$N2%200 NNNY THIVYNI IPHNN 190N
164-2-1

: DN TN NPONNN DY
MDINNN NONN

713792y PN VA NIV NMIYPIP NPNTITN DY NPT MYIYN MDY

Persistence and hydrological effects of oil-induced soil hydrophobicity in the Evrona

basin
DOPN N7
78 UM
$OPYUNI 09PN
MTINNIN NONN MNININ T T
MIINNDN )NONN 1392 PN V7T
10909 D97
MTINNIN NONN 1775 X VT
PMIN-12 NVIDIDNN,INIININ NN Zheng Li
177 )2 NVIDIVIN IN VI T
177 )2 NVIDIVIIN ™MD aANY VT
PYUNRIN MIYTIY YN
N300 NNNY 19U

18/6/2020: nwan 7axn




PDI950 977,077 HINH NDIPN NN QON 977 : DINNN Y2ON MYID MNHIND 1IN TN
1NV TIAYD MY IIWARY DY PNIND NPON N0 TNV PIANIND INNIPRD
NIY DY 11T 12 NOVI0IIND HI2ITHN DWNI JNT I9Y /979 ,)1Y 7)Y 9179Y
OVY APNNN NN NYIN MNDMNN INX NN, YPIPN IPD2 RONN NDIVN
2 NN )IINBNNI P91 NIRRT NN DTN MPHDIN DY MDINNIN NINNN YIPY
MDINNT PNINNNI 2N INOITY INST AP, PHATH MDY, NVNN TINN NNPNA NINYD
TV NNRYN DY

Table of contest 033N 199N
Hebrew abstract 1
Abstract 6
Execution Vs. planning 7
Introduction 8
Objectives 8
Literature survey 9

The Evrona playa — geomorphological and hydrological settings 8
Oil-induced soil hydrophobicity 9
Natural attenuation of oil in polluted soils 12
Biosurfactants in soil remediation 14
Methods 16
Hydrological field monitoring 16
Incubation experiments 22
Hydrophobicity characterization 22
Hydrocarbons extraction and analysis 23
Measurements of unsaturated hydraulic properties 23
Quantification of microbial oil degraders 25
Soil DNA extractions and quantitative PCR (gPCR) 25
Most Probable Number 26
Isolation and evaluation of biosurfactant producers 27
Enrichment and isolation of biosurfactant producing strains 27
Screening of biosurfactant production 27
DNA extraction and identification by 16S rRNA sequencing 28
Statistical analysis 29
Results and discussion 30
Soil survey 30
Hydrological field monitoring 31
Incubation experiments 45




Soil hydrophobicity
Measurements of unsaturated hydraulic properties
Evaluation of alkane biodegradation

Quantification of microbial oil degraders

Assessment of biosurfactant producers
Screening for biosurfactant production activity and
characterization of the isolates
Characterization of the biosurfactant-producing isolates by 16S
rRNA sequencing

Summary and conclusions

References

45
49
51
56
61

61

63

65
67




List of Tables

MMM MON DMIVIN NNV NIPYH

MNDIV NIV

Table No. Table Page
No.
Table 1 The sediment sequence in the polluted stream of the 18
downstream section
Table 2 The sediment sequence in the clean stream of the 19
downstream section
Table 3 The sediment sequence in the polluted stream of the 19
upstream station.
Table 4 The sediment sequence in the clean stream of the 19
upstream section
Table 5 Primer sequence for gPCR 26
Table 6 Fitting parameters for the van Genuchten’s model 44
obtained for the HYPROP data
Table 7 Fitted parameters to van Genuchten's relation 51
Table 8 Biosurfactant screening assay 62
List of Figures 02129 NNV
Figure No. Figure Page
No.
Figure 1 Location map of the Evrona playa and surroundings, 1
showing the distribution of the 12/2014 oil spill
(courtesy of the National Park Authority) and the soil
types (courtesy of the Ministry of Agriculture)
Figure 2 | A general aerobic degradation pathway of n-alkane 14
initiated by alkane monooxgenase that is coded by the
alkB gene.
Figure 3 | The relationship between biosurfactant concentration, 15
surface tension, and formation of micelles
Figure 4 Location map of the points sampled for soil texture 17
Figure 5 Location map of the monitoring stations (blue color) and 18
of the points from which soil was sampled for incubation
experiments (Bordeaux color)
Figure 6 Schematic layout of the sensors and sampling locations in 21
the (@) polluted trench (b) clean trench of the
downstream station.
Figure 7 | Schematic layout of the sensors and sampling locations in 21
the upstream station at the (a) clean trench and the (b)
polluted trench of the upstream station
Figure 8 Schematics of the Hyprop system 24
Figure 9 Fraction of coarse material as a function of the distance 30
downstream from road 90




Figure 10

Fraction of (a) sand (b) silt and (c) clay from the material
smaller than 2 mm as a function of the distance
downstream from road 90.

31

Figure 11

Profiles of (a) bulk density (b) porosity and (c) volumetric
water content in the obtained by undisturbed sampling in
the polluted and clean streams of the downstream station.

32

Figure 12

Profiles of (a) volumetric water content (b) bulk density
and (c) porosity obtained by undisturbed sampling in
the polluted and clean streams of the upstream station

33

Figure 13

Profiles of (a) sand (b) silt and (c) clay fractions obtained
in the polluted and clean streams of the downstream
station.

33

Figure 14

: Profiles of (a) sand (b) silt and (c) clay fractions obtained
in the polluted and clean streams of the upstream station.

34

Figure 15

Soil texture of the samples from the downstream (red
circles) and upstream (blue squares) stations

34

Figure 16

Fraction of coarse material (>2 mm) in the (a)
downstream (b) upstream stations.

35

Figure 17

Hydrophobicity distribution in the polluted section of the
downstream station in terms of (@) WDPT and (b) MED
(c) Low- to high- weight alkane ratio

36

Figure 18

(a) Rain and (b) depth-averaged water content in the
clean section measured in the downstream station
between 20/3/2018 to 31/3/2020

37

Figure 19

Depth-averaged water content in the downstream station
showing the October 20 rain event.

37

Figure 20

Coefficient of variance of the water content during Oct
2018 rain event.

38

Figure 21

Depth-averaged water content in the downstream station
showing the February 7 2019 rain event.

39

Figure 22

Coefficient of variance of the water content during Feb
2019 rain event.

39

Figure 23

Depth-averaged water content in the downstream station
showing the February 25 2020 rain event.

39

Figure 24

Depth-averaged water content in the downstream station
showing the March 13 2020 rain event.

40

Figure 25

Depth-averaged water content in the upstream station
showing the March 13 2020 rain event.

41

Figure 26

Daily-averaged temperatures measured in the
downstream station in the clean and contaminated
sections

42

Figure 27

Daily-averaged temperatures measured in the upstream
station in the clean and contaminated sections

42

Figure 28

Water retention curves measured by Hyprop evaporation
for clean and polluted soil samples incubated in the lab
and from the field.

43

Figure 29

Hydraulic conductivity functions measured by Hyprop
evaporation for clean and polluted soil samples
incubated in the lab and from the field.

45

Figure 30

Water drop penetration times (WDPT) for the treatments
of the soil from the (a) 2014 spill site (b) 1975 spill site.

46




Figure 31 || Molarity of ethanol droplet (MED) for the treatments of the 47
soil from the (a) 2014 spill site (b) 1975 spill site.

Figure 32 || Drop contact angle for the treatments of the soil from the 48
(a) 2014 spill site (b) 1975 spill site.

Figure 33 || Relation between WDPT and MED for (a) 2014 spill site (b) 49
1975 spill site

Figure 34 || Water retention curves for the 2014 spill site 50

Figure 35 || GC-MS chromatograms of oil extracted from the incubated 53
soils

Figure 36 || Changes in Pr/n-Ci7, Ph/n-Cis and L/ H ratios along the 54
incubation experiments in soil samples treated under
different conditions

Figure 37 || TPH values throughout the incubation experiment from 56
the (a) 2014 spill site (b) 1975 spill site.

Figure 38 || The number of copies of (a) a/kB, genes in 1975 and 2014 59
soil samples, (b) nahAc and (c) dmpN genes at the 2014
samples

Figure 39 || Correlation between the abundance of a/kB gene and TPH 60
at the end of the incubation

Figure 40 | Most-probable-number (MPN) for the (a) Total alkane 61
degraders; (b) Total aromatic degraders in the soils

Figure 41 || Phylogenetic tree based on the 16S rRNA gene sequencing 64

of the isolated biosurfactant-producing strains obtained
using the neighbor-joining method




PN

P9 MNPY VPO IRXIND A 11 YW 2 1 5-2 1997 2014 1anxTa 4-5 347 Paw avha
WM RITW TN QN 901 5w Mo XY TIRY 7Ima 0177 11°07 bwoNT VI LIMN IR NAIX
12971 JPMNAN DR IMTNW MYPIPT W ,UDIT OV YANIN IRYIND .72107 3112V N N
, 1975 nawa 7w v912 oMW 700 DR MYPIP 9D TN2aNT WAt L2 MM DYt
197977 919K W 40-1 75917 1720w AR DY 2991 K9 123 DP2IDINTON NN 1T 03 MIPDIRG
S0 31 DX DUTAAR L, UPIRR 000 TN PuRpaR 000K 2P XD ML NPT DRI
7702 ,39K) .0D2NAYY V1217 DAY NP12°2 YRR N9 IR0 ,NDTYIN AT NIWOIN 02T
2XP2 NPLDIT FURT FIWY TNV D97 IR WA VAT MYPIPA % F9AN1 77281 100121 7Y
L0007 N1 DY 39173 VOWA TS VPR NPAIDINTIND 03 AR LIPR DI IRD 0w OXY Nvoal

172V TRNT P w2 0172 219702 1o T°PDM L1ARD DATAT DVOM

NP9 Y 0O TIRD DY IPmMYOWm MR 22R02NT DONMT NN MYPIR NN
,0°°Y20 QA ANIPAY N1P2IDINTRA 1TRPANT MTIAYA 27 2NN 2NWYA 1120 1PN YPpa
NITIAY P .01 I TNIPRY NPIDTIL POV INXPA P TV O°RIR TRPWA Y Mol
NP2V NIWPIP 1PAI KD 1INV 207 ANAN 2P9PKA NIRTALT MYPIR 1IR3 0970 277,19
M TWNDRLY MITW 110 ANV IR NAATI DAY 2RI NIRYA V91 2N TIPRY
NPT DT Y AYOWA AN 29PRY 70 NIDXY W0 ,N12IDINT MTTIVA 1911 N12°07 19150

PP NN 5Y o ARXIND

MN2N DT LAY DM NYPIP NPV MTAY MY 7UOR 11 PRt Mavn
WINT NPV NV PP YOI PI0R YAV DRINT NVRM NPT MYPIPA
IR MDD NTTAY 7729 M0 ,YPIPA O° NAMIN MTR YW 19X 77T ATY M0 25Wn
TPORY MIN*1 O°1W O°°N2°20 D°RIN NAN YPIP NPT NPT VOIT 21D AXp MR Apyn

UPIP2 VD1 OPDN DPT1N NPDIVIIN NINRYA!T

NTTA% M1 NIAN TAPYT L AARTA DR PUORY NI 9V 13RI YPIP W0 WY1 IR YW ANwRT Tl
T M0 TAVITY P M0 PINYAY 2N PIva nohawn Mot IMuaont LYpap Mt

D1 DORIN2 NIP2IDNTN NDOVTI VOIT PITPD MR 2PYH NI 2¥ MMM Mypapa

,J9 12D AR TN AN MWL TWH TART 779102 I MW NN ARpI AW Ipnmnt nwa
MYPIPR 2w o7 NPARN TIP0IR 1410 OV LANWKRIT IPAnT NIW2 DRaw TIRT0 10° DR 110Wnn

YRR ML MV Wil DWW Ipman NIWA 001000 PIOn QPN NU0RAN IRpTAN



NROXNY 19 VPP DOI%ANDN PO W NOvaba A»0IPIING 119°RY 02M0°1 WY MANNT hwa

J9R 01 19ORDY mUW Y900 01N NWIDTY PRIXIVID YHva 21N

-2 DOPINT D92A0 DX WA YXANT YRR 0917 NRCIN NN MR 2pYn L0030 1NN Cnwa
DO N DWW PRIvA AMIW AI9M1 DX TAR 902 P TR 2 TR -3wnn TR qun 10
m2°v7 nR 27700 (TDT 2on 9-TDR xon 3) ooaw»n 12 13pmin amw 92 9p2 .p1wa 2mnb
MDY .0WY 0N SW pRWwL T 1o 7 5w priva DR nhnwng Mmm anonn e
QWA T A0 PN MANNT NAR2 PRIV OV 737772 DTN 221700 2OPRIVA 0T AT 22NN
TMW °P2 01X 09NN CIWH MM KXY YRR NINCAT PRI YRR N0 DR PUORD nan Dy
971 ,M2°0T ,N1PTND L, MIDDY) YRR MINON DR TITAY NID DY YINVT 2w PSP C1wa 2npiani
NXY 1OIT N2IDN DR TITAY NIA 9 DOIWAT 1921 22NN CIWn MR M0 YRR MncAT (1AM
YRR N1 DY INWY NIn DY VPR 1010 MM 20NN NIPN NRY LYPIpn D127
T3IR2 DOI0MINKD D°INIT .IVY YA 9 NPUAIR MY NI A2 A0 OXRX9Y Py TR

SN 1210 NS O 2T DOITIWNY 0N

TNV RS A9YN2 YPIRT L IART TN YPIRY ARNWIA .02X 21T MAOWHR N2OTIN X1 YpIpT
7INN2 03,772 TIAN2 1M .N1P0N NIND 72 D2NT MOV 021X 2w NP 173 1INR 77907 ,103
MyPIRL NPIMDIR MADMA-RDT YPIPT MINPATA 122pNaw NS A7Wn MDY 237y ,70¥na
LMD K92 MINPATIN TR N2 .00 17277 DITA 77992 1IN 07 WA 1IN 00 X N1

22T MIRNAT 2XPY anm 7PX0 PNIRT 2700 aR¥IND 7TIRD 73271

7102,2019 %1729 n7°1n2,2018 210X 7102 ,2° MyRwn QWi SVI1K AY2IR 1°7 P00 Toana
T17°0 WD 221221 RWE NoXAY 199217 2RI wihw L2020 o venaka) 2020 X112
T2 MI2°VIT N2 MREIN,2020 121 2018 1210212 WRNNAW QWA YR My vpaph oo
D°N7 NI T0Y CPIT YNV NM2OVITA DIMYAYA NLP 1T DTN YNV N1M200IT 00 MR
22PN QORI NYAIRD A 7707 ORI YV 0N 0Ian Y1va 4-4.5 09 10p 1707 310K Tonna
O ¥02X77 DMWY ST K MOV 01770 DY 2OTOYAN 02077137 XY 72007 20107 omIna YInva
WOAXT MYPIPT S0 NPT KD NPT MINONT DU MTTA NPT YPIP2 DTN AnvT
Mo 1M NRMITAT YPIP2 MRS 0% NPRRN 2°991977 7RI DM YPIpa Mona o°57a0 By
.DOX1VT 010 172 1297177 201972 1w IR NP2 N9 ,1°207 QWY 19X 229727 L3N 9173 0
7I0P NNIYAWRA TN OTIAT TINVA TR0 70 2pY 2OVAwn T 01N 22PN XY 79vR2 fInna

DRI YV anearan



SPRIT VIV NTTAIY YR NI S2PY 1DIRD 10 OMINAN YIV2 1TTAI M0N0 ,MINNT Tnwa
7T 9720 .90 720 700 QW DWPTAW DWW ARNID TN N 2173 N 1 MMI0IonnI 27307

JPR MYPIPR ANAD MITRNTA IR MAMTAT YPIpn 2w 13790 Yaxan 11212 "y

DR MMPAY NIn 5 YRR NPT NNNOT VDI PITDY Q1O VDINT DORINT 0T TIND7 NI HY
JXP MR 2PYN YN QW DORIN DN TIXTT M0 1TAYIT LN1IDNTI? VDI DT 12 WP
2w 119277 DR NAMIA MYPIR P21 010°37 TXY .YPIRa NPT NIV LI PID
19977 INKRY TIN0 PINWN T2R1 YRR APl ,ARNWI TRY 0012 11975 Sw 390577 nkm 2014
-3 Mamman ¥papn av 3-1 2014-n nnmmn ypapn oy 7 0000w 10 173 2307 70 12014 Hw
ypPIpP ,7011 50% Hw NI2°v02 ypap L, 20% 5w m20una vpp 71 2014-n vpapa (1975
-2 ¥papY (WD) mow 2°¥5 Mt nodoIna M0 20%-2 ¥pp 000101 Nd0INA 1911 20%-2
TP VPP LMK LNR WA VPP TWRNw NP2 D19°00 W "'Dm 20101 noona 11 20%
7117 20% -2 YPIP ,NTIPP20 PNR WArA YRR P72l 1975-n Ypapa aORNWIY Awnw IR
TN POWK LRI 79977 210712 19017 20100 NN .00 ND0INA M 20%-2 YR
Swa "0°12 W"'DND WRY DO7°D°NAT LpAnD NODIN ROY 21T DM DOPTONR PH0Y ITVNW
NYAXT 21970 2on PRI W OTA LAPR O°IXINA WINSWA D2XIW 297 11°0°IT NP2 aNnRN

.09 NN N2IDNTT MPATAY YPIP

NI L,IDO0 NI AT ,0°0 NDY W YAR NONT NTOTA NIV WIDWR 77T YPIRT NP1 T
D7 DDV 2w YANT NN VPP TOWn DY NN 2% DD NRYIEA INWRI2 0w 2INK N9 YW
NDXYY P12 12 AT TINA NPT NANT NI AW AV 1NN TINR NN YpIpn v
19 5V MM DOWUOWT AUwa LI9TA NIDNTAT -DT3 AT AT 990 .Ypapa v DR MY o1
NATIN DL 12 91717 PINRT 11277 RXNA1 D°1W 0°719°02 2% 210K 2w Mo an YW mosw yppi

D2V N YRR, AN M2 DINRT 12 930 AW Wan TN YRR vI0 DR

7721 (TPH) ©9173 52°57% 70 12°7 (GC-MS) 77210m170 13 MIYXNRA 17721 1917 2077 N21PN
0°1m°n19) Ph 1Rw 91 Pr X000 12 000077 Wnaw 19177 17007 PXPOTIRI .NON0M MONXON 772vn3
MRIWIW 5y 2°1°An0) 2°IPOR 1A% (RN 000 1841 17 o723 Mdyion MR *Hya
D°1°7MD 12 DA 7198 1991 MW NIRIWIW 232 D°3%A00 a7IR P97 W °p7n 993 (M
TN HPwn Y2 0AIPYR 192 PR O3 P71 012 P10 OV TV MWD MOV MXIWIY o2
(oe3ans 34-5 22 a2 ooona) H max Hpwn vHya 00IphR 1A (oeaans 21-5 14 pa ooonn) L

P10 9y Ayeaxn L/H oma A7 ,a0gp 229K 0T paok 2201 2 RN 1D

W W"DM 27 R M 20%-2 2 YPIRY 1D0NT IWRD 0D 0 ¥ NMIPARA TIATIT M0 MIRYIN

11277 ,7AT7 S0 XM AW IRY NPT 7700 9°2pn2 1D P10 75X, 070w IR D01



OO 2ZPY LOIT PO 2XP LNRT QY .07 1R 20790 ONIRA NPT 020N
YPIP2 WNINT N2 00 217100 ,2014-n D ypapa 1wt IR 219°0m 1nwa NPTl
no°W NI NPT 8-07 VW A2YNIN T 9 NN AT ,02WTIN NKRY WO 00100 oY
-5 0.56-n 7%y Ph/C18 77w ,38-5 0.41- 19y Pr/C17 -7v ,>n%nnasm a27yn noxnn? 7770 210K
uYN 2MNT PO, 7272 DLV 2100 YPIRY 19017 wRD .0.36-2 0.9 -n 77 L/H onm 42
DOV 77 VOV YRR W 19RY NNWT 00797 217 2°WTIN 1901 INAR? 27X ,INY MR
TWRD 2w 3-4 AR P79 NPT NV P10 WD OV AW YRR w'sm
YPIP2a %D R¥A1 .DWTIT 5-2 INRD P DX TIRG LR 70 PI1O7 A% ,7292 0% 1901 Ypph
P11 NANTY ALY YRR 09172 1°7 NPT 37070 LD PO 20% W PNN2 InTnw
PID WRANW NIN DY TMA TN NANTY YRR DR 200777 TN PR 0D AR a1 P .50% Hw

Jyau

,0%%P 2°3%An Mnd 9377 1975-n 1377 ,2014-n ypph 1975-n nanina ¥papa 12 aRnwaa
0°7 YRR 19017 IWRD .19°977 IR TR 07AY 223w 40 Twna WRaNaw p17von IRXIND X1
AT WTIT OINR 9201 AN 220 1 1975-1 YRR NP2IDNTAN NV P17 AP 200N
-5 0.45-n 75y Ph/C18 7w ,4-5 0.3-n 7y Pr/C17 om ,mp7 16 -2% avw Hynn 770 79°0 N0
M2apYa vOI PIPH? N NARMIA 3T IR NPORINPINT AP0LIINRIY R 127 72°07Ww 190 .20.6
WM I IR 73777 1071 02 nna (TPH) v537 922391 70 NP7 MIRYIN U917 721K 79w
YPP2 1937 171N 40% 82% PW AT 797 DOV 0% NHDINA VDLW YPIPA 0D WAk
S NIVAWA KD PITPD7 DAY NIN ¥ 0% NN STW 72 LY My axn 19X MmN .2014-m1 1975-n
M0 MDY 19N DI0T VOIT N NR R? 2R 71797 2XP DX 77723 w''DM 0OWII01I NHOIN
MK % 1OXH w1 027 L0917 IO WA DR 222 (D00 1P Pwn?) MR MR TIATAN
NPWRWAT 93 ¥ L7123 N1P2IDNT 1NN NICDINDY 2° DT 1TV YRpIpn D120 AT

L7972 MR NYYLwn

w1272 Dew point-i1 noow My 0w 0°219°02 %0 NIMRD 77721 73707 °°10°1 010 IRY
0°919°02 °3 XTI ,2°1WR 2071905 1°2 0O NIMRNA 2PMYRwn 229727 IRINI XY T2 720772
MOYD DI 2 V1T, 1R .DOIDOWT NP OP2 ININD ATV IN2ANT QYW R W'D 100w
SPTOM 0T HY WO WD O°0INTWVI 19017 02 DO1D°WAW 1IN LTIV DX 2°NNON Now

Riralrhl

VDI SPION NPDIPIIR NR PUORY 17TV TIATIT 003 YRR NMIANAT DY WXIAWw Moou MpUTa
N2 V1T PINHA YU07 DWWV MUY Y2OYD DM NWIDT NYID° 29V °PTON T Nvand

MPN, Most ) 9n1°2 22n01n7 99017 NIV NYWA 17 AYXANT D IR ANT PIDK DPTNT 1901



MPIDN QPN DR 3 K¥N MW nwa L,(QPCR) nva»iphin mvswa 1m (Probable number

SORIT VPP O3, YPIRT MIRDNT 922 271D

0°2°°W 0912 72 KX .I0W 27D D2 W52 0930107 DRI ST AN VP 1772 Twnta
MIORNT NP T2 19072 27 KV 1IN DOPT T MWD .072W SVIAT X112 0°217P) D1MITIRDD 207
YWY 5D R¥NI ,DOPTONT DAY TINN .2"WONT NHXY NRY 2W"DN wUI9aY 2T 11D DX

SVA0 0232700 71700 WRwR MY ROXI0D

MYPIPI AR V0T 23 017 DY NPT VOWR NPIDMNTARY T2 DY NMIPNARN PN MIRYIN
LAM02Y Y9757 312 71°00Y MDY 797 ARXIND LNDTYVIA ROTY MO 20 NTN MW NPT
VPP NPT NYVOWT DX TNV 20 TINDD WO 12 DY LTTORD LIAXY DO1RTT 2002 AT ,T0
TINR P97 1MW X7 PANT YW NODI 7IP0R DA NYIINY 2O TTRD DY AvOwam 1ART Nn0a
SW 217D INRY 23 ,NRT QY 7292 20170 DO NPOM° 1911 MDY DY 7MW TN 1D 712)
X?Y VPP NPT DR O 017 W1 1997 ,7T123 DM YRR NI 000 D 9173 Nad
QP71 191 VD1 PDA QOPT N 72797 NOVALT YRR 00 R¥M1 ,702% a7 121N N2 PHN0aR
17712 19R DOPTNR AW .0DIT 21D YO0 2O912°7 muw YYD 20N YW AW N vova
MXI? NI DY DD 372V WINT LW 2D 2N NWIDT NITAN 71X PROXIVID 29¥2D IRIAN

.0DI T DY VAL PI1°DY 02 Whnwa 10l OX



Abstract

Soil hydrophobicity has a central role in oil containment and site remediation in the
Evrona 2014 and 1975 spill sites. In this study, we combine field monitoring, laboratory
incubation experiments, measurements of soil hydraulic properties and microbiological
assays to investigate the persistence and hydrological effects of oil-induced soil
hydrophobicity in Evrona.

Water contents and temperatures were monitored in adjacent polluted and contaminated
streams at two sites, one at the upstream of the basin and the other in its downstream.
The soils in the basin are predominantly sandy with the upstream section having larger
fraction of coarse material. During the two-year monitoring period four substantial rain
events took place. Results of the water content measured during these events show a
substantial decrease in infiltration in the contaminated stream and irregular patterns
indicating preferential flow in the polluted soil. Unsaturated hydraulic properties of
clean and contaminated field samples show and an increased saturated hydraulic
conductivity and decreased water retention in the contaminated soils compared to the
clean ones. Temperatures in the contaminated streams were found to be consistently
higher by up to 1 °C relative to the clean stream. This difference may result from the
darker color of the oil-polluted soil or from lower evaporation from the contaminated
soil.

Incubation experiments were conducted with soils from the 2014 and 1975 polluted
sites. Soils were treated with the addition of water alone, water and nutrients, water and
surfactants, and a combination of water, surfactants and nutrients. The results of the
incubation experiment showed a concomitant and significant decrease in
hydrophobicity and hydrocarbon content in soils to which water and nutrient,
surfactants or water to 20% saturation were added. At the end of the incubation
experiment, the level of hydrophobicity and hydrocarbon was similar in all of these
treatments. The rate of reduction was, however, different; The fastest degradation was
observed in soil which was spiked with both nutrients and surfactants, while in 50%
saturation soil, degradation and hydrophobicity reduction were minor and very slow.
Degradation and hydrophobicity reduction in soil saturated to 20% was higher than in
soil saturated to 50% showing that wetting the soil to high saturations is not needed for
bioremediation. The 1975 soil treated with addition of nutrients showed a faster
response compared to the 2014 soil, possibly as a results of a more adapted microbial
community in the 1975 site. Overall, during 1.5-year incubation, the total petroleum
hydrocarbon of the soil treated with nutrients decreased by 40% in the 2014 soil and by
82% in the 1975 soil. This shows that addition of even water alone is sufficient to trigger
substantial bioremediation, which is accompanied by hydrophobicity decrease. Yet, it
is important to note that the soils are still severely hydrophobic and water repellent. We
therefore conclude that when conducting bioremediation treatment, it is not enough to
monitor the content of hydrocarbons, but soil hydrophobicity should be monitored as
well.



Abundance of oil degraders was evaluated by qPCR and MPN, the results showed that
these bacteria are found in all treatments, even in the clean soil. Surprisingly, the 1975
soils did not show higher numbers of bacteria relative to the 2014 soils, similarly no
clear effect was shown by any of the treatments.

Finally, biosurfactant-producing strains were isolated and their activity was evaluated.
Eight high-potential strains, which belong to the Pseudomonas genus, were isolated.
Out of the eight isolated strains, six were found to be particularly efficient in
biosurfactant production and thus exhibit the potential to be used for oil bioremediation
and should be further evaluated in future research.
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Introduction

On December 3™ 2014, about 5000 cubic meters of crude oil leaked from a breached
pipeline west of the B’eer-Ora junction, spread to the southeast, flushing the braided
streams of Nahal Raham (Figure 1). The oil polluted a gross area of over 10 km?, much
of it located inside the Evrona nature reserve (Samet, 2015). The penetration depth of
the oil into the soil in the nature reserve was between a few millimeters to a maximum
of 30 cm (Samet, 2015; LDD, 2015). In the few first days after the spill, several
emergency measures such as excavation of storage pools, construction of dams and oil
pumping were taken to prevent the oil from spreading further into the nature reserve,
across the Jordanian border and into the Gulf of Eilat. Additionally, about 50,000 tons
of contaminated soil were excavated and transferred to dedicated treatment facilities
(Samet, 2015; Shmuel Neaman Institute, 2015). It is estimated that around 700,000
liters of oil are still on site. Since the area is ecologically vulnerable, it was decided not
to continue with invasive operations, but instead examine alternatives of in-situ
treatments.

Preliminary results from studies conducted in the Evrona nature reserve during the year
after the oil spill indicate that the oil altered the soils’ physical properties such that the
polluted soils turned hydrophobic and water repellent (Tunis and Kisra, 2016, Gordon
at el., 2018). Such soils repel water, decrease soil aeration and infiltration, and increase
surface runoff (Dekker et al., 2005). These changes have negative effects on the
germination and growth of plants, as was recently demonstrated in a nearby oil spill
site which occurred in 1975 (Nothers et al., 2017; Tran et al., 2018). In this site, no
active remediation was conducted, and residues of oil are still present at the top 1.5 m
of the soil profile (LDD, 2015). Although more than 40 years have passed since the
pollution event, the polluted soils are still as severely water repellent as the soils in the
2014 site (Gordon et a., 2018). It was found that the density of young trees in the
polluted site is lower than in neighboring non-polluted areas (Nothers et al., 2017).
Additional lab experiments showed that germination is considerably hindered in the
polluted soils (Nothers et al., 2017; Tran et al., 2018). These results indicate that soil
hydrophobicity plays and will play a key role in the containment and remediation of the
recent contamination in Evrona.

Although soil hydrophobicity is studied intensively in recent decades in the context of
natural hydrophobicity, forest fires and wastewater irrigation, relatively little is known
of oil-induced soil hydrophobicity, particularly in hyper-arid areas.

Objectives:

The primary objective of this research is to study the persistence and hydrological
effects of oil-induced soil hydrophobicity in the hyper-arid Evrona basin and to
investigate the relation between hydrocarbon content and the severity of
hydrophobicity. To reach this, we set the following three tasks,



1. Study how oil pollution and induced hydrophobicity affects infiltration depth,
preferential flow and transport in soils by in-situ monitoring the water content,
temperature and electrical conductivity in clean and polluted soil sections and
by sampling the soil for hydrocarbon content.

2. Investigate how oil-induced hydrophobicity affects soil hydraulic properties by
measuring the hydraulic properties of undisturbed clean and polluted soil
samples.

3. Assess the natural attenuation of oil and the decrease in the degree of
hydrophobicity under different environmental conditions, and study the relation
between the content and composition of hydrocarbons and the severity of
hydrophobicity and its adverse effects. This objective will be achieved by
conducting controlled incubation experiments under different water contents
and nutrition conditions while monitoring evolution of hydrocarbon content and
composition and soil hydrophobicity over time.

4. Evaluate the microbial populations which can degrade hydrocarbons and
produce biosurfactants and/or emulsifiers.

Literature survey

The Evrona playa - geomorphological and hydrological settings

The Evrona playa is located in a 10 km long and 0.5-2 km wide basin at the southern
Arava valley, east of road 90 and about 15 km north to Eilat (Figure 1) (Amit et al.,
1999; Segev, 2016). Nahal Raham and Nahal Evrona drain the region towards the Gulf
of Eilat (Amit et al, 1999). These two wadis form alluvial fans near their outlets, with
typical braided river morphology of streams and terraces; further downstream the
elevation difference between streams and terraces decreases. Three distinct zones can
be identified: 1) the central, barren zone; 2) the transitional zone, and 3) the outer
vegetated zone with halophytic vegetation (Amiel and Friedman, 1971). The soils in
the playa are saline, and vary between fine desert alluvial soils in the vegetated areas to
clay loam alluvial sterile Solontchaks in the barren zones (Amiel and Friedman, 1971;
Dan, 1981). In general, the alluvial sediments are arranged according to concentric
belts, with clay-rich sediments in the lowest part of the playa, generating a pattern of a
decreasing grain size towards the downstream (Amit et al., 1999, Crouvi, 2002, Segev,
2016). The depth of the alluvium thickens towards the southeast from tens of meters to
a few hundred meters (Segev, 2016). In addition to the alluvial soils, gypsum and salt
crusts are common in the central part of the playa.

The climate in the region is extremely arid, with mean annual rainfall of ~30 mm, which
is usually concentrated in one or two rain events. The potential evaporation is 2600
m/year, the average temperature is 25°C and the mean relative humidity is around 40-
45%. The surface temperature is very high and can reach 50°C at summer days (Amit
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et al, 1999). The playa is a unique ecosystem which hosts a diverse population of plants
and animals. Among these are the northest doom palms, the largest herd of Dorcas
gazelles in Israel and a large density of Acacia trees.

The hydrological system in the region consists of brackish aquifers. The regional
aquifer west of road 90 is phreatic with water level ranges between 45 m and 60 m
below the surface, whereas below the nature reserve it is confined with the water level
depth ranging between and 10 m and 17 m (Bein et al., 1995; 2001). The flow direction
in the aquifer is to the southeast, towards the Gulf of Eilat (Naor and Katz, 1988).
Additional local shallow aquifer lies below the nature reserve (Zurieli, 2014). However
currently it is not clear what its water level is.
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Figure 1: Location map of the Evrona playa and surroundings, showing the distribution of the
12/2014 oil spill (courtesy of the National Park Authority) and the soil types (courtesy of the
Ministry of Agriculture). Soil type codes are as follows: Z2 — Solontchak, Y1 — Coarse desert
alluvium, Y2 — Reg soil and coarse desert alluvium , Y5 — Sandy alluvium, Y6 - Reg sandy soil
and eolian sand, X1 - Exposed bedrock.

Oil-induced soil hydrophobicity

The ability of soil to efficiently hold and transfer water and thus maintain its ecological
functions is by a large extent the result of the wetting properties of water. Most natural
soils are water-wet, i.e., water can easily wet the soil grains, forming a contact angle
typically of ~0° between the grain-surface, water and air (Warrick, 2003). When oil is
in contact with soil, it alters its physical properties by forming films of hydrocarbons
on top of the soil grains (Adams et al., 2008; Marin Garcia et al., 2016). These films
induce soil hydrophobicity and water repellency. In hydrophobic soils the contact angle
between the water and soil grain increases up to a point where the soil surface is no
longer water-wet and the contact angle is larger than 90° (Xiong et al., 2012).
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Hydrophobic water-repellent soils are known to significantly affect the water balance
and soil fertility by decreasing infiltration, increasing surface runoff and erosion, and
impede plant growth and germination (Dekker et al., 2005; Li et al., 1997). Although
the existence of hydrophobic and water repellent soils is long being known and was
intensively studied (Dekker et al., 2005), most of the studied dealt with fire-induced,
naturally-occurring, or wastewater related water-repellency (e.g., Doerr et al., 2000;
Dekker and Ritsema, 1994; Wallach et al., 2005). Only a few studies focused on water
repellency induced by oil pollution (Roy and Mcgill, 1998; Adams et al., 2008;
Takawira et al., 2014). Of which, most studies focused on temperate cool climate while
no studies were done under arid conditions (Takawira et al., 2014). In particular, climate
and soil texture are expected to significantly affect the degree of water repellency as
high temperature, low water content and coarse texture promote the generation of
water-repellent soils (Adams et al., 2008, Buckzo et al., 2006). Thus, the sandy, dry
soils in Evrona are especially prone to become hydrophobic and water-repellent.

As hydrophobicity alters soil structure and changes the spatial configuration of water
within pores, it changes soil hydraulic properties (Takawira et al., 2014). Some studies
report of hydrophobicity-induced alteration in soil hydraulic properties showing non-
conclusive results. While most of the authors report of decreased water retention (Roy
and Mcqill, 1998; Hyun et al., 2008; Takawira et al., 2014), others report of increased
water retention, particularly under high suctions (Burckhard et al., 2000). Reduction of
the saturated hydraulic conductivity with increasing hydrocarbon content was observed
by Hyun et al. (2008), whereas conductivity increase was observed by Takawira et al.
(2014). Preliminary results from Evrona spill-site also indicate a higher saturated
hydraulic conductivity of the oil-polluted soil with respect to the clean soil (Tunis and
Kisra, 2016, Gordon et al., 2018). Modifications of other properties such as porosity,
shrinkage and bulk density were also reported (Caravaca and Roldan, 2003; Takawira
et al., 2014) showing no consistent results. Water-repellent soils also tend to induce
preferential flow, fingering and unstable wetting fronts (Dekker et al., 2005; Xiong et
al., 2012). Such flow patterns may affect infiltration, plant survival, and solute
transport. In particular, they can result in fast contaminant transport from the soil
surface into the underlying groundwater.

Oil-induced hydrophobicity seems to be fairly persistent with soils being hydrophobic
decades after the occurrence of the spill event (Roy and Mcgill, 1998). Some of these
soils may have no obvious indication of contamination such as color or odor and have
very low hydrocarbon content, but yet exhibit severe water repellency and
hydrophobicity (Adams et al., 2008). Roy and Mcgill (1998), for instance, report the
presence of hydrophobic soil at a site where crude oil contamination occurred over 50
years before sampling. Li et al. (1997) showed that soil treated with bioremediation
which removed 50% of the hydrocarbon content remained almost as water-repellent as
the contaminated soil. Further, plant growth and yield in the contaminated and
remediated soils were drastically and almost equally reduced with respect to non-
polluted soil. As noted before, also in Evrona, the soil in the 1975 spill site still exhibits
some degree of hydrophobicity and a negative effect on plant germination is observed.
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Natural attenuation of oil in polluted soils

Biodegradation is one of the significant natural attenuation processes which can result
in contaminant removal or detoxification. The success of biodegradation depends on
various physical and geochemical conditions in the contaminated site as well as on the
nature and the amount of the contaminant present. Obviously, the presence of
microorganisms with the appropriate metabolic capabilities is the basic requirement for
biodegradation occurrence. In addition, several factors can affect the efficiencies and
rates of hydrocarbons biodegradation in soil. These include temperature, pollutants
concentration, pH, bioavailability of contaminants, oxygen and nutrients concentration,
soil moisture and structure (Boopathy 2000; Sabaté et al. 2004; Torres et al. 2005; Igbal
et al. 2007).

Soil and groundwater bacteria use a variety of natural electron acceptors in the
degradation process. The use of these final electron acceptors is based on energy
transfer efficiency and availability. The most common inorganic electron acceptor is
dissolved oxygen (DO). Presence of oxygen (>0.5 mg/L) is necessary for aerobic
biodegradation. In saturated and in some of the unsaturated sites, subsurface oxygen is
rapidly depleted and biodegradation rate is limited by the rate that oxygen is supplied
to the microorganisms by diffusion. Once oxygen has been depleted, bacteria will
preferentially use the next most efficient electron acceptor, usually nitrate (NO3") or
insoluble manganese (Mn**). After NO3~ and Mn** have been depleted, the bacteria
will use ferric iron (Fe®*"), followed by sulfate (SO+%), and carbon dioxide (CO,),
respectively. During the reduction of these electron acceptors CO2, ammonia (NHz3),
soluble manganese (Mn?") and iron (Fe?"), sulfide (S2), and methane (CH.) are
produced. Some of these nutrients could become limiting factors for biodegradation.
Soils that have a pH of 6 to 8 usually promote optimal bacterial growth. The
temperature range under which biodegradation occurs is quite broad (from 0 to 45°C).
Usually biodegradation rate increases with temperature. A moderate level of soil
moisture is necessary to support the growth of microbial populations. In addition to
that, microorganism can only utilize petroleum hydrocarbons when the hydrocarbons
are in the dissolved phase. The susceptibility of hydrocarbons to microbial degradation
can be generally ranked as follows: linear alkanes > branched alkanes > small aromatics
>cyclic alkanes (Ulrici 2000). Resistance to biodegradation typically increases as the
molecular weight of the hydrocarbon increases (Atlas 1981). Field studies at a crude oil
spill site in India indicated that up to 75 percent of the hydrocarbons present could be
biodegraded within a year if the proper geochemical and microbial consortia are present
(Gogoi et al. 2003).

Microbial response to oil pollution was extensively investigated all over the world
(Paisse et al., 2011; Silva et al., 2013; Genovese et al., 2014; Xu et al., 2018). The
changes in the composition and diversity of the microbial community and oil
degradation rates are affected by the availability of nutrients and hydrocarbons (Siles
and Margesin, 2016).
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Strong correlations were shown between the variation in microbial communities and
the variation in organic carbon, clay content and soil moisture (Naveed et al., 2016).
When exposed to crude oil, the diversity of the indigenous microbial community and
the archaeal population significantly decreased in the deep Eastern Mediterranean Sea
(Liu et al., 2017). Indigenous microorganisms may have the ability to adapt to oil
contamination and the community structure can shift to a hydrocarbon-degrading-
bacteria dominated structure. Oil residues were found to stimulate the richness of y-
Proteobacteria in the deep sea of the Gulf of Mexico (Hazen et al., 2010), while in
another study, y-Proteobacteria, B-Proteobacteria, and Actinobacteria were found to be
major contributors at the initial stage of bio-degradation of oil-polluted saline soils (Gao
et al., 2014). In the previous study conducted in soil samples from oil-contaminated
soils in the Evrona basin, Prote-obacteria was found to increase dramatically in
contaminated soils compared to clean soils (Girsowicz et al., 2018). Moreover, the
diversity of the microbial community was lower in the soils polluted in 1975 than in
the soils polluted in 2014, indicating the persistence of adverse impact of the oil spill
on the microbial populations. Hydrocarbon degrading bacteria are ubiquities in the
environment because of the presence of low-biotic originated hydrocarbons in soil and
water (Rosenberg et al., 2013). Hydrocarbon degraders are found in virtually all-natural
areas, although with significant variations in cell numbers. The ratio of hydrocar-bon
oxidizing bacteria to the total microbial population may change according to the time
of sampling or to the extent of oil pollution. Several bacterial and fungal strains were
isolated from oil-contaminated sites and proved to metabolize alkanes and PAHSs during
the biodegradation process. For instance, Acinetobacter vene-tianus 6A2 strain was
found to have the ability to utilize n-alkanes ranging from C10 to C40 (Throne-Holst et
al., 2006), while the indigenous strain Gordo-nia sp. CC-NAPH129- from a diesel-
contaminated site was capable to utilize naphthalene as a sole carbon source and
degraded 50 ml BSM-naphthalene medi-um in less than 24 hours (Lin et al., 2012) .

Some studies investigated the hydrocarbon degraders in desert oil-polluted soil habitats.
Muthukrishnan and Abed (2018) proposed that irrigation with nutrients significantly
enhanced the biodegradation rates in oil-contaminated soils. This nu-trients-amended
oil-contaminated desert soil was dominated by the Gammaprote-obacteria from which
50% of the isolated alkane-degrading strains belonged to Pseudomonas. A unique
observation of oil-degrading bacteria from oil-polluted habitats in Kuwait was their
potential to fix molecular nitrogen that gives them an advantage in nutrient-poor desert
soil (Al-Awadhi et al., 2012). They found that the Actinobacteria was the specific
hydrocarbon-utilizing bacterioflora in this ter-restrial soil samples.

As already mentioned, hydrocarbon biodegradation is initiated by an oxidative process
that involves the insertion of molecular oxygen into the compound. In turn, the aliphatic
and aromatic compounds become more polar and less hydrophobic (Fig. 2). Therefore,
alkane monooxygenase gene alkB, naphthalene dioxygenase gene nahA and phenol
monooxygenase gene dmpN are typically used as indicators for the diversity and
abundance of the corresponding alkanes and aromatics de-grading bacteria (Pérez-de-
Mora et al., 2011; Liu et al., 2015; Peng et al., 2015). The abundance of the alkB gene
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was reported to be strongly correlated with counts of diesel-degrading bacteria by Most-
probable-number (MPN) method in polar hydrocarbon polluted soils (Yergeau et al.,
2009). The number of copies of the alkB gene was shown to be positively correlated
with the total petroleum hy-drocarbon (TPH) while the Nah gene was found to be
negatively related to the concentration of total aromatic hydrocarbon (TAH) (Liu et al.,
2015).
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Figure 2:A general aerobic degradation pathway of n-alkane initiated by alkane
monooxgenase that is coded by the alkB gene.

In summary, given the evidence of strong oil-induced soil hydrophobicity and long-
term damage to vegetation in Evrona, the significant influence of soil-hydrophobicity
on water flow and contaminant transport and the lack of knowledge of the effects of
oil-induced soil hydrophobicity in arid environments, we conclude that the persistence
and hydrological effects of soil hydrophobicity in Evrona should be studied to better
assess water balance, oil fate and transport and the damage to vegetation in the polluted
site and in the entire basin. The research is novel of several aspect; first it combines
investigation of soil hydrophobicity, hydrocarbon content and oil-biodegrading
bacterial population. Second, it is performed in a hyper-arid environment in which two
spill events have occurred in the last 40 years. The combination of the hyper-arid
climate and the reoccurring spill events presents a unique opportunity to study the
effects of spill events in arid environments over time.

Biosurfactants in soil remediation

Biosurfactants are classified according to their molecular weight, into low-molecular-
weight including glycolipids, phospholipids, and lipopeptides and into high-molecular-
weight  groups  consisting of  amphipathic  polysaccharides,  proteins,
lipopolysaccharides, lipoproteins or complex mixtures of these biopolymers (Ron and
Rosenberg, 2002; Pacwa-Plociniczak et al., 2011). The low-molecular-weight
biosurfactants are efficient in reducing the interfacial surface tension. The high-
molecular-weight surfactants are less efficient in reducing interfacial surface tension
but are efficient in coating the oil droplets and preventing their coalescence (Ron and
Rosenberg, 2002). Biosurfactants are extensively used in the remediation of
contaminated sites because of advantages such as being environmentally friendly,
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having a good temperature, pH and ionic strength tolerance and biodegradability
(Karlapudi et al., 2018). The low solubility and strong hydrophobicity of oil pollutants
lead to poor bioavailability of these pollutants to hydrocarbon-degrading
microorganisms in the bioremediation process. In concentrations lower than the critical
micelle concentration (CMC), the surface tension of the solution decreases with the
concentration of the biosurfactant. In concentrations above the CMC, biosurfactants
will form micelles, bilayers, and vesicles (Fig. 3). Micelle formation reduces the surface
and interfacial area of the hydrophobic part of the biosurfactant that is in contact with
the solution and increases the solubility and bioavailability of hydrophobic organic
compounds.
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Figure 3:The relationship between biosurfactant concentration, surface tension, and
formation of micelles (Whang et al., 2008).

Two major mechanisms through which biosurfactants enhance hydrocarbon
bioremediation include increasing the solubility of hydrocarbons and increasing the
bioavailability of hydrophobic compounds (Ron and Rosenberg, 2002). A decrease of
the cell surface hydrophobicity was demonstrated in Acinetobacter calcoaceticus RAG-
1 in the presence of biosurfactant. that the biosurfactant enables the cell to attach to oil
droplets and utilize long-chain alkanes (Ron and Rosenberg, 2002). Many studies have
reported enhanced hydrocarbon removal achieved by rhamnolipids, a common
biosurfactant, produced by Pseudomonas aeruginosa, which was found to stimulate
uptake of hydrophobic compounds (Noordman and Janssen, 2002). For instance,
Perfumo et al. (2006) reported that Pseudomonas aeruginosa AP02-1 isolated from the
hot spring environments synthesized a mixture of rhamnolipids with high emulsifying
activity when grown on glycerol. In another study, a novel rhamnolipid biosurfactant-
producing bacterium Pseudomonas aeruginosa strain NY3 was shown to have the
ability to enhance the degradation of high molecular weight PAHs using its
biosurfactant (Nie et al., 2010).

As far as we know, most of the studies related to oil-induced soil hydrophobicity were
conducted in temperate and humid environments (Adams et al., 2008; Takawira et al.
2014), while the oil spill in Evrona is the only example of oil-induced soil
hydrophobicity in hyper-arid climate (Gordon et al., 2018; Stavi and Rosenzweig,
2019). Gordon et al. (2018) reported the persistence of in-situ soil hydrophobicity over
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42 years, as indicated by the high water drop penetration time and contact angle in the
1975 polluted site which were equivalent to or even higher than in the 2014 site.
There are only a few studies related to the oil pollution-induced alternations in soil

hydraulic properties in the hyper-arid Evrona basin (Gordon et al., 2018; Stavi and
Rosenzweig, 2019). Gordon et al. (2018) reported that the saturated hydraulic
conductivity of field samples was higher in the contaminated soil than in the clean soil.
Increased penetration resistance in the contaminated soils was also measured in both
the 1975 and 2014 sites compared to corresponding non-contaminated soils (Gordon et
al., 2018). Stavi and Rosenzweig (2019) investigated the effect of a 10cm tillage on the
hydrological properties of the polluted soil. They found the effects were limited. At the
ground surface, the penetration resistance was significantly decreased after the tillage
while the hydraulic conductivity was only slightly and non-significantly increased. No
beneficial effect was observed in deeper soil layers. Therefore, more research is needed
to evaluate the potential implications of oil pollution on the soil properties and to
improve hydrological properties.

Although the indigenous microbial populations in oil-contaminated marine
environment have been comprehensively investigated (Kimes et al., 2014; Yergeau et
al., 2015; Ribicic et al., 2018; Miller et al., 2019), knowledge of microbial response to
oil contamination and to the addition of water and nutrients is still limited, especially
in the hyper-arid terrestrial systems. Thus, research is needed to better understand the
microbial populations in oil-contaminated sites in drylands.

Methods
Soil survey

As a preliminary step for choosing the location of the monitoring station, we conducted
a soil survey where soil was sampled in 20 points along the contaminated stream to
characterize the soil texture (Figure 4). In each point soil was typically sampled in 5
depths starting from the soil surface up to a depth of 1 m. The survey was conducted in
full collaboration with the group of Prof. Jonathan Laronne and Prof. Ofer Dahan from
Ben Gurion University. Soil grain size distribution and texture were determined by laser
diffraction using Mastersizer (Malvern, UK), yielding the complete range of soil grain
size, from sub-microns to 2 mm (Crouuvi et al., 2008).

Hydrological field monitoring

Two monitoring stations in two sites (upstream and down stream, see Figure 5) were
installed. Each station consists of two adjacent streams (~10 m apart), of which one is
polluted and the other one is clean. As reflected by the soil survey, the downstream
station consists of more fine-grained soil, rich with gypsum layers while the upstream
section consists of more homogeneous coarse-alluvium.
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The trenches of the downstream station are in NE-SW orientation, perpendicular to the
streams (that head to the SE). The cross section of the polluted stream is about 3.1 m
wide and its depth is 0.15 m. The stream is not symmetrical; its lowest part is located
near the eastern bank of the stream (Figure 6a). The cross section of the clean stream is
about 3.0 m wide and its depth is 0.10 m deep. This stream is fairly symmetrical (Figure
4a).

The sediment sequence of the polluted stream is composed of 4 pedo-sedimentary units
which contains sand and gypsum. The sequence is described in Table 1. The depth of
the visually polluted soil ranges between 10 cm in the western edge of the stream till
26 cm at the deepest point of the stream.

The sediment sequence of the clean stream is very similar to the one of polluted stream.
It is composed of 5 pedo-sedimentary units as described in Table 2.

Figure 4: Location map of the pomts sampled for soil texture. In each point sampling was
conducted at several depths, from the soil surface up to 1 m depth. The oil-polluted streams can
be seen on the background.
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Figure 5: Location map of the monitoring stations (blue color) and of the points from which
soil was sampled for incubation experiments (Bordeaux color). In the inset: a close up view of
the downstream monitoring station

Table 1: The sediment sequence in the polluted stream of the downstream section

Unit | Depth (cm) | Thickness | Description
(cm)

I 0—(25-50) | 25-50 Alternating layers of well bedded sand with
medium gravel (0.5-1.5 cm). Sharp and wavy
boundary.

I (25-50) — 35-70 Alternating layers of hard and continuous

(85-95) gypsum (1-2 cm thick) with single grain sand
(2-5 cm thick). The lower part consists of
thicker (5-7 cm) gypsum layer. Distinct and
wavy boundary.

11 (85-95) — 15-55 Massive sand, common (25%) gypsum nodules

(110-140) 2-3 mm. Distinct and wavy boundary.

IV | (110-140)- |+20 Massive sand.

160
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Table 2: The sediment sequence in the clean stream of the downstream section

Unit | Depth Thickness Description
(cm) (cm)
I 0—(30- 30-40 Alternating layers of well bedded sand with
40) medium gravel (0.5-1.0 cm). Sharp and wavy
boundary.
] (30-40) — | 40-50 Alternating layers of hard and continuous
80 gypsum (1-2 cm thick) with single grain sand
(2-5 cm thick). Distinct and smooth boundary.
11 80-115 |35 Hard and continuous gypsum.
IV | 115-165 |50 Massive sand, common (25%) gypsum nodules
2-3 mm. Distinct and smooth boundary.
\Y 165-180 | +15 Massive sand.

The upstream station is located a few tens of meters from the Arava highway about 2
km from the downstream station (Figure 5). The sections are in NE-SW orientation
(30°), perpendicular to the streams (that head to the SE), and are 8 m apart from each
other. The stream cross section of the polluted stream is about 2.0 m wide and 0.40 m
deep. The section is symmetrical (Figure 7). The sediment sequence is composed of 3
pedo-sedimentary units (Table 3). The polluted sediment lies in depth of about 17 cm
in the center of the stream and is covered by young sediments. The thickness of the
polluted sediment is 10 cm in the middle of the stream. The oil thickness and thinning
towards the stream edges.

The cross section of the clean stream and is about 2.4 m wide and 0.17 m deep; the
section is of asymmetrical shape where the lowest part is located near the NE bank of
the stream (Figure 3). The sediment sequence is very similar to the polluted site (Table
4).

Table 3: The sediment sequence in the polluted stream of the upstream station.

Unit Depth Thickness Description
(cm) (cm)

I 0-55 55 Alternating layers of well bedded sand
with medium to large gravels (0.5 cm,
3-5 cm). Total gravels 40-50%. Gradual
and smooth boundary.

] 55-90 |35 Same as above, few (5%) gypsum
nodules 2-3 mm. Gradual and smooth
boundary.

I 90-170 | +80 Same as above, more gravels (50-60%),
few (10-15%) gypsum nodules 2-5 mm.
Gypsum also partially coat gravels.




Table 4: The sediment sequence in the clean stream of the upstream section.

Unit Depth Thickness Description
(cm) (cm)
I 0-50 50 Alternating layers of well bedded sand

with medium to large gravels (0.5 cm,
3-5 cm). Total gravels 40-50%. Gradual
and smooth boundary.

] 50-85 |35 Same as above, few (5%) gypsum
nodules 2-3 mm. Gradual and smooth
boundary.

I 85-150 | +65 Same as above, more gravels (50-60%),

few (10-15%) gypsum nodules 2-5 mm.
Gypsum also partially coat gravels.

In both stations and in each stream, sensors were installed on the walls of the 1.8 m
depth trenches that were dug for this purpose and closed immediately after installation.
The scheme of the sensors in the section is presented in Figures 6 and 7 for the
downstream and upstream, respectively. Twelve sensors were installed in each trench;
9 TDT sensors (Acclima, USA) and 3 TDR sensors (True TDR, Acclima, USA). The
shallowest sensors were installed at a depth of 7 cm below the soil surface while the
deepest sensor was installed in 120 cm depth. As the area is extremely arid, it is
expected that infiltration depth will be rather shallow, specifically in the water repellent
soils. Therefore, 4 sensors were installed in 7 cm depth, 3 in 15 cm depth, 2 in 30 and
in 60 cm depth and one sensor in 120 cm depth. The TDR and TDT sensors measure
the soil volumetric water content, the temperature and the bulk electrical conductivity
which serves as an indicator of solute transport. TDR measurement is considered a little
more accurate than TDT measurement. Also, the TDR probe is more easily inserted
into the soil without causing the disturbance typical of TDT installation. Additionally
an automatic rain gauge (TB, Young, USA) was installed above surface to record rain
amount and intensity. Measurements are carried out automatically every 15 minutes.
The data is stored in a data logger (CR300, Campbell Scientific, USA) and transmitted
daily to the server of the Geological Survey. Data collection was programmed such that
when rain starts, measurements are performed at 2 minutes intervals until 24 hours after
the rain event. After that, measurements resume to 15 minutes intervals.

To better characterize the sections, undisturbed soil samples were taken to calculate
porosity, bulk density, water content and soil texture (Figures 6,7). Sampling was
conducted using a dedicated kit for undisturbed soil sampling. (Eijkelkamp, the
Netherland). Samples were weighted in the lab within 2 days from collection to
maintain their filed water content. Additional soil samples were taken from the polluted
section to measure soil hydrophobicity and hydrocarbon content.
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Figure 6: Schematic layout of the sensors and sampling locations in the (a) polluted trench (b)
clean trench of the downstream station. Sensors are installed at depths of 7, 15, 30, 60 and 120
cm below surface. Dashed lines represent the boundaries between sedimentary units and roman
numbers correspond to the units in Tables 1 and 2. Note that the deepest unit is not shown in
the figure.
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Figure 7: Schematic layout of the sensors and sampling locations in the upstream station at the
(@) clean trench and the (b) polluted trench of the upstream station. Sensors are installed at
depths of 7, 15, 30, 60 and 120 cm below surface. Dashed lines represent the boundaries
between sedimentary units and roman numbers correspond to the units in Tables 4 and 3,
respectively. Note that the deepest unit is not shown in the figure.
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Incubation experiments

Soil batches (of about 2 kg each) taken from the 1975 and 2014 spill sites (Figure 2) in
late May 2017 were incubated in different conditions to assess the persistence of soil
hydrophobicity and oil attenuation. The experiment matrix included 10 treatments; 7
treatments for the 2014 polluted soil and 3 treatments for the 1975 soil. The 2014
polluted soil was incubated in 20% and 50% water saturation (calculated based on a
bulk density of 1.5 g/cm?®), in 20% saturation with the addition of nutrients, 20%
saturation with the addition of surfactant, and in 20% saturation with addition of both
nutrients and surfactant. Air-dry polluted soil was used as a control and clean soil from
a nearby stream was used for comparison. The 1975 polluted soil was incubated in 20%
saturation, 20% saturation with the addition of nutrients and air-dry soil was used as a
control.

Nutrient solution was prepared by dissolving 3 g/l ammonium sulfate and 150 mg/I
potassium phosphate in tap water (deionized water was not used to avoid soil
dispersion). In this experiment, 200 mg/l of Rhamnolipids (Agaetech, USA) were used
to test the effect of surfactant on oil degradation and hydrophobicity reclamation.
Rhamnolipids were chosen since they are model biosurfactants which were extensively
investigated in the context of bioremediation (Mulligan et al., 2005).

Incubated soils were stored in containers at room temperature. Soil was stirred every
two days to aerate the soil and homogenize the sample. Once a week, the soils were
weighted and deionized water was added to make up for evaporative loss. Soil batches
were sampled periodically (once a month in the beginning up to every 3 months, at the
end of the incubation) to measure the level of hydrophobicity and hydrocarbon content.

Hydrophobicity characterization

The degree of soil hydrophobicity and water repellency was evaluated by the water
drop penetration time (WDPT; Letey, 1969), molarity of ethanol droplet (MED;
Watson and Letey, 1970) techniques and by measuring the drop contact angle (DCA;
Bachmann et al., 2000) between the water and the soil.

Soil was dried in 65 °C oven for two days and left in open air for another day. Soil was
then sieved to 2 mm and placed on a petri dish generating a surface as smooth as
possible (Takawira et al., 2014). In the WDPT method, the degree of hydrophobicity
was assessed by measuring the time for a drop of water (50uL) to penetrate the soil
surface. The results are classified according to the hydrophobicity groups of Dekker
and Lungerius (1990): group 1-wettable (WDPT < 5s); group 2-slightly wettable (5-60
s); group 3-strongly non-wettable (60-600 s); group 4-severely non-wettable (600-3600
s); group 5-extremely non-wettable (>3600 s). In the MED test, the hydrophobicity was
assessed by pipetting a 50uL droplet of ethanol solution on the soil surface and finding
the lowest molarity of ethanol solution which penetrates the soil surface within 5 s.
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DCA measurement was conducted by the sessile drop contact angle method (Bachmann
et al., 2000). Briefly, air dry sieved soil particles (<0.5mm) were spread on a smooth
microscope glass slide wrapped with double-sided tape. The surplus grains were
removed by knocking the slides carefully. Then, five 10 pl drops of double-distilled
water were placed on the surface of the soil layer by a microsyringe. Records of the
water drops were taken by a microscope connected to the computer (OCAZ20,
Dataphysics, Germany). The contact angles were then calculated using the SCA
software (Dataphysics, Germany). .

Hydrocarbons extraction and analysis

Ten grams of the soil from the incubation experiments were dried in the oven at 65°C
for 2 days. Five grams of the dried soil were placed into 40 ml glass vial and mixed
with 1 gram of anhydrous Na2S04, followed by addition of 15 ml of dichloromethane.
The vials were sonicated at room temperature for 10 min. The extract was filtered and
analyzed by GC-MS.

Hydrocarbons were analyzed with GC-MS (6890N-5975; Agilent) equipped with a
Rxi-5HT capillary column (30m, 0.25 mm, 025um; Restek). GC oven was heated
from 50°C to 300°C at 10°C/min and held at this temperature for 10 min. Helium was
used as a carrier gas. Injector was held at 280°C. Individual n-alkanes were identified
based on the retention time of the standards (nC10-40; Sigma-Aldrich). Areas of GC-
MS peaks were used calculation of indicative ratios.

Total Petroleum Hydrocarbon (TPH) analyses were performed at a certified lab
(Aminolab, Israel) according to EPA 8015 standard method.

Measurements of unsaturated hydraulic properties

Soil water retention curves and hydraulic conductivity functions were measured using
the Hyprop system (UMS GmbH, Munich). The system is based on the frequently used
evaporation method proposed by Wind (1968) and further developed (Schindler et al.,
2010).

Three hundred and seventy-five grams soil were oven-dried in 65 °C for two days and
sieved to 2 mm. Then, the soils were well-mixed with double distilled water (DDW),
packed into 8 cm, 250 cm? cylinders at a bulk density of 1.5 g/cm?® and put into a
container. DDW was poured into the container until the water level reached the cylinder
height to fully saturate the soils samples by capillary rise. Full saturation was obtained
after about a week with the saturated water contents being around 0.35~0.4.

Next, the cylinders with the soil samples were connected to the Hyprop system and left
to evaporate. During evaporation, the soil samples were weighed at least once a day
and the mass of the measurement units was recorded. As shown in Fig. 8, two
tensiometers were placed inside the soil sample at 3.75 cm and 1.25 cm from the bottom to
measure the matric heads.
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Figure 8:Schematics of the Hyprop system (UMS GmbH, 2015)

The average volumetric water content 8 [L3/L%] was calculated using the weight and

matric head according to:
o Mgy — M,
] 6(h) Ty (1)

where h is the mean matric head [L] of the reading of the two tensiometers at time t,
My is soil sample mass [M] at time t, M, is the mass of the oven-dried soil at 105 °C,
V is the sample volume [L%], 250 ml and p,, is the water density [M/L?], 1 g/cm®. The
WRC is then obtained from h and 8.
The evaporation flux g [L/T] through the soil sample was calculated by using two
consecutive weights according to:
Mt - Mt+1

AAt - py,
where A [L?] is the cross sectional area of the cylinder.
The unsaturated hydraulic conductivity K [L/T] was then calculated as follows,

q/2
Az/AH ()
where H is the hydraulic head [L], which is the sum of the matric head and elevation ,
and Az is the height difference between the tensiometers equal to 2.5 cm.

q= (2)

K(h) = -

At the dry range of the water retention curve, measurements were obtained by the dew
point method using the WP4C device (Decagon Devices Inc., USA). The WP4C
PotentiaMeter system is based on equilibrium of potential between water in a soil
sample and the relative humidity of the air space above the sample (Dane et al., 2002).
Relative humidity is calculated using the dew point temperature of moist air which is
measured by a chilled mirror, and the soil sample temperature which is measured by an
infrared thermometer. The soil water potential is calculated using the Kelvin equation
(Dane et al., 2002). The potential found is the sum of the matric and osmotic potential.
This dew point method was applied to get the wetting and drying retention curves. For
the drying curves, sieved (<2mm) oven-dried soil samples were saturated and kept
overnight to stabilize. Each soil sample was exposed to evaporation, put into the WP4C
chamber to measure the total potential and was weighted to assess the loss of water.
This process was repeated until the water contend reached to 0.5%. For the wetting
curves, a specific amount of water was added to the sieved (<2mm) oven-dried soil
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samples to reach a specific water content and kept overnight. Then the water potential
and real water content were measured.

The WP4C method is adequate to measure the matric head of samples with matric head
values greater (in absolute value) than 50 meter H20 (Decagon-Devices, 2013).
Therefore, it complements the Hyprop device in measuring the WRC at the high-suction
range, which the Hyprop is not suited for.

Measured data of the water retention curve were fitted to the Van Genuchten's relation
(van Genuchten, 1980),

o—g = L+ (D™ )

where 8 is the water content, 6,. is the residual water content, 6, is the porosity, h is the
matric head, o, n and m are empiric parameters where commonly m = 1- 1/n. The
parameter o is related to the inverse of the air-entry value, and n is a measure of the
pore-size distribution.

For the Hyprop results the parameters n and m were independently fitted (i.e., not
keeping the dependence between m and n) to allow more flexibility while in the WP4C
data the dependence was kept (m=1-1/n). The WP4C data were fitted by using the
RETC code (Soil Salinity Lab, USA). The Hyprop evaporation data combined with the
WPAC data were fitted by using Hypropfit software (UMS, Germany).

Hydraulic conductivity obtained from the Hyprop experiment was fitted to the
Maualem model (Mualem, 1976) combined with the van Genuchten's relation (van
Genuchten, 1980),

— 1_1 l—1 2
K = K1+ @lhD™) ™0 |1 = (alhD™ [1+ (alh)"]r 5)

where t[-] is the tortuosity parameter, often set to 0.5. In our case, 7[-] was fitted to
increase the flexibility of the fitting.

Quantification of microbial oil degraders

Soil DNA extractions and quantitative PCR (qPCR)

Microbial DNA from 0.25 g dry weight (dw) soils was extracted by a soil DNA
extraction kit (DNeasy PowerLyzer PowerSoil Kit, Mo Bio, USA) in the following
treatments: 1975 treatments (1975 control July 2017; 1975 control Jan 2019; 1975 20%
Jan 2019; 1975 205 Nut Jan 2019) and the 2014 treatments (2014 control Jul 2017,
2014 control Jan 2019; 2014 20% Jan 2019; 2014 50% Jan 2019; 2014 20% Nut Jan
2019; 2014 20% Surf Jan 2019; 2014 20% Nut Surf Jan 2019; 2014 clean 2014 Jul
2017; 2014 clean Jan 2019). The DNA extraction was conducted in duplicates
according to the manufacturer instruction. The extracts were kept for the quantification
of genes alkB, nahAc, and dmpN. The sequences of degenerated primer sets used in this
study are presented in Table 5. The reaction mixture (20 pl) contains 10 pl enzyme mix
(qPCRBIO SyGreen Blue Mix Lo-Rox, PCR Biosystems Inc, USA), 0.4 uM forward
primer, 0.4 uM reverse primer, 1 ul DNA template and 8.2 ul nuclease-free water. Real-
time PCR was conducted by a CFX96 Touch™ Real-Time PCR Detection Systems
(Bio-Rad, USA). The amplification cycle was: initial denaturing at 94 °C for 30s,
followed by 40 cycles of denaturing at 94 °C for 5 s, annealing at 64 °C for 15 s,
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extension at 72 °C for 10 s; and then hold at 55 °C for 30 s. gPCR amplification products
were run using 1.5 % agarose gel electrophoresis to check for primer dimers and non-
specific bands.

Table 5: Primer sequence for gPCR
Primer  Target gene

name Sequence Reference

Alk- alkane 5’-GGT ACG GSC AYT TCT ACR

BFB monooxygenase TCG A-3’ Marchant et al.,
Alk- (alkB) 2006

BRB 5’-CGG RTT CGC GTG RTG RT-3’

NAH-  Naphthalene 5’-CAAAARCACCTGATTYATGG-

F dioxygenase 3

NAH-  (nahAc) 5’-AYRCGRGSGACTTCTTTCAA-

R 3’ Baldwin et al.,
PHE-  Phenol 5’-GTGCTGACSAAYCTGYTGTT- 2003

F hydroxylase 3’

PHE-  (dmpN)

R 5’-CGCCAGAACCAYTTRTC-3’

The numbers of copies of the alkB, nahAc, and dmpN genes were quantified relative to
a standard curve of serial dilution of stocks used as a positive control. Duplicates of the
standard curves were prepared by serial dilution (10 to 107) of the plasmid. Clean
PCR products of alkB were used for the cloning and transformation according to the
protocols of CloneJET PCR cloning (Thermo Scientific, USA).
Number of copies of genes for the plasmids used for standard curves were calculated
according to Ritalahti et al. (2006),
CXAXvV

N= X10°x 660 @
Where N is number of copies [copies/ul], ¢ is the DNA concentration [ng/ul], A is the
Avogadro’s number, equal to 6.02x10%%, v is the volume of template [pl], and L is the
amplicon length [base pairs, bp].
The number of copies of target genes per reaction mix were determined from the
standard curve based on the cycle number at the set fluorescent intensity. The number

of copies of target genes per gram dw soil was calculated as,

NxV
n=

(8
w
where N is the number of copies per volume [copies/ul], n is the number of copies per
gram dry weight soil [copies/g], V is the volume of extracted DNA, w is the weight of
soil sample used in the DNA extraction.

Most probable number

The method is a modified version of the 96-well microplate most-probable-number
(MPN) method (Haines et al., 1996). Briefly, bacterial cells were extracted from the
soil by shaking 5 g soil with 45 ml sterile Bushnell-Haas (BH) broth (Sigma, USA) for
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30 min. The supernatant was serially diluted in sterile BH medium. Six 400 pl replicates
of each dilution were added to 48-well microplates. Either hexadecane (4 ul) or
naphthalene (30 pl, 1% dissolved in silicone oil) was used as a substrate for the
enumeration of total alkanes and aromatic degraders, respectively. Two microplates
with BH medium without hexadecane and with soil dilution alone were used as negative
controls for total alkane and aromatic degrades, respectively. The microplates were
incubated at 25 °C for four weeks in a humid box. Growth-positive wells were identified
by the addition of the tetrazolium compound iodonitrotetrazolium violet (INT). The
colorless tetrazolium compound replaces the oxygen as the terminal electron acceptor
during the respiration of active cells (Smith and Mcfeters, 1997) and turns into purple
formazan. The MPN numbers were calculated according to MPN calculation program
(Jarvis et al., 2010).

Isolation and evaluation of biosurfactant producers

Enrichment and isolation of biosurfactant producing strains

To isolate the biosurfactant producing microorganism, five grams of contaminated soil
were inoculated into 100 ml Bushnell HassHaas Broth (BH) mineral medium
containing hexadecane (1% v/v) as a carbon source and incubated at 25 °C for 7 days.
Then, 50 ul of the culture broth was transferred into a fresh BH medium and incubated
under the same conditions. This procedure was repeated 3 times to en-rich the microbial
population. After this, aliquots were spread on BH agar plates with hexadecane (1%
v/v) used as the carbon source. These plates were incubated at 25 °C for 7 days. Several
colonies that appeared on the agar plates were select-ed for further purification. These
colonies were inoculated into fresh sterile BH agar plates and inoculated into Trypticase
soy broth (TSB) agar plates to check their purification. 12 single colonies were selected
randomly and inoculated into fresh BH mineral medium and incubated on a shaker at
25 °C for one week.

Screening of biosurfactant production

Bacteria were cultivated in a 250 ml flask with 50 ml of BH mineral medium with
hexadecane (1% v/v) (Sigma, USA). A loop-full of a single colony grown on the BH
agar plates with hexadecane (1% v/v) was inoculated in the flasks of sterilized BH
medium and incubated in a shaker at 200 rpm and 30°C for one week. At the end of
incubation, the cells in the culture broth were removed by centrifuge (Heraeus,
Germany) at 6000 rpm and 4 °C for 15 min and then filtered through 0.45 pum filters
(Merck Millipore Ltd., Ireland). The cell-free culture solutions were used for the
following screening tests: oil spreading assay, emulsification index (E24) assay, and
surface tension assay .

The oil spreading experiment is a modified version of the method described by
Morkikawa et al. (2000). Briefly, 10 ul crude oil, which was obtained from Tzuk
Tamrur 3 borehole near Arad, was added to the surface of 20 pl distilled water in a petri
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dish, followed by the addition of 10 ul cell-free culture broth. The diameter of the oil-
free clear zone is a measure of the oil displacement activity. A result was considered
positive for biosurfactant production when the diameter of the clear zone was at least 5
mm (Thavasi et al., 2013). As the crude oil we used was too dense and the spreading
activity was affected by many factors such as the temperature and the time that the oil
was in contact with the water surface, the results of the oil spreading assay were not
comparable between replicates. There-fore, the oil spreading assay was used as a
qualitative method to justify the biosur-factant production activity .

The measurement of emulsification activity is described in Cooper and Goldenberg
(1987). Two ml hexadecane and two ml cell-free culture broth were vortexed at the
maximal speed for 2 min and then kept static for 24 h. Emulsifica-tion was then
characterized by the E24 index which is the ratio of the height of the emulsion layer to
the total height of the fluid.

The surface tension assay is one of the common methods to screen the biosurfac-tant
production (Sidkey et al., 2016). The surface tension measurement of the cell-free broth
mentioned above was conducted by the du Nouy ring method (Mclnerney et al., 1990)
in a K6 tensiometer (Kruss GmbH, Hamburg, The surface tension measurement of the
cell-free broth mentioned above was conducted by the Wilhelmy plate method in a
tensiometer (DCAT, Dataphysics Co. Germany). For the measurement of the surface
tension, 15 ml of the culture were equilibrated in a small weighing dish. Measurements
were conducted in triplicates.

Another mineral salt medium in which glycerol serves as the carbon source was
prepared as followed (per liter):20 g glycerol, 0.7 g KH2PO4, 0.9 g Na2HPO4, 2 g
NaNO3, 0.4 g MgSO4 - H20, 0.1 g CaCl2 -2H20, and 2 ml of a trace solution con-
taining 2 g FeSO4 - 7H20, 1.5 g MnSO4 - H20, and 0.6 g (NH4)6Mo07024 - 4H20.
Isolates were cultured in the above mineral medium at 30 °C for 3 days. The same
procedure as mentioned above was conducted to get the cell-free culture broth and then
test the surface tension. The goal of this measurement was to compare the production
of biosurfactants when hexadecane is used as a carbon source to their production when
glycerol is used instead.

DNA extraction and identification by 16S rRNA sequencing

The isolation of pure genomic DNA from the isolated strains was extracted by a
commercial kit (GenElute Bacterial Genomic DNA kit, Sigma-Aldrich, USA) ac-
cording to the manufacturer’s instruction. The concentration of eluted DNA was
measured by NanoDrop Spectrophotometer (ND-1000, Thermo Fisher Scientific,
USA).

The primer set 341f (5’- CCTACGGGAGGCAGCAG-3’) (Muyzer et al., 1993) and
907r (5’- CCGTCAATTCMTTTGAGTTT) (Lane, 1991) was used to amplify the 16S
rDNA of the isolates. The volume of the 16s16S rDNA PCR reaction mix-ture was 50
pl, consisting of 25 pl enzyme mix, 2 uM forward primer, 2 uM re-verse primer, 2 pl
DNA template and 19 pl DNA-free water. The procedure was as followed: initial
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denaturing at 95 °C for 5 min, 35 cycles consisting of denatur-ing at 95 °C for 30 s,
annealing at 58 °C for 30 s, extension at 72 °C for 20 s and final extension hold at 72°C
for 5 min. After the examination of the size of ampli-fied PCR products on 1.5 %
agarose gel, the sequencing was performed on Ap-plied Biosystems 3500 xL Genetic
Analyzer (Applied Biosystems) at the Genomic unit of Ben Gurion University of the
Negev. The 16S rRNA gene sequences of the isolates were aligned and compared with
known reference 16S rRNA gene se-quences in Genbank database using BLAST search
at the National Center for Bio-technology Information. The phylogenetic tree was
constructed with Geneious Prime (New Zealand) using a neighbor-joining method.

Statistical analysis

Statistical analyses were conducted by Prism 7 (GraphPad, USA). Significant dif-
ferences between different treatments for the analyses were conducted by one-way
analysis variance (ANOVA). When the F value from the one-way ANOVA anal-yses
was found to be significant (P < 0.05), the difference between the means of two sets
were compared by t-test, with the regression between sets of two variables subjected.
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Results and discussion

Soil survey

The fraction of coarse particles (diameter larger than 2 mm) as a function of the distance
downstream from road 90 is presented in Figure 9. Generally, the fraction of coarse
material decreases with the downstream distance for all depths. This decrease is
especially pronounced in the first 1500 m where, for instance, the fraction of coarse
material at depth 5-10 cm of decreases from over 60% at 568 m to 11% at 1980 m.
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Figure 9: Fraction of coarse material as a function of the distance downstream from road 90.

The fractions of sand, silt and clay (from the total material below 2 mm) as a function
of the distance downstream from road 90 are presented in Figure 10. It is shown that in
most of the samples the sand fraction ranges from 60% to 80%, the silt fraction is
between 10% and 30% and the clay fraction is lower than 15%. These correspond to
soil textures ranging from sand through loamy sand, sandy loam, and to loam and silty
loam. Most of the samples range from loamy sand to sandy loam. No spatial trend can
be observed with regard to the downstream distance. The samples taken from 40-50 cm
depth show higher silt and clay fractions than the samples taken from shallower depths.
Given these results, it was decided to locate the monitoring station in the middle of the
basin in a distance of roughly 2500 m downstream from road 90.
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Figure 10: Fraction of (a) sand (b) silt and (c) clay from the material smaller than 2 mm as a
function of the distance downstream from road 90.

Hydrological field monitoring

Bulk density, porosity and volumetric water content in the two downstream and two
upstream trenches are shown in Figure 11 and 12, respectively. In each trench,
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properties were measured in two vertical profiles in the stream edges from which
undisturbed soil samples were taken (Figures 6 and 7). Volumetric water content was
calculated by first calculating the gravimetric water content by the double weighing
method and then converting it to volumetric water content using the bulk density values
(Topp and Ferre, 2002).

The soil bulk density ranges between 1.4 and 1.8 g/cm?, typical values for sandy soils.
In the upstream station the soil’s density is a little higher in the clean trench in the
upstream section, while no trend is observed in the downstream station. The average
value in the upstream station (1.62 g/cm? % 0.09 g/cm?) is higher than the one obtained
for the downstream station (1.51 + 0.1 g/cm?®). This could be attributed to the higher
fraction of gravel in the upstream station. The soil’s porosity ranges between 34% and
47%, which are also typical of sandy soils. Since the soil porosity is reciprocal to the
bulk density this is a mirror view of the bulk density. The volumetric water content
ranges from below 1% at the soil surface of the polluted stream of the downstream
station to 20.5% at a depth of 120 cm at the clean stream of the downstream section. At
the upstream station the variability of the water content is much lower, probably due to
the more homogeneous soil section. Another reason for the high water content at the
downstream station could be related to a rain event that preceded the sampling of the
downstream station. The effect of the hot climate and the high evaporation rate is shown
by the low water content near the soil surface.
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Figure 11: Profiles of (a) bulk density (b) porosity and (c) volumetric water content in the
obtained by undisturbed sampling in the polluted and clean streams of the downstream station.
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Figure 12: Profiles of (a) volumetric water content (b) bulk density and (c) porosity obtained
by undisturbed sampling in the polluted and clean streams of the upstream station.

Profiles of the sand, silt and clay fractions obtained for the downstream and upstream
stations are displayed in Figures 13 and 14, respectively. The soil’s texture is presented
on the USDA soil triangle in Figure 15.
The soil’s texture of the downstream station ranges from sandy loam through loam to
silt loam. The sand fraction ranges from 90% in the surface of the polluted section to
32% in the depth of the clean section. Generally, the silt fraction increases with depth
from 6% on the surface to 52% at 120 cm. This corresponds to the gypsum layers that
can be found in these depths. The clay fraction ranges around 13% and is relatively
constant with depth (apart from a peak around 30 cm depth). In the upstream station,
the soil texture ranges from loamy sand, through sandy loam, loam, sandy clay loam,
silty clay loam to clay loam. Compared to the downstream station, the upstream station
is richer in clay (up to ~35%) and poorer in sands (around 60% on average).
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Figure 13: Profiles of (a) sand (b) silt and (c) clay fractions obtained in the polluted and clean
streams of the downstream station.
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Figure 15: Soil texture of the samples from the downstream (red circles) and upstream (blue

squares) stations.

While the soil texture at the two sections is similar in most parts (Fig. 15), the fraction of coarse
material is much higher in the upstream station compared to the downstream station (Fig. 16).
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Figure 17 shows the hydrophobicity distribution in the downstream polluted section
(Fig. 17 a,b) and the ratio between low to high weight alkanes (L/H; Figure 17c). An
increase in that ratio represents higher abundance of low-weight alkanes common in
non-degraded oil. Additionally, three representative concentrations of Total Petroleum
Hydrocarbons (TPH) of samples taken from the polluted soil, 20 cm below the visually
polluted soil and from the clean soil, are indicated on the figure. The top 30 cm of the
profile exhibits very severe hydrophobicity, both in terms of MED and of WDPT, which
reduces with the increasing depth. This corresponds with the L/H ratios and with the
TPH concentrations, which exhibit high oil concentration in the polluted soil, low but
detectible concentration below the visibly polluted soil and non-detectible
concentration in the clean soil. In the upstream section, the polluted layer was much
narrower with respect to the downstream section, with only one sample in the middle
of the trench (at 10 cm depth) being hydrophobic having WDPT of 320 s, MED of 25%
and characterized as strongly non-wettable.

During the two years of monitoring in the downstream station and the one-year
monitoring in the upstream station, four significant rain events have occurred on the
site (Figure 18a). Three of the events also induced overland flows. The first event took
place on October 20 2018, shading about 10 mm of rain. The second event occurred on
February 7 2019, shading 6.5 mm of rain. The third occurred on February 7 2020 with
13 mm rain and the most substantial event took place on March 13 2020 shading 26
mm, which amounts to 90% of the entire annual rainfall. Unfortunately, malfunctions
in the rain gauge prevented registration of the data for some of the period and the rain
data was taken from a nearby station about 2 km away from the downstream station and
3.5 km away from the upstream station. These rain events increased the water content

35



in the soil and can be easily observed in the measurements of the sensors of the clean
downstream section, presented in Fig. 18b.
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Figure 19 shows the depth-averaged water contents in the clean (Fig.19a) and
contaminated (Fig. 19b) sections of the downstream section measured during and after
the October rain event. In the clean section, the measured water contents show classic
infiltration behavior with the shallow sensors reaching higher water contents and
demonstrating earlier arrival of the wetting front. In the contaminated section, however,
the wetting behavior is different. First, the water contents are much lower than in the
clean sections. Second, the highest water content is obtained at depth of 15 cm, then the
second highest water content is obtained at depth of 28 cm, while in a depth of 7 cm
the water content is lower. This behavior might indicate preferential flow in the
contaminated section.
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Figure 19: Depth-averaged water content in the downstream station showing the October 20
rain event. (a) Clean section (b) contaminated section.
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Figure 20 shows the coefficient of variance (standard deviation divided by the average)
of the water content at each depth during the rain event. It is shown that apart from the
15 cm depth, in all depths the coefficient of variance of the contaminated section is
higher than that one of the clean section, strengthening the possibility that preferential
flow exists in the contaminated section. Calculation of the water depth, which
penetrated the soil during the rain event, yielded 43 mm in the clean section and only
11 mm in the contaminated section. This is a striking evidence of the effect of soil
hydrophobicity on the infiltration capacity of the soil.
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Figure 20: Coefficient of variance of the water content during Oct 2018 rain event.

Figure 21 shows the depth-averaged water contents in the clean (Fig. 21a) and
contaminated (Fig. 21b) sections of the downstream station measured during and after
the February 2019 rain event. As the rainfall and runoff in this event was considerably
smaller than in the October rain event, the water contents are lower. In the clean section,
wetting of the two shallowest depths occurs while no change in the water content is
observed at a depth of 30 cm. On the other hand, in the contaminated section, just a
small and short-lived increase of the 15 cm water content is shown, while no significant
change is observed at a depth of 15 cm. Surprisingly, the highest water content is
obtained at 30 cm depth. This is another evidence of preferential flow at the
contaminated section. The increase shown in a depth of 30 cm may be related to the
gypsum layer at this depth which is less permeable than the overlying soil. This may
cause lateral flow of water which is detected in the two sensors at this depth. Figure 22
shows the coefficient of variance during the rain event. Similarly to Figure 20, it is
shown that for most depths, the coefficient of variance for the contaminated section is
higher, suggesting a preferential flow in the contaminated stream.

Figure 23 shows the depth-averaged water contents in the clean and contaminated
sections of the downstream station measured during and after the February 2020 rain
event. Although a substantial amount of rain fell in this event (13 mm during 2 days),
since the soil was completely dry beforehand, this event did not induce overland flow
and the increase in water content in the downstream station was as a result of local
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infiltration alone. In the upstream station, only the contaminated stream flowed and
therefore we could not compare between the two streams.
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Figure 21: Depth-averaged water content in the downstream station showing the February 7
2019 rain event. (a) Clean section (b) contaminated section.
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In the clean section, the figure shows an abrupt increase in the water content at depth
of 7 cm and a delayed and smaller increase in the 15 cm sensors, as expected. In the
contaminated stream, however, the water content in the 7 cm and 15 cm sensors is
stable, while only the sensors at 30 cm depth show a fast increase in the water content.
This again suggests the existence of fast-conduits of preferential flow that rapidly
transport water and solutes to 30 cm depth, where the less permeable gypsum layer
impedes flow and cause lateral spread of the water and an increase in the water content.

Figure 24 shows the depth-averaged water contents in the clean (Fig. 24a) and
contaminated (Fig. 24b) sections of the downstream station measured during and after
the March 15 2020 rain event. As in previous rain events, it is shown that the water
contents in the clean stream are much higher compared to the contaminated stream. The
irregular pattern in the contaminated stream is evident in this event as well. The highest
water content is obtained at 30 cm depth whereas the 15 cm sensors do not show any
response, suggesting that water flow bypass them. Estimation of the water depth which
penetrated during this event revealed 55 mm in the clean stream versus only 13.7 mm
in the contaminated stream. This again shows that in the clean stream about 4 times
water penetrated into the soil compared to the contaminated stream. This has substantial
implications regarding the water balance in the basin, the amount of available water to
plants and the transport of contaminants both in the subsurface and above it.
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Figure 24: Depth-averaged water content in the downstream station showing the March 13 2020
rain event. (a) Clean section (b) contaminated section.

Figure 25 shows the depth-averaged water contents in the clean (Fig. 24a) and
contaminated (Fig. 24b) sections of the upstream station measured during and after the
March 15 2020 rain event. Compared to the downstream streams, the infiltration pattern
in these streams is much more abrupt, reflecting the coarse texture of the soil in this
region. The water in the contaminated stream seems to infiltrate easily into the soil,
compared to the downstream station. Indeed, 56 mm of water infiltrated into the soil in
the contaminated stream while only 37 mm infiltrated into the contaminated stream.
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This has two possible explanations. Observation indicated that the flow in the
contaminated stream was greater than in the clean stream due to poor feeding of the
clean stream from the upstream. The second reason for the high infiltration in the
contaminated stream is that as opposed to the downstream contaminated stream which
was heavily oil-contaminated, in the upstream station, only a narrow strip along the
cross-section of the stream was contaminated and its hydrophobicity was not as severe
as the one in the downstream station.
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Figure 25: Depth-averaged water content in the upstream station showing the March 13 2020
rain event. (a) Clean section (b) contaminated section.

Figures 26 and 27 show the daily-averaged temperatures for each depth (averaged over
all sensors at each depth) through the monitoring period, in the downstream and
upstream stations, respectively. The classic seasonal course of temperature is clearly
visible. In the downstream section, the temperatures of the sensors of the polluted
section are consistently higher than in the corresponding sensors of the clean sensors
(except for during the period between July 10- June 16, where an artificial flooding
experiment conducted in the contaminated stream by colleagues from Ben Gurion
University caused cooling of the contaminated section). The gap in the polluted data
between August and October 2019 is due to accidental damage to the sensors.

This results in a difference of between 0.6 to 1 °C in the mean temperature, depending
on the depth. In the upstream station, the differences are less pronounced, but still the
temperature in the contaminated stream is higher than that of the clean stream most of
the time. This results in a difference of 0.4 °C in the mean temperature in the top 30 cm,
and 0.2 °C at a depth of 60 cm. This temperature difference may explained by the darker
color of the oil-contaminated soil or by the decrease in evaporation from this soil. The
smaller spread of oil in the upstream station may explain the small difference in the
mean temperature, compared to the heavily-polluted downstream station. Temperature
changes induced by oil contamination may have significant effects on animal behavior.
This is currently being investigated by the monitoring program operated by the Nature
and Park authority in Evrona nature reserve.
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The water retention curves of the downstream station and another nearby site
(named 2014 control and 2014 clean, for the contaminated and clean samples,
respectively) were characterized the Hyprop evaporation method. Figure 28
presents the WRCs of the clean and polluted soil samples obtained by the Hyprop
experiment. The fitting parameters by van Genuchten’s model (Egs. 4 and 5) are
listed in Table 6. The model predicts the water retention curves well as indicated by
the low root mean square errors (RMSES). The parameter « is related to the inverse
of the air-entry value and the parameter n is directly related to the slope of the water
retention curve (van Genuchten, 1980). A smaller « indicates a higher air-entry and
a high n indicates a uniform soil pore size (Hyun et al., 2008).

The clean soils held more water than the corresponding polluted hydrophobic soils.
Roy and McGill (1998) proposed that water retention of wettable soil was higher
than in nonwettable soils throughout the suction.

The fitting parameter «, was observed to be higher in the 2014 control and field
polluted soils than in the 2014 clean and field clean soils, respectively (Table 6).
This finding is in agreement with the results of other studies showing that oil
pollution increased a (Hyun et al., 2008; Takawira et al. 2014).
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Figure 28: Water retention curves measured by Hyprop evaporation for clean and
polluted soil samples incubated in the lab and from the field.
Markers represent measurements, solid curves indicate fitting to van Genuchten's model.
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Table 6: Fitting parameters for the van Genuchten’s model obtained for the

HYPROP data
2014 field
2014 clean control field clean polluted

RMSE_TH 0.0021 0.006 0.002 0.004
RMSE_K 0.1267 0.37 0.17 0.36
a (1/cm) 0.02 0.04 0.01 0.06
n 15.000* 5.73 3.61 10.34
or
(cm3/cmd) 0.16 0.07 0.10 0.04
Os
(cm3cm?) 0.35 0.35 0.35 0.33
m 0.10 0.66 0.42 0.26
Ks (cm/d) 0.50 0.73 0.71 10.10
Tau -1.76 -1.35 -1.65 -0.78

The root mean squares error (RMSE) is an indication of the mean distance between a
data point and the fitted function. RMSE_TH is the root mean square error of retention
data. RMSE_K is the root mean square errors of conductivity.

The hydraulic conductivity functions of the clean and polluted soil samples were
characterized by the Hyprop evaporation experiments. As presented in Fig. 29, and
as can be expected, there is no big difference in hydraulic conductivity between the
two clean samples. The values of conductivity in polluted soils are higher than in
corresponding clean soils. This result is in agreement with other studies. Takawira
et al. (2014) reported that the conductivity increased linearly with the level of
hydrocarbon contamination.

In other studies conducted in Evrona, Stavi and Rosenzweig (2019) reported that
the nearly saturated hydraulic conductivity was lower in contaminated sediments
than in corresponding clean sediments, which is expected as the oil spill decreased
the infiltration capacity of the sediments. Gordon et al. (2018) found that the nearly-
saturated hydraulic conductivity in the 2014 contaminated site was lower than in
clean sediments at the ground surface and at 5 cm depth while it was surprisingly
higher than that of non-contaminated soil at 10 cm depth. They explained that this
increase could result from an increase in soil aggregation induced by oil pollution.
Aggregation changes the soil pore size distribution, increases the fraction of large
pores and therefore increases hydraulic conductivity. As shown in Table 6, the
saturated hydraulic conductivity (Ks) of the contaminated soil was higher in both
polluted soils with respect to the corresponding clean soils. Therefore, it is
reasonable to hypothesize that the hydrophobic organic substrates increased the soil
aggregation and the fraction of macropores in both samples of 2014 polluted soils.
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Figure 29: Hydraulic conductivity functions measured by Hyprop evaporation for
clean and polluted soil samples incubated in the lab and from the field.

Markers represent measurements, solid curves indicate fitting to van Genuchten's
model.

Incubation experiments
Soil hydrophobicity

In this study hydrophobicity was quantified using three methods: drop contact angle
(DCA), water drop penetration time (WDPT) and molarity of ethanol droplet (MED).
Figure 30 presents the results of the WDPT measurements for the 10 treatments. For
extremely non-wettable soils (WDPT>3600 s) an arbitrary value of 4000 s was chosen.

It is shown that the control treatments and the 50% saturation treatment did not show
any change in their WDPT during the 1.5-year incubation and are classified as
extremely non-wettable. All treatments to which nutrients or surfactants were added
(2014 20% +Nut+Surf; 2014 20% +Nut, 2014 20%-+ Surf and 1975 20% +Nut) and the
20% saturation treatments showed a substantial decrease in their WDPT and are now
classified as strongly non-wettable (2014 20% +Sur and 1975 20% +Nut) and severely
non-wettable (1975 20%, 2014 20%, 2014 20%+Nut, 2014 20%-+Nut+Surf). It is shown
that for some of the treatments, hydrophobicity decreases and then increases again. The
reason for this is not yet clear and could be related to polymerization of the
biodegradation products or secretion of hydrophobic substances by bacteria. While the
differences between the WDPT of the four treatments of the 2014 site have narrowed
down after one year, the addition of nutrient and surfactant seems to affect the rate of
hydrophobicity decrease. The fastest decrease occurred in the 1975 soil with nutrients
(1975 20% +Nut) in which the WDPT decreased to 980s after only one month, the 2014
soil with nutrients and surfactant exhibited the second fastest rate and the 2014 soil with
nutrients presented slightly slower rate. When only surfactant was added to the wet soil
(2014 20%+surf), the WDPT started to decrease only after 4 months, while the addition
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of water alone to 20% saturation required a long lag time of 7 and 9 months to induce
hydrophobicity reduction in the 2014 and 1975 soils, respectively . It is interesting to
note that the 20% saturation treatment performs better than the 50% saturation
treatment. This suggests that high water saturation is not needed to efficiently decrease
hydrophobicity.
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Figure 30: Water drop penetration times (WDPT) for the treatments of the soil from the (a)
2014 spill site (b) 1975 spill site.

Figure 31 presents the results of the MED measurements for all treatments. The results
of the MED test show similar trends to the WDPT test: over the 1.5-year incubation a
significant decrease in MED occurred in all treatments but the controls and the 50%
saturation. At the end of the experiments, the MED values of these treatments were
similar to each other but the rate of decrease differed between treatments. The fastest
decrease occurred with the addition of nutrients and surfactant, then with nutrients, then
with surfactant alone and finally with water (20% saturation). However, the MED test
is more sensitive and shows that the hydrophobicity of treatments to which water was
added to 50% saturation also decreased. It is interesting to note that the same increase
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in hydrophobicity that was observed in the WDPT measurement was also shown in the
MED test.

Figure 32 displays the results of the contact angle measurements. Generally, the contact
angle of the different treatments decreases during the incubation experiment, but this
trend is not as pronounced as in the WDPT and the MED tests and the test exhibits high
intra-sample variation as reflected by the high standard deviations.

It is important to note that even though a decrease in the severity of hydrophobicity was
demonstrated in all tests; the samples, even after 1.5 year of incubation, still exhibit
high degree of hydrophobicity. As hydrophobicity is associated with negative effects,
the way to further decrease hydrophobicity should remain a topic of active research.
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Figure 31: Molarity of ethanol droplet (MED) for the treatments of the soil from the (a) 2014
spill site (b) 1975 spill site.

Figure 33 shows the relation between MED and WDPT for the 2014 and 1975 soils.
The results of the MED are positively related to the WDPT after the WDPT started to
decrease. The fitted linear relations exhibit a good fit for two of the six treatments (2014
20%, R2 = 0.79; 2014 20%+ Surf, R2 = 0.97). The results for the 2014 treatments are
in line with the findings of Takawira et al. (2014) which found a positive correlation in
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two oil-contaminated sites in Zimbabwe, albeit of a power function, between the
average WDPT and MED. Interestingly, the slopes of the relation for the 2014 and 1975
treatments exhibit the same range of values. MED shows sharper reduction with WDPT
for the treatment with the addition of surfactant or nutrients compared to the addition
of water alone. When comparing the influence of the addition of water in the 2014 and
1975 soil, it is found that for the same WDPT value, the MED value of the 2014 soil is
greater than that of the 1975 soil. These show that although the WDPT and MED both
quantify hydrophobicity and are positively correlated, in the case of oil-induced soil
hydrophobicity, a unique, universal relation between the two measures is not available.
This is in agreement with Doerr (1998) who found high correlation between the two
measures, but no consistent relation.
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Figure 32: Drop contact angle for the treatments of the soil from the (a) 2014 spill site (b) 1975
spill site.
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Figure 33: Relation between WDPT and MED for (a) 2014 spill site (b) 1975 spill site.

Measurements of unsaturated hydraulic properties

Water retention of the 7 treatments of the 2014 soil were measured using the dew point
method and fitted to the van Genuchten's relation (van Genuchten, 1980; Eq. 4).
The measured curves are shown in Figure 34.

49



LE+05 1E+05 - ]
(a) ’ aves(b)
wetting
LE+04 1E+04 A
drying
_g_ 1.E+03 wetting ._E. 1.E403
° B
: ]
T 1.E4+02 LI 1.E:+02
LE+01 1E+01 -
LE+00 . . T : ) 1E+00 . . . . .
0 0.1 0.2 03 0.4 0.5 0 0.1 0.2 03 0.4 05
Water content (g/g) Water content (g/g)
1.E+05 (C) 1.E+05 1 (d)
.‘ drying
drying 3
LE+04 - 1.E+04 wetting
— wetting
£ 1.E+03 4 £ 1.E+03 |
-] -]
©
O 1E+02 3 LE+02 4
o T
1.E+01 - 1.E+01 A
1.E+00 T T T . ) LE+00 " " " " "
o 0.1 0.2 0.3 0.4 0.5 (1] 0.1 0.2 0.3 0.4 0.5
Water content (g/g) Water content (g/g)
LE+05 ) LE+05
‘ drying
drying (f)
i e
1404 | wetting ( ) LEs04 1 .
. wetting
é 1.E+03 £ 1.E+03 4
o
3 1.E402 -g
JE+02 [TIER J
T T 1.E+02
1E+01 - 1.E401 4
1.E+00 1.E+00 T T T T d
0 0.1 0.2 0.3 0.4 0.5 ) 0.1 0.2 0.3 0.4 0.5
Water content (g/g) Water content (g/g)
1.E+05 4
drying (g)
1.E+04 - wetting
—
E 1.E+03 4
N
©
©
@ 1.E+02
I
1E+01
1.E+00 T T T T d
0 0.1 0.2 0.3 0.4 0.5
Water content (g/g)
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represent measurements, slid curves indicate fitting to van Genuchten's relation.

As the potential obtained from the dew-point test is the sum of the matric potential and
the osmotic potential, the contribution of the osmotic potential was approximated by
measuring the electrical conductivity of a saturated paste and evaluating the osmotic
potential by the following relation,
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@, =0.036 EC (1)

where @ is the osmotic potential in MPa and EC is the electrical conductivity in ds/m.

The calculated osmaotic potential ranged between 0.06 MPa in the 1975 samples to 0.13
MPa in the 2014 samples to which a nutrient solution was added. As dew-point
measurements are considered accurate at potentials higher than 0.5 MPa (where the
measurement error is lower than 10%), the contribution of the osmotic potential at this
range is rather small.

Figure 18 shows that the retention of most samples is quite similar. However, the
samples reveal intricate hysteretic behavior. While a classic hysteresis is observed in
the clean soil, control and 20% saturation where the drying curve is wetter than the
wetting curve, in the 50% saturation sample, the opposite behavior is observed. This
calls for additional tests, which will be performed next year. The treatments that contain
nutrients and/or surfactants, show very small hysteresis. This may be due to the addition
of surfactants and the secretion of biosurfactants, which are known to reduce hysteresis.
The fitted parameters of the van Genuchten's relation are listed in Table 7. It shows that
the residual saturation is very low, as can be expected for sandy soils. It is also shows
than n lies in the range of 1.3-4.8, which generally also characterizes coarse-grained
soils and high variation is observed in the value of a. As the dew-point method
characterize the retention at high potentials while o characterizes the air entry pressure,
this parameter cannot be fitted properly with this measurements.

Table 7: Fitted parameters to van Genuchten's relation

Sample «(1/m) | n | o a(1/m) | n | o
drying Wetting

2014 clean 1.45 248 |0.017 0.076 3.62 N.A
2014 control 0.013 4.8 0.008 0.28 1.69 0.006
2014 20% 0.72 1.92 | 0.002 140 1.3 NA
2014 50% 0.04 4.44 | 0.007 0.11 2.01 0.002
2014 20% Surf 0.168 1.82 | 0.002 0.033 1.77 NA
2014 20% Nut 0.38 1.67 NA 5.09 2.01 0.004
2014 20% Nut + Surf 0.098 1.89 |0.001 0.017 4.76 0.014

Evaluation of alkane biodegradation

Chromatograms of GC-MS analyses obtained for the hydrocarbons extracted from the
contaminated soils are shown in Figure 35. The chromatogram of the untreated
contaminated 2014 soil from July 2017 was observed to contain n-alkanes ranging from
n-Ci4 to n-Cas, With n-Cyo as the main peak (Fig. 35a). After 1-year incubation, the
control shows a slightly modified chromatogram where C14-Css disappeared and the
main peak shifted to n-C»> as (Fig. 35b). Figure 35c indicates the changes after 1-year
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incubation in the presence of nutrients (2014 20% + Nut), showing the almost-complete
removal of lower carbon-numbered alkanes and shifting the main peak to n-Cs.. The
chromatogram of the untreated contaminated 1975 soil from July 2017 is typical of
weathered oil containing alkanes ranging from n-Cis to n-Cas, with the main peak at n-
C21 (Fig. 35d). As in the 2014 soil, after 1-year incubation, the chromatogram of the
1975 control (Fig. 35e) shifted slightly towards higher-weight n-alkanes showing
weathered oil without the C13-C1s n-alkanes and only small Pristane (Pr) and Phytane
(Ph) peaks. Incubation of this soil with nutrients substantialy accelerated the
biodegradation of the oil, showing after 1-year incubation, the complete removal of the
low-weight alkanes and domination by the high-weight alkanes with the main peak at
n-Cs: (Fig. 35f).

Microbial degradation rate is commonly characterized by ratios such as n-Cy7/Pr and n-
C1s/Ph (Wang and Fingas, 2003) and the ratio between low-weight ¥ (n-C14-n-C>1) and
high-weight molecular alkanes X(n-C22-n-Cazs) (L/H). In the early stages of
biodegradation, the removal of more biodegradable alkanes occurs, with the
conservation of more degradation-resistant isoprenoids (pristane and phytane),
resulting in an increase in Pr/n-C17 and Ph/n-C1g ratios (Barakat et al., 2002). However,
in the late stages of biodegradation, Ph and Pr degrade as well, leading to a decrease in
Pr/n-C17 and Ph/n-Cyg ratios (Frontera-Suau et al., 2002). The evolution of these ratios
along the first year of the incubation experiment for the different treatments is presented
in Figure 36. As in most of the treatments, Pr and Ph were completely degraded during
the first year of incubation, results are not shown for the rest of the incubation
experiment. Obviously, during the incubation experiment, Pr/n-Ci7 and Ph/n-Cag
remained almost constant in the 2014 and 1975 controls, whereas these ratios changed
significantly in the treated samples. Although during the first six months of the
incubation experiment, degradation was more pronounced in the samples with the
addition of nutrients or surfactants, during the next months of the experiment,
significant degradation of the hydrocarbons was observed also in the samples
supplemented with water to 20% saturation. The change of alkanes in the different
treatments is concomitant with the results of the hydrophobicity shown earlier. The
decrease in the L/H ratio of the control treatments reflects the degredation of the low-
weight alkanes observed in the chromatograms (Fig. 35) and can be attributed, at least
in part, to the intensive mixing and aeration throughout the incubation experiment.
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Figure 37 presents the TPH (DRO+ORO; EPA-8015) values for all the treatments
during the entire incubation period. For the 2014 soils, the fastest decrease of TPH
occurred in the treatment with the addition of nutrients and surfactant, then with the
addition of nutrients and then with the addition of surfactant alone. The 20% saturation
treatment exhibits the slowest rate of these treatments, but this is somewhat misleading
as sampling was not conducted often enough to get a reliable measure of the rate. The
50% saturation treatment showed a lag time of one year, but then its TPH reduced
significantly, at a rate comparable to the rate of the other treatments.

For the 1975 contaminated soil, during the 1.5-year incubation period, the TPH
decreased by 82.6% with the addition of nutrients (1975 20%+Nut) and by 41.7% when
only water was added (1975 20%). We note that in both of the 2014 and 1975 controls,
a small decreases in TPH (17.6% and 7.7%, respectively) were observed.

Similarly to the results of WDPT and MED tests, at the end of the incubation, the
differences between the 2014 treatments in terms of TPH removal were rather small
(difference of 18% between the extream values and P = 0.48). Further, the level of TPH
removal between treatments (2014 20% + Surf > 2014 20% + Nut + Surf > 2014 20%
+ Nut > 2014 20%) correlated with the reduction of MED and WDPT at the end of the
experiment.

The susceptibility to microbial degradation generally decreases in the following order:
n-alkanes > branched alkanes > low-weight aromatics > cyclic alkanes (Leahy and
Colwell, 1990). The biodegradation rate is slowed once the removal of easily-degraded
alkanes and lower-molecular-weight aromatics complete. Some of the high-molecular-
weight polycyclic aromatic hydrocarbons (PAHs) may not be degraded at all (Atlas and
Bragg, 2009). Wrenn et al. (2006) found that nutrient demand for oil-spill
bioremediation decreased as the oil biodegradation progresses. They suggested that
after the easily degradable n-alkanes are almost completely depleted, nutrients are no
longer the limiting factor for the biodegradation rate of the less degradable organic
compounds. Although in the present study aromatic fractions were not analyzed, it is
reasonable to hypothesize that in our experiment, when the more resistant hydrocarbons
started to degrade, the addition of nutrients did not accelerate the biodegradation rate.
Biosurfactant, on the other hand, could continuously increase the bioavailability of the
hydrocarbons to microorganisms. This may explain the observation that the TPH of
2014 20% + Nut + Surf and 2014 20% + Nut treatments decreased very fast at the first
months but did not exhibit the highest TPH removal at the end of the incubation. This
may also contribute to the lowest hydrophobicity in 2014 20%+Surf treatment at the
end of the incubation, as indicated by both WDPT and MED tests.

In the high saturation treatment (2014 50%), the long lag time can be attributed to the
development of anaerobic conditions (developed in spite of the stirring) which could
slow down the growth and activity of the microorganisms compared to the other
treatments in which water content was lower. We hypothesize that over this prolonged
period of incubation, anaerobic microorganisms adapted to the high-saturation
conditions and started to degrade the hydrocarbons. This corresponds with the results
of hydrophobicity, where the slowest and mildest hydrophobicity reduction was
obtained for the 2014 50% treatment.
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Altogether, even with ~40% reduction in TPH for the 2014 treatments and with a
41.7% and an 82.6% reduction for the 1975 20% treatment and 1975 20% + Nut
treatments, soils remained severely water repellent, demonstrating the permanence of

hydrophobicity.
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Figure 37: TPH values throughout the incubation experiment from the (a) 2014 spill site (b)
1975 spill site. Error bars present the analytical standard error associated with the

measurements.

Quantification of microbial oil degraders

The real-time PCR quantification of the alkB, nahAc, and dmpN genes is shown in
Figure 38. The number of copies of the alkB gene was below the lowest limit of the
standard curve (< 1.6 x 10° copies/ g dw) in the control treatment of the 1975 soil at the
beginning and significantly increased after 1.5-year incubation in all the 1975

56



treatments (1975 control, 1975 20%, and 1975 20% + Nut), ranging from 3.65 x 10° to
3.57 x 10° copies per gram dry soil. The 1975 20% + Nut treatment presents the highest
number of copies at the end of the incubation, followed by the control soil and the 1975
20% soil. The number of copies of nahAc and dmpN genes was below the detection
limit (1.6 x 10* copies/g) in the 1975 soil samples.

A dramatic increase in the number of copies s of the alkB gene was observed in all the
2014 treatments after 1.5-year incubation, ranging from 4.34 x 10°to 1.06 x 10’ copies
per gram dry soil, 10 to 200-fold greater than the 7.85 x 10* copies per gram dry soil
obtained in the initial stage of incubation. At the end of the incubation, the order of the
number of copies of the different treatments is as follows: 2014 50% > 2014 20% >
2014 20% + Nut + Surf > 2014 20% + Surf > 2014 20% + Nut. The Number of copies
of the alkB gene in the 2014 50% treatment was found to be significantly greater than
in the 2014 20%, 2014 20% + Nut, 2014 20% + Surf and 2014 20% + Nut + Surf
treatments by a one-way ANOVA analysis (P < 0.05). The treatments of the 2014
control and the 2014 clean soil presented higher abundance of the alkB gene than the
soil treated with nutrients and surfactants at the end of incubation.

At the end of incubation, the maximum number of copies of nahAc gene was observed
in the 2014 50% water saturation soil, 100 to 1000-fold greater than in the other
treatments. This followed by the 2014 20% + Nut soil, and then the 2014 20% and 2014
20% + Nut + Surf, with the 2014 20% + Surf treatment exhibiting the lowest number
of copies. The copies of dmpN gene were below the detection limit (< 1.6 x 103
copies/g) in the 2014 control and in the clean soil samples. After the incubation, the
abundance of dmpN gene increased substantially in all the soils treated with water,
nutrients, and biosurfactants while the number of copies of the clean and control soils
remained below the detection level. The 2014 50% treatment presented the highest
abundance of dmpN gene, 10 to 50-fold greater than the values of the other treatments,
where the 2014 20% + Nut had the second-highest number of dmpN copies. Statistical
analysis (ANOVA) showed that the numbers of copies of the nahAc and dmpN genes
in the 2014 50% treatment were significantly greater than in the 2014 20%, 2014 20%
+ Nut, 2014 20% + Surf treatments and in the 2014 20% + Nut + Surf treatments (P <
0.05).

As the alkane monooxygenase encoded by the alkB gene involves an initial activation
step of aerobic aliphatic hydrocarbon metabolism (Jurelevicius et al., 2013), it primarily
targets short and medium alkanes (C5~C16) (Van Beilen and Funhoff, 2007). The
naphthalene dioxygenase is not only involved in the degradation of naphthalene but
also mediates degradation of phenanthrene, anthracene, dibenzothiophene,
fluoranthene, and methylated naphthalene thus the nahAc gene can be used as a marker
for PAH degradation (Park and Crowley, 2006). The phenol hydroxylase encoded by
the dmpN gene can use NADPH as the electron donor to oxidize phenol to catechol
(Nurk et al., 1991). The abundance of these genes could indicate the biodegradation
potential of light monocyclic aromatics in contaminated sites (Baldwin et al., 2008;
Wang et al., 2010).

The overall number of copies of the alkB and nahAc genes were observed to be lower
in the soil treated to 20% water saturation, with nutrients or/and biosurfactants than in
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the control soil at the end of the incubation. Firstly, the gene numbers could increase
significantly in the first few months and then decreased in the treated 2014 soils, thus
presented lower numbers than in the control soil. One possible explanation of the
reduction of hydrocarbon degraders is the lack of nutrients for the metabolism of the
bacteria. Bacteria could die and release DNA into the soil, which can then be degraded
(with the rate depending on the soil's moisture content and organic content; Sirois and
Buckley, 2019). Therefore, DNA could be easily degraded in the soils treated to 20%
water saturation, with nutrients or/and biosurfactants, resulting in a low concentration
of DNA within these soils. Secondly, the fraction of active alkane-degrading bacteria
may have been larger in the treatments with the additions of water, nutrients, and
biosurfactants than in the control soils. The active role of the hydrocarbon-degrading
bacteria needs further exploration by quantifying the gene expression.

The results reveal that the maximum abundance of alkB, nahAc, and dmpN genes was
found in the 2014 50% soil at the end of the incubation. This is in line with the
hypothesis that hydrocarbon-degrading microorganisms slowly adapt to the high-
saturation conditions during the long incubation time and start to grow after a prolonged
lag time while degrading TPH and reducing its concentration (Fig. 37). Liu et al. (2015)
found that the number of copies of alkB shows a positive correlation with TPH and the
concentration of alkanes (C33~C40), and the abundance of Nah is negatively correlated
with TAH and 16 targets PAHSs, thus they concluded that soil with fewer alkanes
exhibited less alkB abundance (Liu et al., 2015). According to the results, at the end of
the incubation, the concentration of TPH in the 2014 50% treatment was close to the
TPH of the other 2014 treatments. A strong positive correlation (R? = 0.85) between
the numbers of copies of alkB gene and TPH was found in the 2014 soil samples at the
end of the incubation experiment when the 2014 50% treatment is excluded (Fig. 39).
As TPH value reflects the contribution of the entire mixture of hydrocarbons of crude
oil, the amounts of individual alkane and aromatic compounds are unknown. It was
hypothesized that at the end of the incubation, among the 2014 soil samples, the 2014
50% soil is the most alkane-rich (Fig. 36) and contains the smallest fraction of aromatic
compounds, resulting in the highest alkB and nahAc abundance. Due to the lack of data,
whether the enrichment of the hydrocarbon-degradation functional genes occurred at
the same time the TPH removal started (after a lag period), or at another time cannot be
inferred.
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Active degraders obtained by the MPN assay showed that after 6-month incubation
alkane and aromatic degraders exist in the soil in all treatments, even in the clean soil
(Fig. 40). The number of alkane and aromatic degraders in these treatments did not
show a significant increase over the control soil for 2014 soil samples. This is in
agreement with the results of the quantification of alkB and nahAc genes discussed
before. Townsend et al. (2000) found that in a crude oil-contaminated coastal wetland,
no significant differences were observed in the populations of aliphatic degrading or
PAH-degrading microorganisms quantified using the MPN method after two inorganic
nutrients treatments. As only ~1% to ~10% of the total microorganisms in the soil can
be cultivated, the number of non-cultivable hydrocarbons degrading microorganisms
may have been increased without an increase in the MPN which only quantifies bacteria
which can grow in the Bushnell Haas (BH) medium. The real-time PCR, on the other
hand, quantifies the total number of degraders that remained in the soils, including the
dead cells.
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Assessment of biosurfactant producers

Screening for biosurfactant production activity and characterization of the
isolates

The characteristics of oil spreading activity, emulsification activity and surface tension
of the promising biosurfactant-producing strains are summarized in Table 8. Ideally,
the oil displaced area would be positively correlated with the concentration of
biosurfactants in the test solution (Thavasi et al., 2013). In this study, the oil spreading
assay was used as a qualitative study to check the production of biosurfactant in the
cell-free broth. From this preliminary screening, strains which presented a positive oil
spreading activity were donated as NS strains (NS1, NS2, NS3, NS5, NS6, and NS8)
and strains which were shown to be negative in the oil spreading assay were donated as
CT strains (CT7, CT9, CT10, CT11, CT12, and CT14).

The results of the emulsification activity were in agreement with that of the oil
spreading assay. It was hypothesized that the biosurfactant presented in the cell-free
broth will emulsify the hydrocarbons (Thavasi et al., 2013). The NS strains which
presented a positive activity in the oil spreading assay were also positive in the
emulsification assay, with the E24 ranging from 42.4% to 51.9%. Isolated marine
biosurfactant-producing bacteria screened by Satpute et al. (2008) displayed high
emulsification activity (> 30%) and emulsification of kerosene by Gram-negative
bacteria MM73b and Acinetobacter spp. MM74 was up to 68 %. In their study, the
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isolates which were found to be positive (>30%) in the E24 assay were also found to
be positive in other biosurfactant screening assays. This confirms that biosurfactant

production can be detected through the E24 assay.

Table 1: Biosurfactant screening assay

Surface
Isolate Oil E24 tension Surface tension
code  Spreading index (mN/m)? (mN/m)®
48.2% + 0.5% 41.86 +£0.03 27.70 £ 0.04
NS1 + (+) (++) (++++)
44.4% + 0.9% 43.70 £ 0.04 28.92 + 0.04
NS2 + (+) (++) (++++)
51.9% + 0.4% 4411 £ 0.07 27.56 + 0.08
NS3 + (++) (++) (++++)
48.2% + 0.5% 43.19 £ 0.08 27.67 £ 0.04
NS5 + (+) (++) (++++)
48.2% + 0.7% 44.10£0.03 28.82 + 0.03
NS6 + (+) (++) (++++)
51.9% + 0.2% 41.81 £0.05 27.65 + 0.02
NS8 + (++) (++) (++++)
56.40 £ 0.09
CT7 - - (+) /
56.76 £ 0.02
CT9 - - (+) /
55.51+0.03
CT10 - - (+) /
56.15 + 0.04
CT11 - - (+) /
55.39 £ 0.07
CT12 - - (+) /
54.22 + 0.05'
CT14 - - (+) /
63% + 0.9% 40.03 £ 0.05 29.61 + 0.03
PAO1 + (+++) (++) (++++)
68.13 + 0.03 64.06 + 0.07
Neg - - @) ()

a- The experiment was conducted with BH cell-free culture broth with hexadecane as a
carbon source

b- The experiment was conducted with SW medium cul cell-free culture broth with
glycerol as a carbon source

PAOL.- Biosurfactant producing strain Pseudomonas aeruginosa PAOL (Muller et al.,
2010). Neg- The result of distilled water used as a negative control

Oil spreading: ‘+’- positive oil spreading activity; ‘-’- no oil spreading activity.

E2s index: “+++7- Eza > 60%; “++’- Eza = 50% - 60%; ‘+’- E24= 40% - 50%; -’- no
emulsification activity.

Surface tension: ‘++++’ surface tension < 30 mN/m; ‘+++’ surface tension 30 - 40 mN/m;
‘++ surface tension 40 - 50 mN/m; ‘+’ surface tension 50 - 60 mN/m; ‘-’ — no surfactant
activity.
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Biosurfactants can lower the surface tension and increase the solubility of organic
compounds, thus increase their bioavailability and enhance hydrocarbon removal (Joy
et al., 2017). As shown in Table 8, the surface tension assay of the BH cell-free broth
displayed a reduction from ~68 to ~43 mN/m in the surface tension of the NS strains
while a reduction from ~68 to 55 mN/m in the surface tension of the CT strains. The
SW cell-free culture broth reduced the surface tension from ~68 to 28 mN/m in the NS
strains. A highly-active surfactant can lower the surface tension of water from 72 to 35
mN/m (Mulligan, 2005).

Rhamnolipids typically produced by Pseudomonas are mixtures containing different
structural homologs (Déziel et al., 1999). Perfumo et al. (2006) found that the carbon
source affected both the quantity and the structures of biosurfactants. The variety of
rhamnolipids can dramatically decrease when produced on hexadecane compared to
water-soluble glycerol (Perfumo et al., 2006). This may explain why the SW cell-free
broth with glycerol as a carbon source yielded ~59% surface tension reduction with
respect to a negative control while the BH broth with hexadecane as a carbon source
yielded only ~37% reduction for the same strains.

The components of the biosurfactant produced by strains in this study are not known to
us and could be characterized in the future. Due to the lack of OD measurement, we
cannot quantify the production of biosurfactant per cell. This should be investigated in
future work.

Characterization of the biosurfactant-producing isolates by 16S rRNA sequencing

Based on the sequence analysis, all the isolates were identified as members of
Pseudomonas. The 16S rRNA sequences of the NS isolates were aligned to the
reference sequences found from BLAST. Fig. 28 presents the relative position of
isolates in the neighbor-joining phylogenetic tree. Biosurfactant produced by one
reference strain P. aeruginosa PG1 (Fig. 41), which is closely related to strains NS2
and NS5, presented 100 % emulsification activity in crude oil and 83 % for hexadecane
(Saisa-Ard et al., 2014). In their study, the surface tension in the culture broth was
continuously reduced from 51.8 mN/m to 29.6 mN/m in 3 weeks. This came along with
a simultaneous degradation of ~65 % of the crude oil that was in the medium. This
implies that P. aeruginosa PG1 can produce biosurfactants while utilizing the crude oil
components like a carbon source. Although the surface tension and the degradation of
hexadecane during the experiment was not monitored, it is reasonable to conjecture that
the isolates with strong emulsification activity and surface tension reduction activity
have the potential to be applied for oil degradation.
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Figure 41: Phylogenetic tree based on the 16S rRNA gene sequencing of the isolated
biosurfactant-producing strains obtained using the neighbor-joining method. Scale bar equals
approximately 0.005 substitutions per nucleotide position.
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Summary and conclusions

The objective of this study is to investigate the persistence and hydrological effects of
oil-induced soil hydrophobicity in Evrona by combining field monitoring, laboratory
incubation experiments, measurements of soil hydraulic properties and microbiological
assays.

Two monitoring stations were installed; one in the upstream of the Evrona basin and
the other in its downstream. The stations continuously monitor water content and
temperature in adjacent polluted and clean streams. The soils in the basin are
predominantly sandy with the upstream section having larger fraction of coarse
material. Extremely low water contents show the effect of the coarse-grained soil,
hyper-arid climate and high evaporation rate. The results of the two-year monitoring at
the downstream section indicate that during rain and runoff events, infiltration in the
contaminated stream is considerably lower than in the clean stream. The measured
water contents at the contaminated stream showed irregular patterns that can be
explained by preferential flow pathways, which are known to prevail in hydrophobic
soils. No consistent results were obtained in the upstream section since overland flow
in the clean stream was considerably smaller compared to the contaminated stream.
Nevertheless, infiltration patterns were different than in the downstream section, due to
the coarse soil texture. Unsaturated hydraulic properties of clean and contaminated field
samples were measured. In accordance to previous studies, it was found that oil
increases the saturated hydraulic conductivity but decreases water retention.

In the two stations, the temperatures in the contaminated stream were found to be
consistently higher than in the clean stream (up to 1 °C). These differences were greater
in the downstream station probably due to the more severe contamination in this
location. Such difference may result from the darker color of the oil-polluted soil or
from lower evaporation from the contaminated soil. In other polluted sites, elevated soil
temperatures were related to changes in animal behavior. This is now being studied in
Evrona nature reserve in the scope of a comprehensive ecological monitoring program.

To study the optimal conditions under which oil and hydrophobicity are attenuated and
to investigate the relation between the two parameters we performed an incubation
experiment. During the 1.5-year incubation, we periodically measured the
hydrophobicity and hydrocarbon content of 10 different treatments that included
addition of combinations of water nutrients and surfactants. The results of the
incubation experiment show a concomitant decrease in hydrophobicity and
hydrocarbon content in soils to which nutrient, surfactants, or water to 20% saturation
were added. These soils showed a reduction in their WDPT and MED values indicating
hydrophobicity decrease and a decrease in TPH, in the ratio of low weight to high
weight alkanes and increase in the ratios of Pr/C17 and Ph/C1s, suggesting degradation
of low-weight alkanes. At the end of the incubation experiment, the level of
hydrophobicity and TPH were relatively similar in all these treatments. The rate of
decrease, however, varied between treatments. The fastest degradation was observed in
soil saturated to 20% treated with addition of nutrients and surfactants. The second
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fastest rate was demonstrated in soil saturated to 20% to which nutrients were added.
Addition of only water and surfactants showed a delayed response, while the slowest
response was obtained when only water to 20% saturation was added. When water was
added to 50% saturation, degradation and hydrophobicity reduction were minor and
some of the hydrophobicity measures even remained unchanged. Degradation and
hydrophobicity reduction in soil saturated to 20% was higher than in soil saturated to
50%. This shows that wetting the soil to 20% saturation is enough to establish sufficient
conditions for bioremediation (in terms of water alone) and higher water saturation is
not necessary. The 1975 soil treated with addition of nutrients showed a faster response
compared to the 2014 soil. This may be the result of the local microbial community
which was adapted to oil degradation (Girsowicz et al., 2018).

Overall, in the 1.5 year of the experiment the TPH of the contaminated soil decreased
by 40% in the 2014 soil and by up to 82% in the 1975 soil. This shows that addition of
water is sufficient to trigger substantial bioremediation which is accompanied by
hydrophobicity decrease. Yet, it is important to note that the soils are still severely
hydrophobic and water repellent.

Measurements of water retention in the different treatments did not show significant
differences between the clean and contaminated samples, but did show that in
treatments were surfactants and or nutrients were added hysteresis was considerably
lower.

Abundance of oil degraders was evaluated by qPCR and MPN, the results showed that
these bacteria are found in all treatments, even in the clean soil. Surprisingly, the 1975
soils did not show higher numbers of bacteria relative to the 2014 soils, similarly no
clear effect was shown by any of the treatments. The abundance of alkane
monooxygenase (alkB), naphthalene dioxygenase (na-hAc), and phenol
monooxygenase (dmpN) genes in the different treatments in the soil treated with water,
nutrients, and biosurfactants did not significantly increase compared to the untreated
contaminated soil at the end of incubation for 2014 soil samples. The 50% water
saturation treatment exhibited the maximum numbers of copies of these genes. This
may be explained by long adaptation of the functional degraders to the high water
saturation conditions which induced growth after a long lag time, leading to peak
number of copies at the end of the incubation experiment.

Finally, biosurfactant-producing strains were isolated and their activity was evaluated.
Eight high-potential strains were isolated. All belong to the Pseudomonas genus, and
were found to be very similar to each other in terms of 16S rRNA sequencing. When
grown on hexadecane as a carbon source, the isolated strains (NS1-NS8) presented
positive results in the oil spreading assay, reduced the surface tension by ~35% and
presented an emulsification activity of ~45%. The results of this study indicate that six
of the isolated Pseudomonas sp. NS1, NS2, NS3, NS5, NS6, NS8 are efficient in
biosurfactant production and thus exhibit the potential to be used for oil bioremediation.

66



References

Adams, R. H., Osorio, F. G., and Cruz, J. Z. (2008). Water repellency in oil
contaminated sandy and clayey soils. International Journal of Environmental
Science & Technology, 5(4), 445-454.

Al-Awadhi, H., Al-Mailem, D., Dashti, N., Khanafer, M., Radwan, S., (2012).
Indigenous hydrocarbon-utilizing bacterioflora in oil-polluted habitats in Kuwait,
two decades after the greatest man-made oil spill. Arch. Microbiol. 194, 689-705.

Amiel, A. J. and Friedman, G. M. (1971). Continental sabkha in Arava valley between
Dead Sea and Red Sea: significance for origin of evaporites. AAPG Bulletin, 55(4),
581-592.

Amit, R., Zilberman, E., Porat, N., and Enzel, Y. (1999). Relief inversion in the
Avrona playa as evidence of large-magnitude historical earthquakes, southern
Arava Valley, Dead Sea rift. Quaternary Research, 52(1), 76-91.

Atlas, R. M. (1981). Microbial degradation of petroleum hydrocarbons: an
environmental perspective. Microbiological reviews 45(1), 180.

Atlas, R., Bragg, J., (2009). Bioremediation of marine oil spills: When and when not -
The Exxon Valdez experience. Microb. Biotechnol. 2, 213-221.

Bachmann, J., Ellis A., Hartge K. H., 2000. Development and application of a new
sessile drop contact angle method to assess soil water repellency. J. Hydrol. 231—
232, 66-75.

Baldwin, B.R., Nakatsu, C.H., Nies, L., (2003). Detection and enumeration of
aromatic oxygenase genes by multiplex and real-time PCR. Appl. Environ.
Microbiol. 69, 3350-8.

Barakat, A. O., Mostafa, A. R., Qian, Y., Kim, M. (2002). Geochemical fingerprinting
of oil seeps in the southern part of the Gulf of Suez and its geological and
archaeological implications. In 15th Petrol. Explor. Seminar, Cairo (p. 16).

Bein, A., Halicz, L., and Yechieli, Y. (1995). Groundwater geochemistry in the
southern Arava valley. GSI report , GS1/43/95, Jerusalem Israel (In Hebrew).

Bein, A., Yechieli, Y., and Bensabat, J. (2001). Quantifying the groundwater
resources of the southern Arava Rift Valley: A confined desert system recharged
laterally by external sources. Israel Journal of Earth Sciences, 50 (2-4), 217-236.

Boopathy, R. (2000). Factors limiting bioremediation technologies. Bioresource
Technology 74(1), 63-67.

Buczko, U., Bens, O., and Durner, W. (2006). Spatial and temporal variability of
water repellency in a sandy soil contaminated with tar oil and heavy metals.
Journal of contaminant Hydrology, 88(3), 249-268.

Burckhard, S. R., Pirkl, D., Schaefer, V. R., Kulakow, P., and Leven, B. (2000). A
study of soil water-holding properties as affected by TPH contamination.
Proceedings of the 2000 Conference on Hazardous Waste Research, 356-359.

Caravaca, F., and Roldan, A. (2003). Assessing changes in physical and biological
properties in a soil contaminated by oil sludges under semiarid Mediterranean
conditions. Geoderma, 117(1), 53-61.

67



Cooper, D.G., Goldenberg, B.G., (1987). Surface-active agents from two Bacillus
species. Appl. Environ. Microbiol. 53, 224-229.

Crouvi, O. (2002), Geomorphic mapping using hyperspectral remote sensing: The
Wadi Raham alluvial fan as a case study, M.Sc. thesis, 101 pp, The Hebrew
University, Jerusalem.

Crouvi, O., R. Amit, Y. Enzel, N. Porat, and A. Sandler (2008), Sand dunes as a
major proximal dust source for late Pleistocene loess in the Negev desert, Israel,
Quaternary Research, 70(2), 275-282.

Dan, J. (1981). Soil formation in the arid regions of Israel. In “Aridic Soils of Israel”
(J. Dan, R. Gerson, H. Koyumdjisky, and D. H. Yaalon, Eds.), pp.17-50.
International Conference on Aridic Soils, Israel, 1981.

Dane, J., (2002). Methods of soil analysis part 4: physical methods. Soil Society
Science of America, Madison.

Dekker, L. W., Jungerius, P. D., (1990). Water repellency in the dunes with special
reference to the Netherlands. Catena, Supp. (18), 173-183.

Dekker, L. W., Oostindie, K., and Ritsema, C. J. (2005). Exponential increase of
publications related to soil water repellency. Soil Research, 43(3), 403-441.

Dekker, L. W., and Ritsema, C. J. (1994). How water moves in a water repellent
sandy soil: 1. Potential and actual water repellency. Water Resources Research,
30(9), 2507-2517.

Déziel, E., Lépine, F., Dennie, D., Boismenu, D., Mamer, O.A., Villemur, R., (1999).
Liquid chromatography/mass spectrometry analysis of mixtures of rhamnolipids
produced by Pseudomonas aeruginosa strain 57RP grown on mannitol or
naphthalene. Biochim. Biophys. Acta - Mol. Cell Biol. Lipids 1440, 244-252.

Doerr, S. H. (1998). On standardizing the ‘water drop penetration time’and the
‘molarity of an ethanol droplet’techniques to classify soil hydrophobicity: a case
study using medium textured soils. Earth Surface Processes and Landforms, 23(7),
663-668.

Doerr, S. H., Shakeshy, R. A., and Walsh, R. (2000). Soil water repellency: its causes,
characteristics and hydro-geomorphological significance. Earth-Science Reviews,
51(1), 33-65.

EPA, 1999. SW-846 Method 8015B (Revision 2, December 1996) TOTAL
PETROLEUM HYDROCARBONS (TPH) as Gasoline and Diesel.

Frontera-Suau, R., Bost, F.D., McDonald, T.J., Morris, P.J., (2002). Aerobic
biodegradation of hopanes and other biomarkers by crude oil-degrading
enrichment cultures. Environ. Sci. Technol. 36, 4585-4592.

Gao, Y.C., Guo, S.H., Wang, J.N., Li, D., Wang, H., Zeng, D.H., (2014). Effects of
different remediation treatments on crude oil contaminated saline soil.
Chemosphere 117, 486-493.

Genovese, M., Crisafi, F., Denaro, R., Cappello, S., Russo, D., Calogero, R., Santisi,
S., Catalfamo, M., Modica, A., Smedile, F., Genovese, L., Golyshin, P.N.,
Giuliano, L., Yakimov, M.M., (2014). Effective bioremediation strategy for rapid
in situ cleanup of anoxic marine sediments in mesocosm oil spill simulation. Front.
Microbiol. 5, 1-14.

68



Girsowicz, R., Koryachenko, O., Sherman, C., Mayzlish-Gati, E., Doniger, T., &
Steinberger, Y. (2018). Impact of Oil-Spill Contamination on a Soil Bacterial
Community: A 40-Year History of Rehabilitation in the Arava Valley. Soil
Sediment Contam. 27, 175-185.

Gogoi, B. K., Dutta, N. N., Goswami, P., and Mohan, T. K. (2003). A case study of
bioremediation of petroleum-hydrocarbon contaminated soil at a crude oil spill
site. Advances in Environmental Research 7(4), 767-782.

Gordon, G., Stavi, I., Shavit, U., & Rosenzweig, R. (2018). Oil spill effects on soil
hydrophobicity and related properties in a hyper-arid region. Geoderma, 312, 114-
120.

Haines JR, Wrenn BA, Holder EL, Strohmeier KL, Herrington RT, Venosa AD
(1996) Measurement of hydrocarbon-degrading microbial populations by a 96-well
plate most-probable-number procedure. J Indust Microbiol 16, 36-41.

Hazen, T.C., Dubinsky, E.A., DeSantis, T.Z., Andersen, G.L., Piceno, Y.M., Singh,
N., Jansson, J.K., Probst, A., Borglin, S.E., Fortney, J.L., Stringfellow, W.T., Bill,
M., Conrad, M.E., Tom, L.M., Chavarria, K.L., Alusi, T.R., Lamendella, R.,
Joyner, D.C., Spier, C., Baelum, J., Auer, M., Zemla, M.L., Chakraborty, R.,
Sonnenthal, E.L., D’haeseleer, P., Holman, H.-Y.N., Osman, S., Lu, Z., Van
Nostrand, J.D., Deng, Y., Zhou, J., Mason, O.U., (2010). Deep-Sea Oil Plume
Enriches Indigenous Oil-Degrading Bacteria. Science. 330, 204-208.

Hyun, S., Ahn, M. Y., Zimmerman, A. R., Kim, M., and Kim, J. G. (2008).
Implication of hydraulic properties of bioremediated diesel-contaminated soil.
Chemosphere, 71(9), 1646-1653.

Igbal, J., Metosh-Dickey, C., and Portier, R. J. (2007). Temperature effects on
bioremediation of PAHs and PCP contaminated south Louisiana soils: a laboratory
mesocosm study. Journal of Soils and Sediments 7(3), 153-158.

Jarvis, B., Wilrich, C. and Wilrich, P.T., (2010). Reconsideration of the derivation of
Most Probable Numbers, their standard deviations, confidence bounds and rarity
values. J. Appl. Microb., 109(5), 1660-1667.

Joy, S., Rahman, P.K.S.M., Sharma, S., (2017). Biosurfactant production and
concomitant hydrocarbon degradation potentials of bacteria isolated from extreme
and hydrocarbon contaminated environments. Chem. Eng. J. 317, 232-241.

Jurelevicius, D., Alvarez, V.M., Peixoto, R., Rosado, A.S., Seldin, L., 2013. The Use
of a Combination of alkB Primers to Better Characterize the Distribution of
Alkane-Degrading Bacteria. PLoS One 8, 1-10.

Karlapudi, A.P., Venkateswarulu, T.C., Tammineedi, J., Kanumuri, L., Ravuru, B.K.,
Dirisala, V. ramu, Kodali, V.P., (2018). Role of biosurfactants in bioremediation of
oil pollution-a review. Petroleum 4, 241-249.

Kimes, N.E., Callaghan, A. V., Suflita, J.M., Morris, P.J., (2014). Microbial
transformation of the deepwater horizon oil spill-past, present, and future
perspectives. Front. Microbiol. 5, 1-11.

Lane, D.J., (1991). 16S/23S rRNA Sequencing. Stackebrandt, E. Goodfellow, M.,
Eds., Nucleic Acid Tech. Bact. Syst., John Wiley Sons, New York, 115-175

69



LDD (2015). Results of soil survey at the Evrona nature reserve- February 2015 (In
hebrew).

Leahy, J.G., Colwell, R.R., (1990). Microbial degradation of hydrocarbons in the
environment, Microbiology and Molecular Biology Reviews, 54(3), 305-315.

Letey, J. (1969). Measurement of contact angle, water drop penetration time, and
critical surface tension, Proceedings of the Symposium on Water-Repellent Soils,
6-10 May 1968, University of California, Riverside, 43-47.

Li, X., Feng, Y., and Sawatsky, N. (1997). Importance of soil-water relations in
assessing the endpoint of bioremediated soils. Plant and Soil, 192(2), 219-226.
Lin, C.L., Shen, F.T., Tan, C.C., Huang, C.C., Chen, B.Y., Arun, A.B., Young, C.C.,
(2012). Characterization of Gordonia sp. strain CC-NAPH129-6 capable of

naphthalene degradation. Microbiol. Res. 167, 395-404.

Liu, J., Techtmann, S.M., Woo, H.L., Ning, D., Fortney, J.L., Hazen, T.C., (2017).
Rapid Response of Eastern Mediterranean Deep Sea Microbial Communities to
Oil. Sci. Rep. 7, 1-11.

Liu, Q., Tang, J., Bai, Z., Hecker, M., Giesy, J.P., (2015). Distribution of petroleum
degrading genes and factor analysis of petroleum contaminated soil from the
Dagang Oilfield, China. Sci. Rep. 5, 1-12.

Marin-Garcia, D. C., Adams, R. H., & Hernandez-Barajas, R. (2016). Effect of crude
petroleum on water repellency in a clayey alluvial soil. International Journal of
Environmental Science and Technology, 13(1), 55-64.

Mclnerney, M.J., Javaheri, M., Nagle, D.P., (1990). Properties of the biosurfactant
produced by Bacillus licheniformis strain JF-2. J. Ind. Microbiol. 5, 95-101.

Miller, J.1., Techtmann, S., Fortney, J., Mahmoudi, N., Joyner, D., Liu, J., Olesen, S.,
Alm, E., Fernandez, A., Gardinali, P., GaraJayeva, N., Askerov, F.S., Hazen, T.C.,
(2019). Oil Hydrocarbon Degradation by Caspian Sea Microbial Communities.
Front. Microbiol. 10, 1-15.

Morkikawa, M., Hirata, Y., Imanaka, T., (2000). A study on the structure-function
relationship of lipopeptide biosurfactants. Biochim. Biophys. Acta 1488, 211-218.

Mualem, Y., (1976). A new model for predicting the hydraulic conductivity of
unsaturated porous media. Water Resour. Res. 12, 513-522.

Mdiller, K., Deurer, M., (2011). Review of the remediation strategies for soil water
repellency. Agric. Ecosyst. Environ. 144, 208-221.

Mulligan, C. N. (2005). Environmental applications for biosurfactants.
Environmental pollution, 133(2), 183-198.

Muthukrishnan, T., Abed, R.M.M., (2018). Effects of Irrigation on Alkane
Biodegradation of Oil-Contaminated Desert Soils. Environ. Process. 5, 631-648.

Muyzer, G., de Waal, E.C., Uitterlinden, A.G., (1993). Profiling of complex microbial
populations by denaturing gradient gel electrophoresis analysis of polymerase
chain reaction-amplified genes coding for 16S rRNA. Appl. Environ. Microbiol.
59, 695-700.

Naor, H., and Katz, D. (1988). The Evrona-Eilat area, hydrogeological status and
opportunities of development of saline water resources for desalination, Tahal
report 01/88/32, Tel Aviv, Israel (In hebrew).

70



Naveed, M., Herath, L., Moldrup, P., Arthur, E., Nicolaisen, M., Norgaard, T., Ferré,
T.P.A., de Jonge, L.W., (2016). Spatial variability of microbial richness and
diversity and relationships with soil organic carbon, texture and structure across an
agricultural field. Appl. Soil Ecol. 103, 44-55.

Nie, M., Yin, X,, Ren, C., Wang, Y., Xu, F., Shen, Q., (2010). Novel rhamnolipid
biosurfactants produced by a polycyclic aromatic hydrocarbon-degrading
bacterium Pseudomonas aeruginosa strain NY3. Biotechnol. Adv. 28, 635-643.

Noordman, W.H., Janssen, D.B., (2002). Rhamnolipid Stimulates Uptake of
Hydrophobic Compounds by Pseudomonas aeruginosa. Appl. Environ. Microbiol.
68, 4502-4508.

Nothers, M., Segev, N., Kreyling, J., Hjazin, A., Groner, E., (2017). Desert
Vegetation Forty Years after an Oil Spill. J. Environ. Qual., 46, 568-575.

Nurk, A., Kasak, L., Kivisaar, M., (1991). Sequence of the gene (pheA) encoding
phenol monooxygenase from Pseudomonas sp. EST1001: expression in
Escherichia coli and Pseudomonas putida. Gene 102, 13-18.

Pacwa-Plociniczak, M., Ptaza, G.A., Piotrowska-Seget, Z., Cameotra, S.S., (2011).
Environmental applications of biosurfactants: Recent advances. Int. J. Mol. Sci. 12,
633-654.

Paisse, S., Duran, R., Coulon, F., Goifii-Urriza, M., (2011). Are alkane hydroxylase
genes (alkB) relevant to assess petroleum bioremediation processes in chronically
polluted coastal sediments? Appl. Microbiol. Biotechnol. 92, 835-844,

Park, J.W., Crowley, D.E., (2006). Dynamic changes in nahAc gene copy numbers
during degradation of naphthalene in PAH-contaminated soils. Appl. Microbiol.
Biotechnol. 72, 1322-1329.

Peng, A., Liu, J., Ling, W., Chen, Z., Gao, Y., (2015). Diversity and distribution of
16S rRNA and phenol monooxygenase genes in the rhizosphere and endophytic
bacteria isolated from PAH-contaminated sites. Sci. Rep. 5, 1-12.

Pérez-de-Mora, A., Engel, M., Schloter, M., (2011). Abundance and Diversity of n-
Alkane-Degrading Bacteria in a Forest Soil Co-Contaminated with Hydrocarbons
and Metals: A Molecular Study on alkB Homologous Genes. Microb. Ecol. 62,
959-972.

Perfumo, A., Banat, I.M., Canganella, F., Marchant, R., (2006). Rhamnolipid
production by a novel thermophilic hydrocarbon-degrading Pseudomonas
aeruginosa AP02-1. Appl. Microbiol. Biotechnol. 72, 132-138.

Ribicic, D., Netzer, R., Hazen, T.C., Techtmann, S.M., Drablgs, F., Brakstad, O.G.,
(2018). Microbial community and metagenome dynamics during biodegradation of
dispersed oil reveals potential key-players in cold Norwegian seawater. Mar.
Pollut. Bull. 129, 370-378.

Ritalahti, K.M., Amos, B.K., Sung, Y., Wu, Q., Koenigsberg, S.S., Lo ffler, F.E.,
(2006). Quantitative PCR Targeting 16S rRNA and Reductive Dehalogenase
Genes Simultaneously Monitors Multiple Dehalococcoides Strains. Appl. Environ.
Microbiol. 72, 2765-2774.

Ron, E.Z., Rosenberg, E., (2002). Biosurfactants and oil bioremediation. Curr. Opin.
Biotechnol. 13, 249-252.

71



Rosenberg, E., DeLong, E.F., Lory, S., Stackebrandt, E., Thompson, F. (Eds.),(2013).
The Prokaryotes. Springer Berlin Heidelberg, Berlin, Heidelberg.

Roy, J. L., and McGill, W. B. (1998). Characterization of disaggregated nonwettable
surface soils found at old crude oil spill sites. Canadian Journal of Soil Science,
78(2), 331-344..

Sabaté, J., Vinas, M., and Solanas, A. M. (2004). Laboratory-scale bioremediation
experiments on hydrocarbon-contaminated soils. International Biodeterioration &
Biodegradation 54(1), 19-25.

Saisa-Ard, K., Saimmai, A., Maneerat, S., (2014). Characterization and phylogenetic
analysis of biosurfactant-producing bacteria isolated from palm oil contaminated
soils. Songklanakarin J. Sci. Technol. 36, 163-175.

Samet, G. (2015). A status update of the remediation of Evrona one year following
the spill event. The Ministry of Environmental Protection report (In hebrew).

Satpute, S.K., Bhawsar, B.D., Dhakephalkar, P.K., Chopade, B.A., (2008).
Assessment of different screening methods for selecting biosurfactant producing
marine bacteria. Indian J. Mar. Sci. 37, 243-250.

Schindler, U., Durner, W., von Unold, G., Mueller, L., Wieland, R., (2010). The
evaporation method: Extending the measurement range of soil hydraulic properties
using the air-entry pressure of the ceramic cup. J. Plant Nutr. Soil Sci. 173, 563—
572.

Segev, N. (2016). The Evrona nature reserve following the 2014 oil spill, Israel
Geological Society field trip guides, 115-119 (In hebrew).

Shmuel Ne’eman Institute (2015). Cost estimation of the oil spill at the Be’er Ora
Junction 3/12/14 (In Hebrew).

Sidkey, N., Mohamed, H., Elkhouly, H., (2016). Evaluation of Different Screening
Methods for Biosurfactant Producers Isolated from Contaminated Egyptian
Samples Grown on Industrial Olive Oil Processing Waste. Br. Microbiol. Res. J.
17, 1-19.

Siles, J.A., Margesin, R., (2016). Abundance and Diversity of Bacterial, Archaeal,
and Fungal Communities Along an Altitudinal Gradient in Alpine Forest Soils:
What Are the Driving Factors? Microb. Ecol. 72, 207-220.

Silva, C.C., Hayden, H., Sawbridge, T., Mele, P., De Paula, S.O., Silva, L.C.F.,
Vidigal, P.M.P., Vicentini, R., Sousa, M.P., Torres, A.P.R., Santiago, V.M.J.,
Oliveira, V.M., (2013). Identification of Genes and Pathways Related to Phenol
Degradation in Metagenomic Libraries from Petroleum Refinery Wastewater.
PLoS One, 8, 1-11.

Sirois, S.H., Buckley, D.H., (2019). Factors governing extracellular DNA degradation
dynamics in soil. Environ. Microbiol. Rep. 11, 173-184.

Smith, J.J., Mcfeters, G.A., (1997). Mechanisms of INT and CTC reduction in
Escherichia coli K-12. J. Microbiol. Methods, 29, 161-175.

Stavi, I., Rosenzweig, R., (2020). Tillage effect on hydrophobicity and hydrological
properties of oil-contaminated sediments in ahyper-arid region. Arid L. Res.
Manag. 4(1), 26-35.

72



Takawira, A., Gwenzi, W., and Nyamugafata, P. (2014). Does hydrocarbon
contamination induce water repellency and changes in hydraulic properties in
inherently wettable tropical sandy soils?. Geoderma, 235, 279-289.

Thavasi, R., Sharma, S., Jayalakshmi, S., (2011). Evaluation of Screening Methods
for the Isolation of Biosurfactant Producing Marine Bacteria. J. Pet. Environ.
Biotechnol. S, 1, 1-6. .

Throne-Holst, M., Markussen, S., Winnberg, A., Ellingsen, T.E., Kotlar, H.K.,
Zotchev, S.B., (2006). Utilization of n-alkanes by a newly isolated strain of
Acinetobacter venetianus: The role of two AlIkB-type alkane hydroxylases. Appl.
Microbiol. Biotechnol. 72, 353-360.

Topp, G. C. and Ferré, P. A. (2002). The soil solution phase. Methods of soil analysis:
Part, 4, 417-1074.

Torres, L. G., Rojas, N., Bautista, G., and Iturbe, R. (2005). Effect of temperature, and
surfactant's HLB and dose over the TPH-diesel biodegradation process in aged
soils. Process Biochemistry 40(10), 3296-3302.

Townsend, R. T., Bonner, J. S., and Autenrieth, R. L. (2000). Microbial dynamics
during bioremediation of a crude oil-contaminated coastal wetland. Bioremediation
Journal, 4(3), 203-218.

Tran, T.H., Mayzlish Gati, E., Eshel, A., Winters, G., (2018). Germination,
physiological and biochemical responses of acacia seedlings (Acacia raddiana and
Acacia tortilis) to petroleum contaminated soils. Environ. Pollut. 234, 642—655.

Tunis, K. and Kisra, M. (2016). Soil physical and chemical characterization,
workshop of the oil spill at the Evrona nature reserve. May 17 2016, Technion,
Haifa (In hebrew).

Ulrici, W. (2000). "Contaminated soil areas, different countries and contaminants,
monitoring of contaminants." Biotechnology Set, Second Edition: 5-41.

van Beilen, J.B., Funhoff, E.G., (2007). Alkane hydroxylases involved in microbial
alkane degradation. Appl. Microbiol. Biotechnol. 74, 13-21.

van Genuchten, M. T. (1980). A closed-form equation for predicting the hydraulic
conductivity of unsaturated soils 1. Soil science society of America journal, 44(5),
892-898.

Wallach, R., Ben-Arie, O., and Graber, E. R. (2005). Soil water repellency induced by
long-term irrigation with treated sewage effluent. Journal of Environmental
Quality, 34(5), 1910-1920.

Wang, Z., Fingas, M.F., (2003). Development of oil hydrocarbon fingerprinting and
identification techniques. Mar. Pollut. Bull. 47, 423-452.

Wang, W., Wang, L., Shao, Z., (2010). Diversity and Abundance of Oil-Degrading
Bacteria and Alkane Hydroxylase (alkB) Genes in the Subtropical Seawater of
Xiamen Island. Microb. Ecol. 60, 429-439.

Warrick, A. W. (2003). Soil water dynamics. Oxford University Press, USA.

Watson, C. L., and Letey, J. (1970). Indices for characterizing soil-water repellency
based upon contact angle-surface tension relationships. Soil Science Society of
America Journal, 34(6), 841-844.

73



Wind, G.P. (1968). Capillary conductivity data estimated by a simple method. In:
Rijtema, P.E., Wassink, H. (Eds.), Water in the Unsaturated Zone, vol. 1.
Proceedings of the Wageningen Symposium, 19-23 June 1966. Int. Assoc. Sci.
Hydrol. Publ. (IASH), Gentbrugge, The Netherlands and UNESCO, Paris.

Wrenn, B.A., Sarnecki, K.L., Kohar, E.S., Lee, K., Venosa, A.D., (2006). Effects of
Nutrient Source and Supply on Crude Oil Biodegradation in Continuous-Flow
Beach Microcosms. J. Environ. Eng. 132, 75-84.

Xiong, Y., Furman, A., & Wallach, R. (2012). Moment analysis description of
wetting and redistribution plumes in wettable and water-repellent soils. Journal of
Hydrology, 422, 30-42.

Zurieli, A. (2014). Crude-oil pollution at the Evrona nature reserve 3-4.12.14, The
Hydrological Service, Jerusalem, Israel (In Hebrew).

Xu, X., Liu, W., Tian, S., Wang, W., Qi, Q., Jiang, P., Gao, X,, Li, F., Li, H., Yu, H.,
(2018). Petroleum Hydrocarbon-Degrading Bacteria for the Remediation of Qil
Pollution Under Aerobic Conditions: A Perspective Analysis. Front. Microbiol. 9,
1-11.

Yergeau, E., Arbour, M., Brousseau, R., Juck, D., Lawrence, J.R., Masson, L., Whyte,
L.G., Greer, C.W., (2009). Microarray and real-time PCR analyses of the responses
of high-arctic soil bacteria to hydrocarbon pollution and bioremediation treatments.
Appl. Environ. Microbiol. 75, 6258-6267

Yergeau, E., Maynard, C., Sanschagrin, S., Champagne, J., Juck, D., Lee, K., Greer,
C.W., (2015). Microbial Community Composition, Functions, and Activities in the
Gulf of Mexico 1 Year after the Deepwater Horizon Accident. Appl. Environ.
Microbiol. 81, 5855-5866.

74



