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Abstract

For agricultural purposes, drought related stresses negatively
affect the Rhizobiaceae in at least three ways. Firstly,
rhizobial populations are affected by desertification of
agricultural soils. Secondly, the quality of dry-base inocula,
also called formula, is negatively affected by a drying step,
and thirdly, rhizosphere bacteria protect crop-plants against
drought. Although survival of cultivatable bacteria has been
studied intensively in dry-base seed inocula and in-vitro, thus
far research has only marginally addressed the bacterial cell,
its cellular structures and physiology. Many questions remain
regarding the sensing of and physiological response of rhizobia
to desiccation. This review will focus on the three different
fractions of cells after desiccation, the membrane compromised
cells, the viable but not culturable cells and the culturable

cells.
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Introduction and Discussion
According to Veron et al. [2006], 40% of the world’s surface is
threatened by desertification related problems, and consequently
the degradation of soil quality due to drought and salinity.
Drought and salinity are considered the most important abiotic
Stresses in many areas in the world, and it is estimated that 1
billion people worldwide populate these lands. Of particular
importance to the agricultural industry is the impact of these
harsh environmental conditions on the soil-borne endogenous
group of proteobacteria, the rhizobia [Zahran, 1999; Fierer et
al., 2003; Griffiths et al., 2003; Dardanelli et al., 2012).
The Rhizobiaceae is a bacterial family of enormous
agricultural importance due to their ability to fix atmospheric
nitrogen in an intimate relationship with plants in root or stem
nodules enhancing growth under nitrogen limiting conditions.
This relationship is negatively impacted by drought related
stresses [Jones et al., 2009; Zahran, 1999]. In addition, these
bacteria can also improve drought tolerance of agricultural
crops [Grover et al., 2011; Zahran, 2010; Dodd and Perez-
Alfocea, 2012; Bianco and Defez, 2009]. To make optimal use of
the process of nitrogen fixation, seed inoculation companies
apply Rhizobium strains to the seed surface that are selected
for their ability to efficiently colonize the rhizosphere and

fix nitrogen. Unfortunately, many inoculants remain unreliable



97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

because of the inability of bacterial cells to persist under
adverse conditions, negatively affecting colony-forming units
(CFU) of added rhizobia [Kosanke et al., 1992; Deaker et al.,
2004; Catroux et al., 2001; Smith, 1992; Bullard et al., 2004;
Herridge, 2007]. Furthermore, Ilyas and Bano [2012] provided a
nine-point list of characteristics that Plant Growth Promoting
Rhizobacteria [PGPR] should have for successful dry-base
formulation development. This list includes desiccation
resistance.

The ability of selected strains to survive desiccation
depends on many factors, for example, the drying method used,
such as forced-drying using vacuum versus air-drying, the media
used, the speed and severity of drying, the extent and speed of
rehydration, the growth-phase, the drying temperature, the
availability of solutes and the carrier material [Vriezen et
al., 2006; 2007]. In addition, intragenic differences to cope
with desiccation stress affect survival. For example, slow
growers tend to be more desiccation resistant than fast-growers
[Zahran, 2001]. These data suggest that no single trait affects
the ability of rhizobia to survive desiccation but that several
mechanisms are likely responsible [Vriezen et al., 2006; 2007;
2013].

In a review by Vriezen et al. [2007], the authors provided

a hypothetical model for the response of rhizobia to desiccation
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(Figure 1) . The model includes two not mutually exclusive
physiological responses. Upon drying, rhizobia sense the
consequences of drying, which may be the lowering of
wateractivity (A,), accumulation of solutes and concentration of
enzymes. Thus far it remains unclear how desiccation is sensed
and resistance is mediated [Vriezen et al., 2005; 2007; Hirsh,
2010) . The response likely includes the accumulation of
osmoprotectants and compatible solutes known to increase
desiccation survival. For example, trehalose increases the
ability to survive desiccation [McIntyre et al., 2007]. Also
heat shock protein (HSP) and chaperones and reactive oxygen
species (ROS) scavenging enzymes accumulate [Feng et al., 2002;
Cytryn et al., 2007]. In contrast, when cells are desiccated,
cells are not active, thus damage accumulates due to the
inability to repair those. Consequently, upon rewetting and
regaining of metabolism cells get the opportunity to repair
damage accumulated during storage or that acutely appears upon
rewetting. These damages include damage to DNA, damage to
membranes and the cell wall [Humann et al., 2009; Potts, 1994;
Leslie et al., 1995; Vriezen et al., 2012; Salema et al., 1982;

Bushby and Marshall, 1977R].

Figure 1: Model representing two hypothetical pathways for

responses of rhizobia to desiccation stress and desiccation-
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induced damages.

Although improvement of long-term survival and seed inocula
storage time has been the focus of desiccation research,
relatively little work has focused primarily on the bacterial
cell. Most, if not all, research only used culturability as a
measure to estimate survival consequently marginalizing often
the vast majority of cells not forming colonies. But what is the
fate of the cells not forming colonies? Recently, Vriezen et al.
[2012] described the appearance of Viable But Not-Culturable
(VBNC) Sinorhizobium meliloti cells upon desiccation and
resuscitation. Because a major target for desiccation stress are
the cell membranes, they hypothesized that cells, which lost the
ability to form colonies, have compromised cell membranes
[Potts, 1994; Leslie et al., 1995]. Thus, it was expected that
all cells not forming colonies were membrane compromised. To
test this, Vriezen et al. [2012] applied the live/dead stain to
cells after desiccation. This stain uses two dyes, syto-9 and
propidium iodide, which differ in their ability to cross the
cytoplasmic membrane. Syto-9 can always cross the membrane and
stains all cells green. However, propidium iodide can only cross
the membrane when the permeability is increased and staining the
cell red. These red cells are dead. When this stain was used on

rhizobial cells prior to and after drying, unexpected results
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were obtained. The data presented in figure 2 shows that two
staining methods (crystal violet and live/dead) yielded the same
results prior to drying, after three days at 100% RH and after
three days at 22% RH. The increase in countable cells at 100% RH
conforms to what one expects since an increase in colony forming
units was observed over three days at 100% RH in previous
studies [Vriezen et al., 2006]. However, a change in the
fraction of red (dead) and green (living cells) was observed.
Prior to drying, the red fraction of cells was very low
(4.440.5%) and increased substantially during desiccation to
56.9410.6%. During this process, culturability decreased to
3.1%. If it is assumed that the colony forming cells are a
fraction of the viable cells, we can only conclude that many
cells are alive but are not able to form colonies and are in a
VBNC state. This VBNC state exists in many microorganisms,
including rhizobia [Manahan and Steck, 1997; Alexander et al.,
1999; Basaglia et al., 2007; Rasanen et al., 2001; Vriezen et
al., 2012; Catroux et al., 2001]. The induction of this
physiological state by desiccation is a novel and very relevant
observation since only cells able to form colonies can infect
plants, as reported for strain S. meliloti 41 [Basaglia et al.,
2007]. The term VBNC applies directly to the observations
presented in Figure 2: Cells of Sinorhizobium meliloti 1021,

that were rehydrated after desiccation, can be divided into
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three different fractions of cells after desiccation, the
membrane compromised- (MC), the viable but not culturable-
(VBNC), and the culturable cells (colony forming units, or CFU)
and correspond to fraction III, II and I in Vriezen et al.

[2012] respectively.

Figure 2: Survival and recovery of S. meliloti cells after

drying and rewetting.

The Membrane Compromised (MC) fraction

Fraction III: That cell membranes are a target for desiccation

is not novel, however, the extent to which desiccation
compromises membranes in Sinorhizobium meliloti 1021 is
unexpected. In the aforementioned study, 56.9+10.6% of cells
stain red and have lost membrane integrity, indicating that of
the very substantial number of cells not forming colonies (100%-
3.1%=96.9%), 59% of this fraction have non-functional membranes.
Thus, the loss of membrane integrity is the main cause of death
for Sinorhizobium meliloti 1021. Vriezen et al. [2012]
hypothesized that this desiccation-induced loss of membrane
integrity can be explained by changes in phase transition of
phospholipid membranes, due to the removal of water affecting
the phospholipid head spacing and due to rehydration and the

consequent breakage of the cell wall. Furthermore, lipid
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peroxidation and Fe®" catalyzed oxidation also lead to the loss
of structure of the membranes when cells are not able to repair
damages [Deaker et al., 2004; Potts, 1994]. Under normal wetted
conditions, membranes are in the liquid crystalline phase
(Figure 3A). Upon the extraction of water, phase transition
occurs leading to the gel-phase of the membrane. Upon rewetting,
phase transition occurs again, leading to leakage of cell
constituents from the cell and to the loss of membrane integrity
and cell death.

Phase transition can be followed using Fourier
Transformation Infra Red [FTIR, Leslie et al., 1995]
spectroscopy in which the vibration frequency of the
phospholipid head groups is measured (Figure 3B). Upon
decreasing temperatures, this frequency decreases indicating
membrane transition. The temperature at which this transition
occurs is the midpoint temperature. Interestingly, if ambient
temperature is higher than the membrane midpoint temperature, no
phase transition occurs upon drying and rewetting, reducing cell
death. However, when drying takes place at an ambient
temperature below the midpoint temperature, cell death due to
membrane transition is increased. A consequence of a change in
membrane midpoint temperature can be seen in the change in
vibration frequency (Figure 3B). When the midpoint temperature

is lowered one expects the temperature at which phase transition
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occurs to be lower resulting in a wider window of ambient
temperatures higher then the midpoint temperature, increasing
survival. Survival data indicates that this is what happens
after desiccation of Sinorhizobium meliloti 1021. An increase in
viability was observed with increasing temperature with a
maximum at 37°C indicating that this process may underlie the

observations [Vriezen et al., 2006].

Figure 3: Membrane properties.

The structural adaptations to membrane phospholipids that
affect fluidity and midpoint temperature are the following: Non-
reducing sugars such as trehalose stabilize the phospholipid
head spacing of the membranes, leading to a decrease of the
membrane midpoint temperature and increased survival even at
lower ambient temperature (Figure 3A&B). Also longer fatty acids
decrease fluidity leading to an increase in the midpoint
temperature. Furthermore, an increase in cis-bonding, thus an
increase in unsaturation leads to an increased fluidity, thus a
lower midpoint temperature [Leslie et al., 1995]. Therefore, a
decrease in the unsaturated/saturated (u/s) ratio of membrane
phospholipids leads to a lower fluidity and a higher midpoint
temperature. Boumahdi et al. [1999] studied survival after

desiccation of S. meliloti, B. japonicum and B. elkanii in
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relation to growth-phase and the fatty acid u/s ratio. Even
though differences in u/s were found depending on the growth-
phase, these differences did not correlate with the ability to
survive desiccation at many RH’s (3-83.5% RH) except under the
following conditions: In B. elkanii, an increase in saturation
lead to a decrease in desiccation survival at 67.8% RH at 30°C,
and in B. japonicum, the same was seen at 3% and 22%RH. While
the expected correlations were seen in Bradyrhizobia under
certain conditions, this was not seen in S. meliloti RCR2011. In
another publication by Boumahdi et al. [2001], growth at
decreased water activities (A,) affected the u/s ratio in S.
meliloti 2011, B. elkanii and B. japonicum. This effect was
strongest in B. elkanii. Surprisingly though, with decreasing A,
a decrease 1n u/s ratio was found, counter intuitive to what one
would expect in order to survive water-stress with the membrane
as major target. Why these correlations were not observed across
the range of A,’s, RH’s, strains and growth-phases tested is
unclear. However, it indicates that other mechanism underlie
these phenomena.

In addition to the responses described above,
hypothetically, an increase in the concentration of hopanoids
should increase fluidity and lower the midpoint temperature.
Hopanoids are the prokaryotic equivalent of cholesterol in

eukaryotes [Kannenberg et al., 1999; Kannenberg et al., 1995].
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Their function remains unknown, however, their presence in
membranes leads to reduced permeability and increased order of
membranes above the midpoint temperature at which molecular
disorder threatens membrane stability. These aliphatic compounds
have also been identified in Rhizobium but to our knowledge have

not yet been studied in relation to desiccation survival.

The Viable But Non-Culturable (VBNC) fraction

Fraction II: The second most important fraction in a culture of

cells after desiccation are the VBNC cells. Many environmental
factors have been identified inducing a VBNC state in bacteria,
such as temperature stress, osmotic upshift and oxygen stress,
tap water and the VBNC inducing component copper in A.
tumefaciens and R. leguminosarum [Oliver, 2005; R&sanen et al.,
2001; Manahan and Steck, 1997; Alexander et al., 1999]. Also
desiccation can induce a VBNC state in E. cloacae and S.
meliloti [Pederson and Jacobsen, 1993; Vriezen et al., 2012].
This VBNC fraction can be divided into two sub fractions, those
cells for which VBNC is reversible and can be resuscitated
(temporarily non-culturable), and those for whom VBNC is a
permanent state (permanently non-culturable) (Maraha, 2007). In
a paper by Hammes et al. [2011], the authors named these two
fractions “Potentially reversible, starved or injured” and

“Irreversible, or dying/dead”. The demarcation of these two
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fractions is a hard to assess amount of DNA- and protein-
damage. It remains unclear which level of damage leads to death
or the inability to resuscitate.

Several researchers have attempted to understand the
conditions modulating the culturability of bacteria. Barry et
al. [1956] noted that autoclaving media leads to an increase in
H,0, decreasing CFU’s. The addition of sodium pyruvate and
catalase to the medium can increase resuscitation in many
organisms [Mizunoe et al. 1999; Imazaki and Nakaho, 2009].
However, this approach proved unsuccessful in S. meliloti 1021
and 41 [Basaglia et al., 2007; Vriezen et al., 2012]. It appears
that all desiccation and O, limitation induced VBNC cells are in
a permanent state of non-culturability under the conditions
tested [Basaglia et al., 2007; Toffanin et al., 2000]. In
contrast, a very slow supply of oxygen appeared to resuscitate
some cells [Basaglia et al., 2007]. These results indicate that
resuscitation from the VBNC state differs between E. coli and
Rhizobium, even though 0O, damage may occur in both cases.

One explanation for the occurrence of desiccation induced
rhizobial VBNC cells is that these cells are without a
functional template for the replication of DNA but have intact
membranes. DNA is a major target of desiccation in
microorganisms inducing double strand breaks in E.coli and D.

radiodurans [Asada et al., 1979; Mattimore and Battista, 19906].
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In support of this hypothesis are the observations by Humann et
al. [2009], whom isolated a desiccation sensitive Sinorhizobium
mutant with a Tnb insertion in its uvrC locus which is involved
in DNA repair. Therefore, the inability to repair desiccation
induced DNA damage leads to a decrease in CFU’s and likely to an
increase in VBNC cells in rhizobia.

To identify additional physiological responses potentially
involved in the VBNC state of rhizobia, we consulted three
studies addressing the physiological responses of the VBNC state
in Pseudomonas and E. coli, both proteobacteria. The proteins
identified in these three studies are summarized in Table 1
[Maraha, 2007; Asakura et al., 2008; Muela et al., 2008].
Several loci, OmpW, HisJ and ProX were found in both
proteobacteria in more than one study. Surprisingly, OmpW, found
strongly expressed in VBNC cells in several microorganisms and
studies, could not be identified in S. meliloti. Actually, only
HisJ has significant identity in S. meliloti 1021 (>95% of the
query sequence, and >30% Identity). Using the same criteria,
five more loci were identified and are DdpA, TpiA, LeuD, OppA,
and EF-TU, which, together with HisJ are the first set of S.
meliloti candidate loci affecting the VBNC state. Interestingly,
neither the loci identified by Humann et al. [2009], nor those
involved in trehalose metabolism [Reina-Bueno et al., 2012;

McIntyre et al., 2007; Flechard et al., 2010], nor loci
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responsive upon desiccation [Cytryn et al., 2007] were
identified, indicating that DdpA, TpiA, LeuD, OppA, and EF-TU
represent a novel set of candidate loci for the rhizobial VBNC

state.

Table 1: Candidate loci in S. meliloti 1021 potentially involved

in the VBNC state.

How do these observations relate to Rhizobia?
Identification of the proteins mentioned above indicates that
damage to amino acid metabolism and protein synthesis, which may
result in permanent VBNC cells in Rhizobium. For example,
Asakura et al. [2008] showed that HisJ, LeuD and OppA were
increased in a oxidative- and osmo tolerant E. coli strain,
while TpiA was decreased compared to a oxidative- and osmo
sensitive E.coli strain after passing through the GI track. This
would indicate that strains not sensitive to oxygenic stress,
thus “WBNC resistant”, have increased expression of HisJ, LeuD
and OppA. In Muela et al. [2008], EF-TU (TufA, involved in
recruiting charged tRNA to the a-site on the rhibosome) was
found expressed in the VBNC state in phosphate buffered saline
(PBS) . According to Barcina and Arana [2008], this conforms to
the findings by Kong et al. [2004] in Vibrio vulnificus and

Asakura et al. [2007] in E. coli. Hydrogen peroxide sensitive
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Vibrio cells, having lost catalase activity, are entering the
VBNC state and have increased OmpW and TufA levels.

The hypothesis stated above is further supported by the
identification of relA mutants with a desiccation sensitive
phenotype by Humann et al., [2009]. RelA (stringent response) is
stimulated by aminotriazole (AT), a histidine analog inducing
histidine starvation [Wells and Long, 2002; Kroll and Becker,
2011]. Histidine starvation induces relA and therefore the
stringent response. HisJ mutants potentially induce histidine
starvation, thus these findings support the hypothesis that VBNC
cells are affected in amino acid metabolism and translation. A
substantial part of the permanently non-culturable rhizobial
cells after desiccation may thus be irreversible VBNC, or

dying/dead due to substantial amounts of DNA and protein damage.

The Culturable Fraction (CFU)

Fraction 1: The CFU fraction is the smallest of the three

recognized fractions of rewetted Sinorhizobium meliloti 1021

after desiccation. This fraction is so small [3.1%, Vriezen et
al., 2012] that it falls within the error of measurement of the
MC fraction (+10.6%). Thus, even a doubling in the fraction of
culturable cells would not be reflected in a significant change

in dead and living cells. Even though, it is the culturable

fraction that counts in formulations of rhizobia since non-
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growing but living cells do not contribute to nodule formation
[Basaglia et al., 2007]. Therefore, understanding the conditions
and cellular responses increasing this fraction remain of
crucial importance. Even though no data exist on how osmotic
stress and temperature affect the appearance of VBNC and MC
fractions, more is known about these conditions in relation to

desiccation survival.

Effect of osmotic and salt stress

In a review by Vriezen et al. [2007], the authors hypothesized
about the effect of NaCl stress on the ability of S. meliloti to
survive desiccation. Exposure to NaCl during drying may increase
the ability to survive desiccation even considering that salt
stresses, osmotic stresses and desiccation stress are very
different in essence. Osmotic stress is the abundance of
solutes, salt stresses, and of (non-) toxic ionic compounds,
while desiccation stress results from the lack of water. The
reason for the hypothesis is the available data indicating an
overlap in response between the stresses reviewed by Vriezen et
al. [2007]. The conclusions were that (i) chloride stress
induces a response in combination with nutrients from the media
that lead to an increase in survival, (ii) the response is
strain specific and (iii) the increase in CFU during NaCl

mediated desiccation is physiological in origin. Even though the
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response of S. meliloti to NaCl does increase CFU after
desiccation, it does only exclude some aforementioned stresses
from inducing these physiological responses. However, in their
review Vriezen et al. [2007] argued that screening for loci
responsive to NaCl stress would select for loci potentially
involved in survival during desiccation. In support of this are
the findings by Streeter [2007] that NaCl increases
intracellular trehalose content in Bradyrhizobium japonicum, and
the finding by Humann et al. [2009], who showed that a rpoE2
mutant was sensitive to desiccation. RpoE2 is a response
regulator for envelop-stress. The hypothesis is further
supported with the identification of the S. meliloti 1021 mutant
with a Tnb5luxAB transcriptional fusion inserted in a NaCl
inducible putative Open Reading Frame (ORF, ngg) sensitive to
survival during desiccation [Vriezen et al., 2005; 2013]. Ngg is
responsive to NaCl stress and also affects the ability of S.
meliloti 1021 to survive desiccation.

Which NaCl mediated responses affect survival during
desiccation? We address four potential responses. Firstly,
although certain compatible solutes and osmoprotectants
accumulate during NaCl and osmotic stress and have a positive
effect on the survival during desiccation of Rhizobium, others
have not. For example, in rhizobia, the recently identified NaCl

induced loci asnO and ngg involved in the production of the
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dipeptide NAGGN show differential responses to desiccation
[Vriezen et al. 2005; 2013; Sagot et al., 2010]. A Tnb5IluxAB
insertion in locus asnO does not lead to a decrease in survival
during desiccation, while an insertion in locus ngg does. This
indicates that NAGGN accumulation as a response to NaCl stress,
does not affect the ability to survive desiccation since both
loci are involved in the synthesis of NAGGN. In contrast,
compatible solutes like sucrose and trehalose are known to
affect survival by their stabilizing abilities of the cell
membrane. Trehalose accumulates in osmo-stressed rhizobia and
provides protection against desiccation by maintaining membrane
integrity during drying and rewetting. Its presence may explain
the increase in desiccation survival during the stationary phase
and when rhizobial cells are exposed to NaCl [Welsh and Herbert,
1999; Breedveld et al., 1990; 1993; Streeter et al., 2003;
Leslie et al., 1995; Potts, 1994; Reina-Bueno et al., 2012;
McIntyre et al., 2007; Flechard et al., 2010]. Gouffi et al.
[1995; 1998; 1999; 2000] found that trehalose and sucrose are
synthesized de novo during exponential growth. Uptake mechanisms
in rhizobia were also described; an agl operon for
trehalose/maltose and sucrose uptake (smb03060-03065) was
identified by Willis and Walker [1999] and Jensen et al. [2002]
identified an alternative trehalose/maltose/sucrose operon (thu,

smb20324-20330) . Dominique-Ferreras et al. [2006] showed that
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the thu operon is upregulated during an osmotic upshift and the
importance of the osmotic stress responsive loci otsA and treS
in trehalose accumulation. McIntyre et al. [2007] showed that
otsA provides resistance to desiccation. Interestingly,
trehalose synthesis genes (otsAB and treS) are increasingly
expressed during drying of Bradyrhizobium japonicum [Cytryn et
al., 2007] and Sugawara et al. [2010] shows that treS and treY
mutants of this organism have lower survival rates after
desiccation.

Wei et al. [2004] and Miller-Williams et al. [2006] also
identified Sinorhizobium mutants unable to grow at increased
NaCl concentrations. The mutations causing these phenotypes were
traced to genes involved in the central metabolism, such as
elongation factors, chaperones and cell division proteins. Also
genes for DNA ligases were higher expressed as well as a
putative DNA polymerase, an invertase and a ribonuclease. These
observations are most interesting considering VBNC cells may not
be able to resume growth after exposure to desiccation
conditions due to extensive DNA damage. If these responses
affect desiccation resistance or the appearance of desiccation
induced VBNC cells in Rhizobium remains to be seen.

Polysaccharides are of interest with respect to desiccation
since adaptations of the polysaccharide composition have been

observed for S. meliloti undergoing osmotic stress and are known
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to affect survival during dry conditions [Breedveld et al.,
1991; Llorett et al., 1998; Chenu, 1993]. Vanderlinden et al.
[2011] identified a R. leguminosarum Tnb mutant in which
exopolysaccharide (EPS) production positively correlates with
desiccation resistance. The open reading frame mutated is
RL2975, however, a similar ORF does not exist in S. meliloti.
The mutant was not sensitive to hyperosmotic stress, nor
sensitive to detergents, suggesting the outer membrane was not
affected. However, it is naive to consider polysaccharides a
panacea to all desiccation related issues. Vriezen et al. [2007]
evaluated many reasons why this is not the case and gave
examples of studies resulting in contradictory observations. For
example, a decrease in survival of colony forming rhizobia was
observed upon the addition of polysaccharides when dried at a RH
> 3%, but an increase in survival at 3% relative humidity [Mary
et al., 1986]. Polysaccharide-producing variants of Rizobium
trifolii in sandy soil and under fast drying conditions showed
no consistent improvement in survival [Bushby et al., 1977A].
Osa-Afiana and Alexander [1982] showed that, when dried slowly
in Collamer silt loam, the production of EPS decreases survival
during desiccation of Bradyrhizobium japonicum strains, even
though polysaccharides did increase survival of R. trifolii 412
in a Lima silt loam [Pena-Cabrialis and Alexander, 1979]. The

reason for these apparent contradictions is likely due to the
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complexity of- and ambient conditions during- desiccation. A
polysaccharide may provide protection under one condition while
is detrimental under other conditions. The mechanisms by which
polysaccharides provide protection are not clear and specific
properties of polysaccharides have different effects on a
microorganism’s ability to survive desiccation. Four of these
properties are (i) buffering against changes in water content,
(ii) exclusion of toxic compounds, such as Cl and O, (iii) the
final water content of polysaccharides under ambient conditions,
and (iv) the effect of hysteresis in the water retention
isoterms of polysaccharides [Potts, 1994; Rinaudo, 2004; Chenu,
1993].

Existing data on the environmental conditions affecting
polysaccharide production show that an increase in osmotic
pressure results in enhanced production of high molecular weight
(HMW) succinoglycan over low molecular weight (LMW)
succinoglycan [Breedveld et al., 1991] and that the expression
of genes involved in EPSI production are up-regulated during
salt stress [Ruberg et al., 2003, Jofre and Becker 2009]. These
observations suggest that in S. meliloti NaCl-dependent EPS
production leads to the production of HMW succinoglycan,
resulting in an increase in CFU’s after desiccation. In
addition, structural changes under the influence of osmotic- and

salt stress have also been reported for lipopolysaccharides
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(LPS) [Bhattacharya and Das, 2003; Llorett et al., 1995].
Interestingly, Llorett et al. [1995] found a different LPS
content in EFB1l cells grown on different salts, while
polyethylene glycol (PEG) 200, which causes only osmotic stress,
does not induce such a change. These differential responses may
correlate with the differences in survival during desiccation
when exposed to several different salts and argue for a
potential role of LPS in survival during desiccation [Vriezen et
al., 2006]. Indeed, Vanderlinden et al. (2010; 2011; 2012)
showed that a mutation in the fabFl and fabF2 gene in R.
leguminosarum, involved in LPS formation increased sensitivity
to desiccation and osmotic stress. Thus, structurally intact LPS
are important in protecting R. leguminosarum cells against
desiccation.

Vriezen et al. [2007] hypothesized that enzymes involved in
the production of HMW succinoglycan would positively affect
CFU’s. For example, mutations in S. meliloti ExoP (Smb21506) was
found to block polymerization of EPS1, and ExoQ (Smb20944) is
required for the production of HMW succinoglycan [Gonzales et
al., 1998; Jofre and Becker, 2009]. In support of this
theoretical consideration was the ~5 fold induction of exoP in
desiccated Bradyrhizobium japonicum [Cytryn et al., 2007].
Interestingly, in S. meliloti depolymerization of HMW leads to

the production of LMW succinoglycan, which is ExoK (Smb20955)
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and ExsH (Smb20932) mediated [York and Walker, 1998]. However,
Cytryn et al. [2007] did not find these genes in their induction
studies.

Lastly, Cytryn et al. [2007] found an upregulation of
glycogen synthase (glgA) during desiccation. Glycogen may assist
in restoring cell volume after osmotic shock [Han et al., 2005].
The glgA2, glgB2 and glgX genes involved in glycogen metabolism
(smb20704, smb21447, smb21446 respectively), are higher
expressed during exposure to osmotic stress and may have a role

in desiccation survival.

The impact of temperature

Theoretically, temperature is involved in survival during
desiccation through the phase change of membranes during drying
and rewetting leading to the loss of membrane integrity (Leslie
et al., 1995). The logical consequences of this process would be
that an increase in drying temperature prevents membrane
transition. Vriezen et al. [2006] and this manuscript (Figure 4)
found a positive correlation between survival and temperature
with an optimum at 37°C. This indicates a potential physiological
response to temperature affecting survival after desiccation.

Vriezen et al. [2007] reviewed the conditions in soil and
seed inocula and concluded they do not support the in vitro

observations, because many different researchers obtained
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contradictory results. They concluded that at least one
additional factor must exist applying an unknown, yet overruling
Stress to dry cells. For example, (i) dry seed inocula have a
water activity of 0.45-0.6 thus still contain a relatively high
amount of water [Smith, 1992; Deaker et al., 2004]1. (ii)
Isolated rhizobia show large differences in their ability to
respond- and adapt to life at high temperature which is not
necessarily linked to their ability to survive desiccation
[Trotman and Weaver, 1995]. Therefor, heat-tolerant strains may
not have an increased ability to survive desiccation, unless
temperature, rather than drought, is the superimposed stress.
However, the identification of a Azorhizobium sesbania Tnb
mutant sensitive to drought and temperature reveals a genetic
basis for this response in some strains [Rehman and Nautiyal,
2002]. In addition, Reina-Bueno et al. [2012] identified an otsA
mutant of R. etli which was affected by drying, but also lost
the response to temperature.

The molecular responses to stress in Rhizobia were recently
reviewed by Alexandre and Oliveira [2012] and include heat
inducible small heat shock proteins (HSP) [Ono et al. 2001;
Munchbach et al., 1999], the heat shock proteins DnaKJ, GroESL
and GroEL [Minder et al. 1997; Rodrigues et al. 2006; Rodriquez-
Quinones, 2005; Fisher et al., 1993], transcriptional regulation

by RpoH (Narberhaus et al. 2005; Ono et al., 2001), and EPS and
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LPS [Nandal et al., 2005]. Potential sensing mechanisms involve
cis-acting ROSE elements or RNA thermometers [Waldminghaus et
al., 2005; Narberhaus et al. 2005; Nocker et al. 2001], and
thermo- induced changes in DNA structure and nucleoid associated
proteins [Shapiro and Cowen, 2012; Steinman and Dersch, 2013].
However, no papers were found on rhizobial thermosensing by
responding to changes in cell membranes.

Several of the aforementioned mechanisms may affect
survival of rhizobia after desiccation [Cytryn et al., 2007].
These authors showed an increase in expression of groESL-related
chaperones, indicating a potential involvement of these genes in
survival during desiccation in Bradyrhizobium japonicum. It is
likely that similar mechanisms exist in Sinorhizobium meliloti.
Furthermore, Dominguez-Ferreras et al. [2006] identified several
loci responsive to an increase in osmotic and salinity stress
also associated with the temperature response. Most
interestingly, RpoE2 (Smc01506), affecting survival during
desiccation, also controls 44 genes involved in the heat-shock
response [Humann et al., 2009; Sauviac et al., 2007]. Therefore,
RpoE2 may regulate the part of the osmotic and temperature
response also affecting its ability to survive and grow after

desiccation.



28

649 NaCl and temperature: An interconnected response to desiccation?

650 Intellectually it makes sense that microorganisms respond to an
651 increase of solutes or to temperature in order to respond to

652 desiccation. However, how likely is to have a molecular junction
653 of a NaCl inducible gene that, when knocked out, leads to

654 temperature dependent desiccation sensitivity? In addition to
655 some NaCl induced loci described earlier, locus smb01590, found
656 Dby Vriezen et al. [2013], also affects survival during

657 desiccation (Figure 4). Interestingly, the ability of the mutant
658 carrying a TnbluxAB insertion in ORF smc01590 (Sce-1) to survive
659 desiccation is better, albeit not significant (P=0.22), than

660 that of the reference strain at 4°C. While survival of the

661 reference strain increases with increasing temperature, survival
662 of Sce-1 is decreasing with increasing temperature leading to a
663 much better survival of the reference strain at 37°C. There are
664 at least two different not mutually exclusive explanations for
665 the observation. Firstly, this observation suggests the

666 involvement of the membrane in this process, since the reference
667 strain does respond exactly as explained above: If ambient

668 temperature is higher than the membrane midpoint temperature, no
669 phase transition occurs, reducing cell death and increasing

670 culturability. When drying takes place at an ambient temperature
671 below the midpoint temperature, cell death due to membrane

672 transition 1s increased.
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Figure 4: Survival after desiccation of S. meliloti 1021 and

Sce-1.

In mutant Sce-1, it appears that the inability to correctly
adjust the membrane midpoint temperature at increased
temperature leads to the opposite effect. At 4°C, cell death in
the reference strain and the mutant strain is comparable. The
reference strain can respond to increases in temperature leading
to increased survival. At 4°C, both strains experience an ambient
temperature lower than the membrane midpoint temperature leading
to similar survival rates. However, at increased temperatures,
the reference strain experiences an ambient temperature
comparable or higher than the midpoint temperature, which
increases survival. Due to the inability to lower the midpoint
temperature, the Sce-1 mutant still experiences an ambient
temperature lower than the midpoint temperature, leading to a
reduced survival compared to the reference strain.

Alternatively, a defect in the temperature response in
strain Sce-1 potentially leads to reduced survival rate with
increasing temperature. The lack of the production of heat shock
proteins and chaperones may explain this phenomenon. The

postulated non-exclusivity of the two hypothetical explanations



696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

30

allows that one of the responses to NaCl is the decrease of the
midpoint temperature.

Interestingly, prodomain analysis of the aminoacid sequence
indicates that Smc01590 encodes a 210AA peptide with a leader
peptide targeting the cytoplasmic membrane. Smc01590 also
contains an SH2/SH3 domain. SH3 domains are called Molecular
Velcro [Morton and Campbel, 1994] due to their ability to form
strong bonds with other proteins by targeting proline rich
areas, which are also found in the sequence. Its location and
these domain/motif interactions suggest that Smc01590 can form
membrane located proteinaceous structures stabilizing the
membrane. Prodomain also predicts several cytoplasmic kinase
sites, which are commonly involved in signal transduction
directly or indirectly involved in sensing- and maintaining
membrane stability. Thus, it appears that Smc01590 is
potentially a sensor in a signal transduction pathway, in which
changes in membrane fluidity due to temperature and osmotic
pressure lead to the expression of downstream loci involved in
the lowering of the membrane midpoint temperature. This protein
and its locus are not under RpoE2 control, and may be part of a

novel signaling network.
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Figure legends

Figure 1

Model representing two hypothetical pathways for responses of
rhizobia to desiccation stress and desiccation-induced damages.
The “preceding-storage induction” pathway (A) implies a response
to water, osmotic, or salt stress, and the “post-storage
induction” pathway (B) implies a response to the desiccation-
induced damages upon rewetting. Reprinted with permission from

Vriezen et al. [2007].

Figure 2

Survival and recovery of S. meliloti cells after drying and
rewetting. Quantitative recovery of cells (direct count) after
three days of storage under 100% or 22% RH on nitrocellulose
filters (white bar = cristal violet, light grey bar = Live/dead,
dark grey bar = %red, black bar = %$green). All error bars
represent the SEM. Reprinted with permission from Vriezen et al.

[2012].

Figure 3
Membrane properties: (A) Phase transition from liquid
crystalline to gel phase and the prevention by trehalose

[amended from Welsh, 2000]. (B) Vibration frequencies of the
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phosphate head-groups and the effect of trehalose on the

Midpoint Temperature (Tm) [amended from Leslie et al., 1995].

Figure 4

Survival after desiccation of S. meliloti 1021 (WT, grey bar)
and the smc01590::Tn51uxAB mutant (Sce-1, white bar) and the
fold difference in survival of Sce-1 relative to WT (open

circle) at 4, 20 and 37°C.
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