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Abstract

Extracellular polymeric substances (EPS) have manyfioeidunctions in soils
Accurate quantification of EPS in soils is crucial. Hénee methods were compared
for their suitability for extraction of EPS from Ulls: hot water extractable
polysaccharide (HWEP), hot dilute acid extractable polysaate (HDAEP), easily
extractable glomalin (EEG), sodium sulfide (SS) and oag’change resin (CER)
method. Humic-acid equivalent (HAE) was used as an indidato extracellular
contamination and ATP for quantifying intracellular contaaion from cell lysis.
Among the tested methods, CER resulted in EPS extractidh minimal
contamination. Therefore, we propose that CER is cuyréhé most appropriate
method for extraction of EPS from Ultisols.
Key words. Soil biofilms; Extracellular polymeric substances; RBalycharide;

Cation exchange resin; Easily extractable glomalin

In soils, many microbes are found existing in coloniebiofilms (Deng et al.,
2015). The cells in biofiims are embedded in a matrix of ealitdar polymeric
substances (EPS). EPS is primarily composed of polysadebaaind proteindut
also contains DNA and other constituents (Sheng et28l10). Although EPS
represents a relatively minor component of soils, itdees shown to have beneficial
functions in soilsEPS can protect microorganisms against biotic and abiotssst
(Or et al., 2007), improve water retention (Adessi eatl8), and enhance formation

and stability of soil aggregates (Bezzate et al., 2000; Ba#Kkaupenjohann, 2016
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Chenu and Cosentin@011).

Quantification of EPS in soils is a prerequisite foraehmg the understanding
of beneficial roles of EPS. However, EPS extractimmfsoils is highly challenging
because commonly applied extraction methods typicallyxt@e high levels of
intracellular and extracellular contaminants. The eeurfor intracellular
contamination is cell lysis and is usually quantified usingrasicopy and staining
methods to determine cell counts (Sheng et al., 2@\ ever, microscopy of soils
is highly challenging due to the abundance of opaque minerakssrand occlusion
within aggregates. DNA and ATP levels have been used asxg foo cell lysis
(Takahashi et al., 2009). Extracellular DNA, however, isvkma@o be an important
component of biofilms (Pietramellara et al., 2009; Dominiaklgt2011), and thus
ATP may be more suitable for quantification of cell lysiMajor source for
extracellular contaminants in EPS extraction is noffitbnosoil organic matter that
has been successfully estimated by measuring humic acidagqus (HAE) in
extracted EPS (Redmile-Gordon et, &014). Furtherthey found that the HAE
content of EPS extracts was determined primarily by th@eob of soil organic
matter but not by the extent of microbial biomass or EPS contentragen by
substrate additions. The HAE/EPS ratio in EPS extradterefore a useful indicator
of an extractant’s ‘specificity’ for proteins and polysaccharides in soil microbial EPS.

Ultisols are widely distributed throughout the tropical aobtsopical areas of
the world and occupy auout786 of the global land (Eswaran, 1993). However, a

method to measure EPS in Ultisols, to our knowledge, hasendiegn established.
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Although Redmile-Gordon et al. (2014) demonstrated the applicabilityadion
exchange resin (CER) fextraction of EPS from a sandy soil, whether this oeth
also suitable for extraction of EPS from Ultisol®eded further study, because EPS
bound by F& may be less readily extracted by CBRing to the trivalent forms
exchange more difficult than divalent K@nd/or C&"(Wilén et al., 2003)Actually,
Park and Novak (2007) demonstrated that CER was more sel&utiggtraction of
Mg?*and C&'-rich EPS, while sodium sulfidgS)was more selective for extracting
Fe-containing EPS from activated sludgdere, CER, SS and several techniques
which are usually used to extract EPS-like fractions froils seere investigated for
extraction of EPS from Ultisols. We hypothesized ®&trather than the CER method
may be moreuitable for extraction of EPS from Ultisols.

Ultisols were sampled from 0-20 cm depth from a cedarsfdozated in He
Shenggiao town, Xianngn city, Hubei province, China (114°21'E, 30°1'N) and a
paddy field of National Agro-Ecosystem Observation and &ekeStation in Yingtan
city, Jiangxi province, China (116°55'E, 28°15'N).

In order to stimulate EPS production, soils were incubatiéu glycerol. More
details on soil incubation and analysis were provided in Sopieary Materials.
After incubation and removal of soluble microbial produobsnf soils five methods
hot dilute acid extractable polysaccharide (HDAEP), hot ewaéextractable
polysaccharide (HWEP), easily extractable glomalin (EEGJlium sulfate (SS), and
cation exchange resin (CER) method were used to extract BRScontent of

polysaccharides and proteins in extracts was quantified/aluage EPS extraction
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efficiency HAE and ATP were measured to estimate the degree otebatar and
intracellular contamination, respectively (see SuppleargMaterials)

The comparison of the two polysaccharide extracticethods showed that
HDAEP method yielded 3 to 5 times higher levels of carbohgdréhan HWEP
method (p < 0.05; Table 1). This was likely caused by hydrobfsisther organic
matter or plant tissuem HDAEP extraction which overestimadd polysaccharide
content (Redmile-Gordon et al., 2014). Total carbohydrateergration (450-600
ug/g soil) in HWEP extract was higher than that reported in grasslah@26@-350
ug/g soil; Marchus et al., 2018protein content was very low (1&/g soil) in HWEP
extracts and not detectable in HDAEP extracts (Table 1),hwiias consistent with
the purpose of the methedptimized for extractig polysaccharides rather than
proteins Moreover due to the harsh extraction conditions (80 °C for, D.h25 M
H.SQy) the HDAEP method also caused severe extracellular cordgaon (Table 1)
and intracellular contamination (Fig. 1), indicating thigthod is unsuitable for
extraction of EPS from soils.

The EEG method yielded proteins (1.6-2.1 mg/g soil) (Tdblethat were
consistent with these found in the Atlantic Forest (gasellos et al., 2016). This
method also extracted significant quantities of polysa@iand non-proteinaceous
HAE (Table 1) and caused extensive cell-lysis (Fig.1), whichagasistent with the
results of Redmile-Gordon et al. (2014). One wouldlerstandably interpret the
lowest HAE/protein ratio in EPS extracts (close to 1.0;d4blto mean that the EEG

extraction method was suitable for extractingn-specific protein from soils.



111 However,it should be noted thaprotein’ as measured by the Bradford assay may be
112 incorrect: in part due to soil organic matter (SOM) derivatigegenching the
113 absorbance from protein, and partly due to direct ‘false positive’ measures from
114  nonspecific organic material (Redmile-Goragral., 2013).

115 CER has been widely used to extract EPS from active slymgely cultured
116  bacteria (Sheng et al., 2010) and sediments (Gerbersdokf 20@5) owing to its
117 high efficiency (Frolund et al., 1996), minimal contamioatfrom the extractant per
118 se(Comte et al., 2006), and minimal cell lysis (Pellicer-Na&tel., 2013). Although
119 CER was less effective at extracting polysaccharidgsateins compared with some
120  of the other methods (Table 1), both extracellular comation (Table 1) and
121 intracellular contamination (Fig. 1) were low, which is nsisent with
122 Redmile-Gordon et al. (2014) who used CER to extract EPSdrGambic Arenosol.
123  The EPS-polysaccharide (6828 ug/g soil) was consistent with the estimate of EPS
124  contents (50-140Qg/g soil; Chenu, 1995) and was higher than that in grassland (401
125  ug/g soil) and fallow soils {69 ug/g soil; Redmile-Gordon et al., 2014). This may be
126  due to higher amount of carbon addition (Redmile-Gordon.,eR@15) or different
127  soil physico-chemical properties (Rossi et al., 2012). @&ytrast, protein (163-182
128  ug/g soil) in our soil is comparable with that found in grassland (163 pg/g soil;
129 Redmile-Gordon et al., 2014prd a Chromic Luvisol (180-220ug/g soil;
130 Redmile-Gordon et al., 2015), but higher than that in fallovs 9@1pg/g soil;
131  Redmile-Gordon et al., 2014).

132 While CER was again found to be the most suitable methodoleservative
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extraction of EPS, it should b@oted that the CER method may underestimate EPS
from Ultisols as EPS bound by ¥emay be more difficult to extract using CER
(Redmile-Gordon et al., 2014). Thus, other methods to éxtoacbound EPS are of
continued interest. The SS method indeed extractedre$ tiigher polysaccharides
and 3-5 times higher proteins than CER (p < 0.05; Tabl@Hiy seems consistent
with our hypothesis tha8S ratherthan CER extracts more EPS, but the question
remains: what else do#ésxtract?. The HAE iisSextracts was 15 times higher than
in CER extracts, thus resulting in significantly higheAE/polysaccharides and
HAE/proteins ratios (p < 0.05; Table 1). In addition, the 8&hod decimated
microbial ATP compared with the CER method (p < 0.05; Ejg.Both of these
findings are likely due to the combination of heat and thengir alkaline solutions
formed upon dissolution of sodium sulfide in water. Wiiiglroxides enable very
thorough extraction of organic materials from soilythéso cause extensive cell lysis
(Liang et al., 2010) contaminate with non-EPS SOM, and cwowfdhe origins and
chemical properties of the extracted compounds (Schmidtl. et2@11). Where
possible, it is best to avoid confounding the true natureesktbpecific pools of SOM
(Lehmann and Kleber, 2015). Therefore, we cannot recommerg@Steetraction and
instead maintain that extraction with CER offers thst llmlance between EPS-yield
and confidence of origin.

In conclusion, the HWEP and HDAEP methods were optimizeéXtraction of
polysaccharides rather than proteins. Although the EEGS&hdnethods extracted

more polysaccharides and proteins than CER, but theskodsetcaused serious
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intracellular and intercellular contamination. ThuSER is currently the most
appropriate method for extraction of EPS from Ultisdd®re studies are required to
evaluate the inclusivity of CER for extraction of EfR@n soils.
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Table and Figure Legends

Table 1 EPS characteristics extracted by different methDadsa (means + SE, n=3)
annotated with different letters within a column indicaignificant differences (g
0.05) among the different extraction methods but inddwme soil. N.D. indicates
undetected (protein concentration below the detection)lifGER: cation exchange
resin, HWEP: hot water extractable polysaccharitd®dAEP: hot dilute acid
extractable polysaccharide, EEG: easily extractable glon{&lieG), SS: sodium

sulfate, HAE: humic-acid equivalent.

Fig. 1 Microbial biomass ATP content in different soils bef@and after extraction of
EPS. Data (means = SE, n = 3) annotated with diffeegtdrs indicate significant

differences (p < 0.05) in ATP content of the samelsafibre and after EPS extraction.



Table 1

Extract  Carbohydrate Protein HAE .
g o _ _ . _ HAE/Carbohydrate HAE/Protein

(ug glucoe g-soil) (ug protein gt soil) (ug humic acid ¢ soil)

Forest soil Paddy soil  Forestsoil Paddysoil Forestsoil Paddysoil Forestsoil Paddysoil Forestsoil Paddy soil
CER 612+50d 878+69D 184+17c 163+13C 440+19d 388+9D 0.72+0.07d 0.44+0.03C 2.41+0.29c 2.38+0.20C
HWEP 447+20e 598+23E 15+3d 143D 44+4e 150+10E 0.09+0.01le 0.25+0.02D 2.71+0.43b 10.71+2.13A
HDAEP 1314+£152c 2970+80A N.D. N.D. 3169+92b 1142+52C 2.44+0.31b 0.38+0.02C
EEG 1620+130b 2103+191C 1438+62a 2450+163A 1851+t61c 1599+43B 1.15+0.08c 0.76+0.06B 1.29+0.10d 0.66+0.06D
SS 2222+111a 2417+185B 493+27b 818+42B 6236+343a 6216+276A 2.80+0.22a 2.58+0.21A 12.64+0.50a 7.62+0.52B
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