sequences display the shorter TGC-N6-GCA motif. Previously described
binding sites of the three DUF1127 genes from B. abortus (bab1_0914, bab2_0514, and bab2_0574) are
underlined. The position relative to the transcriptional start site (�1) is indicated.
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The A. tumefaciens SDP genes are differentially expressed. To approach the
biological function of DUF1127 proteins, we focused on the three SDPs because (i) they
contain little more than the DUF1127 domain alone, (ii) they constitute a separate
subclass with high similarity among themselves and distinct from the LDPs, (iii) they are
positively regulated by the same transcription factor, LsrB, and (iv) they seem to be
produced at higher levels than the other DUF1127 proteins. First, we measured the
transcript levels of the SDP genes under different growth conditions by Northern
blotting. All three transcripts were readily detectable and peaked at different points in
the growth curve (Fig. 6A and B). The highest SDP1 expression was observed at the end
of the exponential phase (phase II), whereas expression of SDP2 was highest during
early exponential growth (phase I). The SDP3 transcript increased throughout the
growth curve until it finally reached its maximum in phase III. Overall, the expression
patterns show that under any given growth condition, at least one of the three SDPs
is produced, and this is consistent with the results of the 3�FLAG tag fusions (Fig. 1B).

When A. tumefaciens was subjected to various stress conditions, all three SDP genes
showed similar expression patterns (Fig. 6C). The most pronounced induction occurred
after a heat shock when the temperature was shifted from 30°C to 42°C for 10 min. Cold
shock (10 min at 17°C), H2O2-mediated oxidative stress, NaCl-mediated osmotic stress,

FIG 5 Transcript amounts of L5 and its processed form L5* in the WT and ΔΔΔ mutant at different growth
phases, which are indicated as ODs (0.5 and 1.5) and stationary phase (stat.). EtBr-stained tRNAs served
as a loading control for Northern blot analysis.

FIG 6 SDP genes are differentially expressed. (A) A. tumefaciens WT was grown in YEB medium at 30°C.
(B) Samples for RNA isolation were taken at the indicated time points and subjected to Northern blot
analysis. (C) Differential expression of SDP genes under various growth and stress conditions. The
following stress conditions were applied for 10 min: heat shock (42°C), cold shock (17°C), oxidative stress
(0.01% [wt/vol] H2O2), osmotic stress (1 M NaCl), and cell envelope stress (0.08% [wt/vol] SDS). The
pH-dependent expression was tested after continuous growth in minimal AB medium. For virulence
induction, cells were grown in AB medium (pH 5.5) supplemented with acetosyringone.
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and SDS-mediated cell envelope stress caused moderate changes of gene expression,
typically resulting in downregulation. SDP transcripts were barely detectable in AB
minimal medium at low pH, and virulence induction by addition of acetosyringone in
AB medium at pH 5.5 did not affect expression relative to that under noninduced
conditions.

The lack of all three SDPs causes a distinct growth phenotype. Several lines of
evidence described above suggested a redundant function of the three SDPs in A.
tumefaciens. To address their physiological importance, all combinations of single,
double, and triple deletion mutants were constructed. Candidates were tested via PCR
and Northern blot analysis to verify successful construction of all seven deletion strains
(see Fig. S4). Growth experiments with the WT and the seven deletion strains in
standard complex medium (yeast extract-beef extract [YEB]) showed no differences in
the first 10 h until the end of exponential growth (Fig. 7A). Also later on, the single
mutants grew like the WT. The double deletion strains showed slight deviations from
the WT. Both strains lacking SDP3 (ΔSDP1 ΔSDP3 and ΔSDP2 ΔSDP3) showed WT-like
growth in the first 24 h but reached a lower final OD. Strain ΔSDP1 ΔSDP2 grew slightly
better than the WT in late exponential phase but showed a decreased OD thereafter.

The ΔΔΔ strain reproducibly showed a very peculiar growth phenotype (Fig. 7 and
8A). It grew normally until late exponential phase, where it reached even higher ODs
than the WT, between 10 and 12 h of growth. Thereafter, the OD suddenly dropped and
remained constant at approximately 1.5 for several days, whereas the WT showed
diauxic behavior and continued to grow after a lag phase. A closer look at viable cells

FIG 7 Deletion of the SDP genes causes a growth defect. (A) Growth of all single, double, and triple
mutants in YEB medium at 30°C. (B) The growth defect of the ΔΔΔ mutant was complemented by the
SDP3 gene, which was reintegrated into the genome via single-crossover homologous recombination.
EV, empty vector.

FIG 8 Sucrose- and osmolarity-dependent growth of the ΔΔΔ mutant. Growth of WT and ΔΔΔ strains in
YEB and LB medium with and without 0.5% (wt/vol) sucrose and 1.0% (wt/vol) NaCl. Samples for
Northern blot analyses were taken at the indicated time points (see Fig. S6).
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and cell morphology showed that the number of viable and intact ΔΔΔ cells started to
decrease already when the OD was higher than that for the WT (see Fig. S5). Another
striking observation was that the mutant cells were longer than WT cells.

Almost-normal growth was restored to the ΔΔΔ mutant by complementation with
the SDP3 gene, which was reintroduced into the linear chromosome (Fig. 7B).

Sucrose and salt influence SDP gene expression and growth of the ���

mutant. While testing different growth media, we made the surprising finding that the
very robust growth phenotype of the A. tumefaciens ΔΔΔ strain in standard rich
medium (yeast extract-beef extract [YEB] medium) described above did not at all occur
in Luria-Bertani (LB) rich medium, in which both strains grew equally well to a very high
maximal OD of 5.5 (Fig. 8). The two main differences between those media are 0.5%
sucrose, which serves as carbon source in YEB, and 1% NaCl present in LB medium. To
test if the presence or absence of these two compounds influences the YEB-specific
growth defect, we propagated A. tumefaciens WT and the triple mutant in various
medium combinations. Growth of both strains was comparable in YEB without sucrose
but ceased at an OD of 1.5. Addition of sucrose to LB had no visible impact on growth
of both strains, whereas addition of 1% NaCl to YEB diminished the growth differences
between both strains such that the triple mutant grew better and the WT grew more
poorly than in standard YEB. Addition of 2% NaCl further reduced the differences
between both growth curves (data not shown). Conversely, withdrawing the salt from
sucrose-supplemented LB induced a growth defect in the ΔΔΔ strain.

Samples were taken from all these cultures to examine the expression of SDP genes
by Northern blotting (see Fig. S6). The transcript patterns in standard YEB were the
same as described above (Fig. 6B), whereas the peaks of all three genes were shifted to
earlier growth phases in the absence of sucrose. Addition of 1% (wt/vol) NaCl to YEB did
not affect the expression of SDP1 and SDP3 but shifted the maximum expression of
SDP2 toward phase III. In standard LB medium, all three genes showed a parallel early
expression peak in phase I. Addition of sucrose to LB restored the expression pattern
known from YEB medium independently of the presence of NaCl.

Deletion of all three SDP genes increases cell attachment and biofilm forma-
tion. In search for other phenotypes of the ΔΔΔ mutant, we analyzed various general
and A. tumefaciens-specific parameters and observed that the mutant cells aggregated
much faster than the WT. This was shown by transferring an aliquot of each strain from
a 24-h liquid culture into a microtiter-well plate and incubating for another 24 h under
tilting at room temperature. While formation of visible clumps by the WT took at least
6 h, the ΔΔΔ strain started to aggregate already after 5 min (Fig. 9A). Since cell
aggregation is often linked to biofilm formation, this process was examined by the
crystal violet assay. The mutant produced 5- to 8-fold more biofilm than the WT
(Fig. 9B). Another feature typically associated with biofilm formation is the production
of certain polysaccharides, such as cellulose and unipolar polysaccharide (UPP), an

FIG 9 Deletion of the SDP genes results in various phenotypic alterations. (A) Cell aggregation was
visualized by prolonged incubation in well plates on a tilting laboratory shaker. (B) Increased biofilm
formation in the ΔΔΔ mutant was shown by crystal violet assays. ***, P � 0.001; three biological
replicates. Sterile YEB served as a negative control. The top shows the wells with stained biomass prior
to resolubilization and photometric quantification. (C) Colony morphology and exopolysaccharide
composition were visualized on YEB agar plates supplemented with Congo red dye and Fluorescent
Brightener 28.
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adhesin at single-cell poles that contact surfaces (52, 53). The WT and triple mutant
strains were grown on YEB agar plates supplemented with both a Congo red solution
and Fluorescent Brightener 28 (alias calcofluor white) (Fig. 9C). While Congo red is used
to visualize biofilm-associated matrix such as cellulose or UPP under regular light (54,
55), Fluorescent Brightener 28 noncovalently binds to �-glycosidically linked polysac-
charides such as succinoglycan and is visible under UV light (56, 57). On these plates,
the ΔΔΔ strain grew to a smaller diameter than the WT. Moreover, it had a darker color,
indicating increased amounts of cellulose and/or UPP. In contrast, it produced less
extracellular succinoglycan matrix.

Since cell aggregation and biofilm formation are critical for attachment of A.
tumefaciens to host plants (58), the T-DNA transfer capacities of the WT and triple
mutant were compared in a qualitative seedling infection assay with Arabidopsis
thaliana (59). In brief, A. tumefaciens WT and mutant were transformed with the pBISN1
plasmid carrying a �-glucuronidase gene under the control of a plant-specific promoter
between T-DNA borders. During plant transfection, the reporter gene is integrated into
the plant genome of infected tissue, and the produced �-glucuronidase converts a
substrate into a blue dye. Both strains were able to genetically engineer the plant, as
was visible by the blue staining of leaves due to �-glucuronidase activity (see Fig. S7),
and normal T-DNA transfer by the mutant is consistent with the low expression of the
SDP genes under virulence conditions (Fig. 6).

An ABC transporter and an alcohol dehydrogenase are overproduced in the
��� mutant. To find reasons for the phenotypic differences between the WT and ΔΔΔ
strains, we looked for obvious changes in their proteomes. Samples were taken at the
three different growth phases used previously (Fig. 6A), separated by SDS-PAGE, and
visualized by Coomassie staining (Fig. 10A). The most striking difference between the
WT and mutant was observed in phase II. Here, an additional band in the range
between 35 and 40 kDa appeared in the mutant. That area was excised from the WT
and ΔΔΔ strain gels and subjected to mass spectrometry. The most abundant protein
in the ΔΔΔ sample was PstS (Atu0420; sequence coverage of 52.3% and 18 unique
peptides), the substrate-binding protein (SBP) of the ABC transporter complex PstSCAB
(60). The second most abundant protein was Adh (Atu2022; coverage was 62.1% and
18 unique peptides), an unclassified NADP-dependent alcohol dehydrogenase. North-
ern blot analyses confirmed the massive induction of the corresponding pstS and adh
genes in the SDP mutant in growth phase II (Fig. 10B).

Massive changes in the transcriptome of the ��� mutant in late growth
phases. To decipher the global changes in gene expression at the transcriptome level,
we isolated total RNA from WT and ΔΔΔ cultures at ODs of 0.5 and 1.5 and after 24 h
(growth phases I, II, III) (Fig. 6A and 8A) and subjected it to RNA-seq analysis (see Tables
S5 to S7). A sequencing depth between 15 and 33 million reads was achieved for each
sample. Consistent with the Northern blot experiment (Fig. 10B), the pstS (atu0420)

FIG 10 Growth phase-dependent differences in the proteomes of WT and ΔΔΔ strains. (A) Crude extracts
from different growth phases were separated by SDS-PAGE and stained with Coomassie brilliant blue.
During growth phase II, the ΔΔΔ mutant showed an additional protein band between 35 and 40 kDa. The
proteins identified in this band by mass spectrometry were PstS (36.2 kDa) and Adh (37.6 kDa). (B) Growth
phase-dependent expression of pstS and adh in WT and ΔΔΔ strains was confirmed by Northern blotting.
EtBr-stained 16S rRNA served as a loading control.
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mRNA was among the most highly induced transcripts in the triple mutant at an OD of
1.5. It ranked at position 3 with a 112-fold induction in the mutant compared to that
in the WT (Table S6 and Fig. 11) The adh (atu2022) mRNA and the sRNA L5
(C2_1831446F) also were significantly induced (9.7- and 3.1-fold, respectively) (Table
S6), again in line with the Northern blots (Fig. 5 and 10B) and thus validating the
RNA-seq results.

Along with the phenotypical changes of the ΔΔΔ mutant, which occurred only in
later growth phases, the differences between the transcriptomes of WT and ΔΔΔ strains
increased over time as well. In growth phase I, the expression of only 76 genes was
altered in the ΔΔΔ mutant. This number increased dramatically to 896 and 2,575 genes
in phases II and III, respectively (Fig. 11). Thirty genes were expressed differently in the
triple mutant than in the WT under all three conditions (see Fig. S8). Fifteen of them
were upregulated in the ΔΔΔ mutant, 14 were downregulated, and one (atu4442) was
upregulated at an OD of 0.5 and then downregulated. Among the upregulated genes
were LDP1 and LDP4, suggesting some cross-regulation between the DUF1127 genes.
Two sets of genes that were induced in the ΔΔΔ strain in all growth phases are involved
in glycine/serine homeostasis, i.e., soxBDAG (atu4310-atu4313) and glyA (atu4314), and
in anaerobic nitrate respiration (denitrification), i.e., norDBC (atu4386, atu4388, atu4389).

Several genes from these two sets were found among the most strongly induced
genes in the ΔΔΔ mutant at an OD of 1.5 (labeled in yellow and blue in Fig. 11). Since
phase II is reached shortly before the growth of both strains begins to differentiate, the
number of genes with an altered expression was expected to increase at this point.
Among the increased genes were atu4310 to atu4315. They code for the sarcosine
oxidase SoxBDAG mentioned above, which converts sarcosine to glycine (61), the
serine hydroxymethyltransferase GlyA, which catalyzes the bidirectional conversion
between glycine and serine (62), and the formyltetrahydrofolate deformylase PurU,
which provides tetrahydrofolate that serves as a cofactor for SoxBDAG (63, 64). The
denitrification genes induced in the ΔΔΔ mutant include the nitrite reductase genes
nirV (atu4381; 18-fold) and nirK (atu4382; 26-fold). Among the multitude of induced
nitric oxide reductase genes, i.e., norD (atu4386), norQ (atu4387), norB (atu4388), norC
(atu4389), norE (atu4391), and norF (atu8197), norC showed the strongest induction
(36-fold). The activation of denitrification genes might be due to the 5-fold-elevated
expression of the denitrification regulator gene nnrU (atu4392).

Fully consistent with the massive induction of the pstS transcript and the PstS
protein, the two genes with even higher induction factors in phase II are also known
phosphorus starvation genes. The phnD (atu0173) gene codes for the SBP of the
phosphonate-ABC transporter PhnDEC and was �230-fold increased. The �220-fold-

FIG 11 Differentially expressed genes in the ΔΔΔ mutant. The volcano plots represent the data retrieved
from RNA-seq. Each gene with a significantly altered expression is represented as a dot. Colors indicate
genes from different functional groups.

Kraus et al. Journal of Bacteriology

November 2020 Volume 202 Issue 22 e00309-20 jb.asm.org 12

https://jb.asm.org


induced ugpA (atu0305) gene codes for UgpA, the SBP of the ABC transporter UgpBAEC,
which imports sn-glycerol 3-phosphate (G3P) under phosphorus-limited conditions
(65). Interestingly, all three copies of the ugpBAEC genes (atu0305-atu0308, atu3096-
atu3099, and atu5058-atu5063) showed increased expression. The remaining genes of
the phosphonate transporter PhnDEC (atu0171-atu0174) and the associated genes phnL
(atu0176) and phnK (atu0177) were upregulated as well. This also accounts for the
remaining genes of the phosphate transporter PstSCAB (atu0420-atu0423). Moreover,
glpQ (atu5061) and ugpQ (atu4212) were induced. Both encode glycerophosphoryl-
diester phosphodiesterases that catalyze the same step of degradation of the
phosphate-containing lipid phosphatidylcholine (66, 67). In addition, the genes btaAB
(atu2119-atu2120) were upregulated. BtaAB is responsible for the formation of the
phosphateless betaine lipid diacylglyceryl-N,N,N-trimethylhomoserine (68). Altogether,
the RNA-seq experiments revealed a striking upregulation of genes associated with the
response to phosphorus limitation and belonging to the pho regulon. The concomitant
25-fold induction of the phoB (atu0425) gene coding for the response regulator PhoB,
which is known to be a major activator of phosphorus starvation genes (69), might
explain the coordinated upregulation.

Among the genes with decreased expression in the ΔΔΔ mutant, in particular, at an
OD of 1.5, were numerous sugar-specific ABC transporter genes (Fig. 11). In addition to
the phosphorus uptake systems, only a few ABC transporter genes with unknown
substrates were upregulated.

DISCUSSION
The full repertoire of DUF1127 proteins in an alphaproteobacterium. DUF1127

proteins represent a family of small proteins predominantly found in alpha- and
gammaproteobacteria. In general, nature tends to favor short proteins for specialized
tasks, which complicates the search for their biological function (70). To provide
insights into the functionality of DUF1127 proteins, we chose the plant pathogen A.
tumefaciens as a model system, systematically uncovered all family members, and
analyzed the phenotypes and gene expression of mutant strains. The first task neces-
sitated the establishment of a stringent biocomputational workflow revisiting the
previously annotated family members, since small proteins are notoriously missed in
standard genome annotations. Some workflows integrate bioinformatically predicted
ribosomal binding sites (RBSs) to improve the identification of nonannotated small
ORFs (smORFs) (71). We extracted potential ORFs from the genome of A. tumefaciens
without considering possible RBSs and compared them against a database consisting
of all DUF1127 proteins listed in InterPro, using the length of the shortest annotated
DUF1127 protein (23 aa) as a cutoff. More than 132,000 putative protein sequences
were retrieved. Although smORFs are sometimes too short for reliable homology
determination (70, 72), our analysis resulted in the successful identification of seven A.
tumefaciens proteins with a DUF1127, all of which were found to be expressed at the
RNA and protein level. This added three new members to the DUF1127 family and
improved the annotation of the previously annotated candidates. Comparison with
transcriptome data (37) revealed that Atu1667 (SDP1) is 29 aa shorter at its N terminus
than the previously annotated protein (see Fig. S2B in the supplemental material). In
the meantime, this inconsistency has been corrected by NCBI (ATU_RS08170). Incorrect
N-terminal annotations are frequent in prokaryotic genomes due to the preference for
larger ORFs in automated genome annotations (73, 74). A new smORF was discovered
in a transcript previously described as an sRNA called L4 (37). Short transcripts often are
considered to be too short to contain a protein-coding sequence and thus are anno-
tated as noncoding transcripts. Only recently it was appreciated that transcripts pre-
viously believed to be noncoding actually encode small proteins (75, 76). Our analysis
revealed two further proteins of unknown function (Atu1766 and Atu1865) as DUF1127
proteins. Interestingly, they have been removed from the DUF1127 list in the current
version of InterPro (release 77.0), whereas the UniProtKB database still links them to
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proteins with a DUF1127. This ambiguity demonstrates the challenges in the reliable
identification of short DUFs.

Differential regulation of DUF1127 genes. Gene expression in bacteria is strictly

controlled in response to environmental conditions, and knowing about the differential
expression can guide the search for function. Apart from growth phase-dependent
variations in gene expression, the production of all three SDPs and two LDPs in A.
tumefaciens increased after heat shock, whereas the remaining two LDPs showed
higher abundance after cold shock. Expression of RSP_6037 in R. sphaeroides is also
induced by heat through the alternative sigma factors RpoHI and RpoHII (35). It is also
induced by oxidative stress, which is not the case for the SDP genes in A. tumefaciens.
In contrast to R. sphaeroides, A. tumefaciens has only one RpoH homolog that is involved
in the heat shock but not oxidative stress response (77).

A major contributor to the regulation of all seven DUF1127 genes in A. tumefaciens
is the transcription factor LsrB, and this might be conserved in many alphaproteobac-
teria, including B. abortus (22, 26). LsrB belongs to the LTTR family, which is ubiquitous
in bacteria and constitutes the largest group of DNA-binding proteins (78, 79). A
conserved functionality is supported by the finding that the virulence defect of an A.
tumefaciens lsrB mutant can be complemented by LsrB orthologs from S. meliloti and B.
abortus (26). Despite a fairly loose consensus sequence of LTTRs, we were able to
identify a potential LsrB-binding motif in a region 46 to 71 bp upstream of the TSSs of
the positively regulated SDP genes. The putative binding motif TGC-N6 –7-GCA displays
a dyad symmetry with similarity to putative LsrB-binding sites that have been described
previously (49). Moreover, it overlaps with the experimentally determined binding site
in B. abortus (22). Most LTTRs suppress their own expression until they are dissociated
from their own promoter through a specific stimulus (49). In S. meliloti, an LsrB-binding
site upstream of lsrB suggests similar autoregulation of LsrB homologs (25). Identifica-
tion of this stimulus might provide further insights into the function of the LsrB-
regulated DUF1127 genes.

In R. sphaeroides, the DUF1127 protein RSP_6037 somehow reduces the transcript
amounts of the cuckoo sRNAs CcsR1 to -4, which are encoded in the same operon (34).
If this was a universal function of DUF1127 proteins, one would expect a strict
cooccurrence of DUF1127 genes with cuckoo sRNA genes. While there are no known
cuckoo sRNAs in gammaproteobacteria at all (28), there indeed is a relatively strict
cooccurrence of cuckoo sRNAs and SDPs in alphaproteobacteria. Deletion of all three
SDP genes in A. tumefaciens increased the amount of the L5 sRNA in early growth
phases, similar to the negative correlation between RSP_6037 and CcsR1 to -4 in R.
sphaeroides (34). The functional implication of the correlation between LsrB, SDPs, and
cuckoo sRNAs deserves further investigation.

Phenotypic and transcriptomic consequences of the lack of short DUF1127
proteins. A common strategy to unravel the function of proteins of unknown function

is the construction and phenotypic characterization of deletion mutants. Such experi-
ments with DUF1127 members have rarely been done. The R. sphaeroides gene
RSP_6037 is essential, which might be due to its involvement in C1 metabolism and
oxidative stress response (34). Deletion of an SDP gene in B. abortus caused a defect in
fucose metabolism (24). While this phenotype was specific to one particular SDP in
Brucella, the SDP paralogs of Agrobacterium seem to have a redundant function,
because the peculiar growth behavior and other phenotypes required the deletion of
all three genes.

Our cumulative results indicate that the Agrobacterium SDPs play an astounding role
in various metabolic processes, in particular, phosphate and carbon utilization. Growth
curves suggest that the triple mutant fails to switch to alternative carbon sources in the
standard growth medium. Among the numerous changes in the transcriptome caused
by the absence of the three SDPs, we have selected four particularly interesting classes
of genes for further discussion (Fig. 12).
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(i) One of the most striking results is the permanent induction of the SoxBDAG/GlyA
pathway (Fig. S8), which is implicated in glycine/serine homeostasis and C1 metabolism
(Fig. 12). The tetrahydrofolate (THF)-dependent demethylation of sarcosine (N-
methylglycine) generates glycine and 5,10-methylene-THF (MTHF), which can either be
used to produce serine by GlyA or serve as methyl donor to other cellular compounds.
The reverse reaction from serine to glycine is the major source of C1 units in the cell
(80). Shifts in nutrient availability are known to provoke changes in amino acid
homeostasis, in particular, of serine, which is the precursor of numerous biomolecules
(80). In E. coli, the intracellular level of serine rises upon depletion of glucose as a carbon
source (81). If the cell does not counteract, a toxic intracellular level of serine can be
reached, because an excess of serine inhibits the synthesis of isoleucine and aromatic
amino acids (82, 83). Additionally, serine can be misincorporated into peptidoglycan
instead of alanine by MurC (84). This results in a destabilization of the cell wall and
causes elongated cells and cell lysis (81). The Agrobacterium SDP mutant showed some
morphological irregularities. Typically, cells get shorter when entering stationary
growth phase as a result of reductive division and dwarfing (85). The cell size of the ΔΔΔ
mutant did not decrease as much as that of the WT, and a fraction of the cells lysed
after 24 h of growth in YEB (Fig. S5), which suggests unbalanced cell envelope
biogenesis and/or cell division during the transition between growth phases. The
induction of GlpQ and UgpQ further points towards an imbalance in glycine/serine
homeostasis in the triple SDP mutant. These enzymes participate in phosphatidylcho-
line degradation (66, 67) and release choline, which is a precursor of glycine and serine
through glycine betaine and sarcosine. Inhibition of this conversion by elevated
osmolarity (86) might explain the impact of osmolarity on the growth defect of the ΔΔΔ
mutant.

(ii) Like the amino acid homeostasis genes described above, denitrification genes
were among the permanently overexpressed genes in the SDP mutant, which were
further induced in late exponential phase when the ΔΔΔ strain reached a higher OD
than the WT (Fig. S8 and Fig. 12). This induction probably reflects the increased need
of the mutant for terminal electron acceptors for respiration, which cannot be satisfied
by the available oxygen. A similar response was shown in E. coli when growing at high
rates (87).

(iii) The most massively induced genes in the ΔΔΔ strain in the transition phase from
exponential to stationary phase were genes for phosphorus acquisition systems. It is
possible that the mutant exhausted the available phosphorus from the medium earlier
than the WT and experienced starvation. Alternatively, changes in cell envelope bio-
synthesis might have induced the pho regulon. Interestingly, phosphorus limitation is
known to enhance surface attachment and biofilm formation in A. tumefaciens (88, 89).
This process is driven by the response regulator PhoB. The induction of the PhoB
regulon in the SDP mutant might thus explain the increased biofilm formation.

FIG 12 Summary of the most severe effects on gene expression in the A. tumefaciens triple SDP mutant.
For details, see the text. MTHF, (5,10-methylene)tetrahydrofolate; R-PO3

2�, phosphonate.
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(iv) With the exception of phosphate and phosphonate uptake systems, many ABC
transporters were downregulated in the SDP mutant, in particular, those for sugar
transporters. Several of them, for example, the substrate binding proteins FrcB
(Atu0063) and ChvE (Atu2348), are known to be under control of the sRNA AbcR1 (90).
For most others, neither the substrates nor the regulation is known. Cumulatively, the
massive rearrangement of the transcription profile in the SDP mutant shows that the
DUF1127 domain plays an important role in bacterial metabolism and nutrient acqui-
sition.

How can short arginine-rich proteins have such a profound effect on gene
expression? One of the most pressing open questions is how the absence of the three
SDPs in A. tumefaciens can result in the observed phenotypes and dramatic changes in
gene expression. The small proteins composed of only the DUF1127 domain with 47 or
48 aa are unlikely to have any enzymatic activity. They probably act through seques-
tration of intracellular biomolecules. The positive net charge due to the high arginine
content suggests anionic interaction partners, which could be lipids, DNA, RNA, or
proteins. The B. abortus DUF1127 proteins were found in the membrane fraction (24).
The interacting lipid species and the functional relevance of this localization is not
known. Other findings such as the influence on cuckoo RNAs suggest some interaction
of DUF1127 proteins with RNAs (34). This raises the question of if and how DUF1127
proteins recognize specific RNA sequences such as the cuckoo motif. Our finding that
the amount of the sRNA L5 was increased in the ΔΔΔ mutant at least in the early
growth phases might suggest that L5 is responsible for the growth defect and the
massively altered transcriptome. This, however, does not seem to be the case, since
deletion of the L5 gene did not cause any growth defect (data not shown). Other
preliminary data also show that the changes in the transcriptome of an L5 mutant
barely overlap the changes in the ΔΔΔ mutant, again indicating that the SDPs do not
act through the L5 sRNA. This certainly does not exclude the possibility that the
positively charged surfaces of DUF1127 proteins sequester certain RNAs and thereby
globally change their activity and/or stability.

Yet another option for a global impact on bacterial physiology would be the
interaction of DUF1127 proteins with cellular proteins. The SDPs could, for instance,
regulate sugar uptake in a manner similar to that of the 43-aa protein SgrT from E. coli,
which modulates the activity of the glucose-phosphotransferase system (91) or the
49-aa AcrZ protein, which modulates the multidrug efflux pump AcrB (92, 93). The
best-characterized example of a short protein with a global impact on protein function
and gene expression is the multipurpose protein PII (94). It is approximately 110 aa long
and one of the most widely distributed signal-transducing proteins in nature. The small
trimeric protein binds to intracellular metabolites and numerous proteins, among them,
metabolic enzymes, transporters, and transcription factors, and thereby controls carbon
and nitrogen metabolism. It is conceivable that the DUF1127 domain is an equally
versatile multitasking entity.

MATERIALS AND METHODS
Bacterial strains, plasmids, and media. Detailed lists of all bacterial strains and plasmids that were

used in this study are given in Table S1 and Table S2 in the supplemental material. All used oligonu-
cleotides and a description of how plasmids were constructed are listed in Table S3 and Table S4. The
composition of YEB medium was adapted from that described by Vervliet et al. (95); 1 mM MgSO4 was
used instead of 2 mM. The LB medium used in this study was composed of 0.5% (wt/vol) yeast extract,
1% (wt/vol) tryptone, and 1% (wt/vol) NaCl (96). AB minimal medium was composed of 0.4% (wt/vol)
morpholineethanesulfonic acid (MES), 0.2% (wt/vol) NH4Cl, 2.5 mM MgSO4, 2 mM KCl, 1.3 mM KH2PO4,
90 �M CaCl2, and 16.5 �M FeSO4. The pH was adjusted and the medium was autoclaved. Then, 1%
(wt/vol) sucrose was added from a sterile 10% (wt/vol) stock solution. If necessary, kanamycin was added
to a final concentration of 50 �g/ml. For solid media, 1.8% (wt/vol) agar was added.

Cultivation of bacteria. For growth curves, 200 ml YEB medium was inoculated with A. tumefaciens
in a 1,000-ml baffled flask to an OD of 0.1 and cells were grown at 30°C and at 180 rpm. To test expression
of the DUF1127 genes in A. tumefaciens under different stress conditions, cells were grown to an OD of
approximately 0.5, and then 25 ml of the subculture was transferred into a 100-ml flask and incubated
under the designated conditions. To test gene expression under virulence-induced conditions, cells were
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grown in AB medium (pH 5.5) for approximately 8 h. Then, 0.1 mM acetosyringone was added and cells
were incubated at 23°C and at 130 rpm for another 16 h.

Cell aggregation assay. A. tumefaciens was inoculated in 200 ml YEB to an OD of 0.1 and grown at
30°C and 180 rpm in baffled flasks for 24 h. Then, 5 ml of the culture was transferred into a six-well plate
and incubated at room temperature (RT) on a tilting laboratory shaker at a speed of approximately 30
turns per min for another 24 h. Photographs were taken at different time points.

Congo red and Fluorescent Brightener 28 plates. One liter of solid YEB was supplemented with
20 ml of a Congo red solution (0.2% [wt/vol] Congo red and 0.1% [wt/vol] Coomassie brilliant blue G) as
described in reference 97 and with 1 ml of a 2% Fluorescent Brightener 28 (alias calcofluor white) solution
(in dimethyl sulfoxide [DMSO]). Five microliters of bacterial cultures was spotted onto the plates and
incubated at 30°C for 4 days. UV light was used for visualization of Fluorescent Brightener 28-stained
bacteria.

Biofilm formation assay. The strains of interest were grown to an OD of approximately 1.5. All wells
of a six-well plate were filled with 3 ml bacterial suspension. Another six-well plate filled with sterile YEB
served as a blank control. All plates were incubated overnight at 30°C. Cells from one well were
resuspended to determine the relative cell number via the OD. The remaining five wells were supple-
mented with 300 �l of a 1% (wt/vol) crystal violet solution and incubated at RT for 15 min on a tilting
laboratory shaker at 30 turns per min. Then, the supernatant was discarded and the wells were washed
very carefully with 5 ml distilled water three times. After that, the plates were dried upside down for 10
to 30 min, and pictures were taken. The remaining stained cells then were resuspended in 3 ml of 30%
acetic acid. The plate filled with sterile YEB served as a blank for the photometric determination of
relative biofilm formation at an OD of 600 nm. Values were normalized according to the corresponding
relative cell number. The WT value was defined as 100%.

Seedling infection assay. The qualitative infection assay was done as described by Wu et al. (59).
Briefly, A. tumefaciens was transformed with the pBISN1 plasmid, which carries a �-glucuronidase gene
under the control of a plant-specific promoter between T-DNA borders. After coincubation with 3-day-
old A. thaliana seedlings, infected sites were stained with X-Gluc (5-bromo-4-chloro-1H-indol-3-yl-�-D-
glucopyranosiduronic acid).

Creation of markerless A. tumefaciens deletion mutants. A detailed scheme of the workflow was
described by Wilms et al. (98). Briefly, for the genomic region to be deleted, one DNA fragment upstream
and one fragment downstream were amplified via PCR. A length of approximately 300 bp was chosen.
The fragments were ligated to each other and cloned into the pK19mobsacB plasmid. A. tumefaciens was
transformed with the deletion plasmid via electroporation. Selection was achieved on solid LB supple-
mented with 50 �g/ml kanamycin. Due to the lack of a compatible oriV, the plasmid could only persist
in the strain by integration into the genome via homologous recombination. Retrieved transformants
were inoculated in 5 ml liquid LB containing 5% (wt/vol) sucrose and inoculated at 37°C for 6 to 8 h. Cells
then were applied on solid LB supplemented with 10% (wt/vol) sucrose to select for plasmid excision
mutants. Finally, kanamycin-sensitive clones were tested via PCR for successful deletion.

Isolation of total RNA from A. tumefaciens and Northern blot analysis. RNA isolation and
Northern blot analysis were performed as described by Wilms et al. (98). The primers that were used for
the synthesis of digoxigenin-labeled RNA probes by T7 RNA polymerase-based in vitro transcription are
listed in Table S4.

RNA-seq. A. tumefaciens WT and the triple deletion mutant were grown at 30°C in YEB medium.
Samples for RNA extraction were taken at ODs of 0.5 and 1.5 and after 24 h. Library preparation,
sequencing, and statistical evaluation were done by Novogene Co., Ltd. Sequencing was performed on
an Illumina NovaSeq 6000 platform.

Preparation and separation of protein samples via SDS-PAGE. Depending on the size of the
protein to be tested, SDS-PAGE was performed with either 12% (wt/vol) polyacrylamide (PAA) gels
according to the protocol by Laemmli (99) or 16.5% (wt/vol) PAA gels according to Schägger (100). The
protein-sample buffer (pH 6.8) was composed of 50 mM Tris, 10% (vol/vol) glycerol, 2% (wt/vol) SDS, 1%
(vol/vol) �-mercaptoethanol, and 0.1% (wt/vol) bromophenol blue.

Visualization of proteins by SDS-PAGE and Western blot analysis. For visualization of unspecific
proteins, gels were stained with 0.2% (wt/vol) Coomassie R-250 in 50% (vol/vol) methanol and 10%
(vol/vol) acetic acid for at least 30 min. Then, gels were washed with destaining solution (45% [vol/vol]
methanol, 10% [vol/vol] acetic acid) until the colorization of the protein bands reached the desired
intensity. For the detection of specific proteins, SDS-PAGE was followed by Western blotting and
immunodetection according to standard protocols (101, 102). Amersham Protran 0.1-�m NC membrane
with a pore size of 0.1 �m was used due the small size of some proteins that were blotted. For the
immunodetection of 3�FLAG-tagged proteins, an anti-FLAG primary antibody (retrieved from mouse)
from Sigma-Aldrich Inc. was used at a dilution of 1:4,000 as well as an anti-mouse antibody– horseradish
peroxidase (HRP) conjugate from Biozym Scientific GmbH at a dilution of 1:4,000.

Mass spectrometry sample preparation and measurements. Sample preparation and analysis by
mass spectrometry were performed as described by Cormann et al. with minor changes (103). Protein
samples were applied on a polyacrylamide gel and Coomassie stained as described above. Single bands
were excised and destained in 25 mM NH4HCO3 and 50% (vol/vol) acetonitrile. The pieces were dried in
acetonitrile, followed by an in-gel tryptic digest (0.125 �g trypsin in 25 mM NH4HCO3) overnight.
Peptides were eluted from the gel by addition of 1% (vol/vol) formic acid and 50% (vol/vol) acetonitrile.
After complete drying of the solution in a vacuum concentrator, samples were resuspended in solution
A (0.1% [vol/vol] formic acid, 2% [vol/vol] acetonitrile in water). Peptides were purified with a nanoAC-
QUITY UPLC Symmetry C18 Trap column from Waters GmbH (100-Å pore size, 5-�m particle size, 180 �m
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in diameter, 20 mm in length). The tryptic peptides were eluted from an ACQUITY UPLC BEH C18 column
from Waters GmbH (130-Å pore size, 1.7-�m particle size, 75 �m in diameter, 150 mm in length) at a flow
rate of 0.4 �l/min at 45°C in a discontinuous gradient of solution A to solution B (0.1% [vol/vol] formic
acid in acetonitrile) over 60 min (2% for 5 min, 5% for 5 min, 30% for 31 min, 85% for 5 min, 95% for 1 min,
2% for 13 min). The ultraperformance liquid chromatography (UPLC) systems were coupled to the mass
spectrometer via a SilicaTip emitter (30 �m) from New Objective Inc. Mass spectra were recorded at a
range of 300 to 2,000 m/z with a resolution of 240,000. Singly charged ions and ions with an unassigned
charge state were rejected from tandem mass spectrometry (MS/MS) spectra. Data analysis was
performed as described by Rexroth et al. (104). The corresponding database consisted of all
annotated proteins of A. tumefaciens C58 from NCBI to which L4 and common contaminants as
human keratin (105) were appended and the C terminus of Atu1667 was corrected. A false-discovery
rate of 1% was applied.

Statistical evaluation via t test. To determine significant differences between two sets of data, an
independent two-sample t test was used. Since this kind of test premises a t distribution of the data, an
Anderson-Darling test (106) was applied to ensure that a t distribution could not be excluded. Since, for
all compared data sets, different variances could be expected, Welch’s t test was applied (107). In all
cases, two-tailed tests with an alpha level of 5% were chosen.

In silico prediction of DUF1127 proteins. To find undiscovered DUF1127 genes in the genome of
A. tumefaciens, a de novo search for putative ORFs was performed covering all four replicons. Each DNA
sequence between two stop codons whose length could be divided by three was defined as a putative
ORF. The applied length cutoff was equal to the shortest annotated DUF1127 protein-encoding ORF (22
codons). Each newly extracted ORF then was translated into a protein sequence and searched via BLAST
against the InterPro-DP database. Further criteria were a maximum E value of 10E�20 and a minimum
identity of 75% to at least one annotated DP. Sequences with positive matches were checked against
annotated genes of A. tumefaciens by comparing the position of their stop codons. Finally, N termini were
adjusted to NCBI annotations if available.

Subdividing DUF1127 proteins. All DUF1127 proteins from the InterPro-DP database were divided
into three subclasses according to sequence similarity. The first group was composed of proteins with a
high similarity to L4, Atu1667, or Atu8161 from A. tumefaciens. The second group showed a strong
homology to YjiS from E. coli MG1655. The final group contained all remaining proteins that could not
be assigned to the previous two groups due to the chosen cutoff. Protein homology was determined
using the pairwise2.align.globalds function of Biopython (108). Since a close homology could be
expected within this protein family, a PAM120 matrix was chosen. Each gap in the alignment received
a penalty of �10, and each gap extend was penalized with �0.5. To assign a protein to a specific group,
a minimum score of 75 was premised.

Data availability. RNA-seq data are available at the Gene Expression Omnibus (GEO) database under
accession number GSE150941.
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