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Large areas of agricultural land in Australia have, and will, become saline.  Land affected by
dryland salinity is often prone also to waterlogging, so productive use of these areas requires
plants with a high tolerance to salinity and waterlogging.  Substantial improvements in
tolerance, above the levels in current cultivars of barley or wheat, are required.  ‘Wild’
species, related to wheat and barley, that LQKDELW� VDOW� PDUVKHV� PD\� SURYLGH� VRXUFHV� RI

WROHUDQFH�� � :LGH�FURVVLQJ� RI� +RUGHXP� PDULQXP� �6HD� %DUOH\JUDVV�� ZLWK� EUHDG� ZKHDW� LV

SURSRVHG� DV� D� VWUDWHJ\� WR� GHYHORS� D� FHUHDO� ZLWK� VXEVWDQWLDO� WROHUDQFH� WR� VDOLQLW\� DQG

ZDWHUORJJLQJ�� �+RUGHXP�PDULQXP� KDV� D� KLJK� GHJUHH� RI� VDOW� WROHUDQFH� DQG� LW� DOVR� SRVVHVVHV

PHFKDQLVPV� IRU� URRW�DHUDWLRQ� WKDW� FRQWULEXWH� WR�ZDWHUORJJLQJ� WROHUDQFH�� �$HUHQFK\PD�DQG�D

EDUULHU�WR�UDGLDO�2��ORVV�LQ�URRWV�DFW�V\QHUJLVWLFDOO\�WR�HQKDQFH�2��GLIIXVLRQ�WRZDUGV�WKH�URRW

WLS��SURPRWLQJ�URRW�JURZWK�LQWR�DQDHURELF�VXEVWUDWHV���$�+RUGHXP�PDULQXP�ZKHDW�DPSKLSORLG

KDV�EHHQ�SURGXFHG��GHPRQVWUDWLQJ�WKH�IHDVLELOLW\�RI�DW�OHDVW�WKH�ILUVW�VWDJHV�RI�RXU�SURJUDPPH

WR� XVH� +RUGHXP� PDULQXP� LQ� WKH� GHYHORSPHQW� RI� F\WRJHQHWLFDO� VWRFNV� WR� WUDQVIHU� WUDLWV

DVVRFLDWHG�ZLWK�VDOW��DQG�ZDWHUORJJLQJ�WROHUDQFH�LQWR�EUHDG�ZKHDW�
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SRWHQWLDO� VRXUFH�RI� JHQHV� IRU� VDOW�� DQG�ZDWHUORJJLQJ�WROHUDQFH� WKDW� FRXOG�EH� LQWURGXFHG� LQWR

ZKHDW��2PHOLHQ�HW�DO���������0F'RQDOG�HW�DO�������E��

$PRQJVW�WKH�¨ZLOG©�UHODWLYHV�LQ�WKH�7ULWLFHDH��D�QXPEHU�RI�+RUGHXP�VSHFLHV�WKDW�LQKDELW�VDOW

PDUVKHV� �YRQ� %RWKPHU� HW� DO��� ������ DUH� RI� SDUWLFXODU� LQWHUHVW� WR� XV� DV� SRWHQWLDO� VRXUFHV� RI

WROHUDQFH���6RPH�RI�WKHVH�VSHFLHV�DUH�KLJKO\�VDOW�WROHUDQW��EHLQJ�FDSDEOH�RI�JURZWK�DW�VDOLQLW\

OHYHOV�DSSURDFKLQJ�VHD�ZDWHU��0DQR�	�7DNHGD����������)XUWKHUPRUH��VLQFH�VHYHUDO�+RUGHXP�[

ZKHDW�K\EULGV�KDYH�EHHQ�UHSRUWHG��,VODP�	�6KHSKHUG���������LW�PD\�EH�SRVVLEOH�WR�XVH�VRPH

VSHFLHV� RI�+RUGHXP� LQ� FHUHDO� LPSURYHPHQW�� � ,Q� IDFW�� D� QHZ� FHUHDO�� WULWRUGHXP�� KDV� EHHQ

GHYHORSHG�IURP�+RUGHXP�FKLOHQVH�[�ZKHDW�K\EULGV��0DUWLQ�HW�DO�����������8QIRUWXQDWHO\��WKH

JRDO� RI� 0DUWLQ� DQG� FR�ZRUNHUV� KDV� EHHQ� WR� GHYHORS� D� FHUHDO� ZLWK� LPSURYHG� UHVLVWDQFH� WR

GLVHDVHV��DQG�WKH�+RUGHXP�SDUHQW�XVHG�ZDV�QRW�RQH�RI�WKH�SDUWLFXODUO\�VDOW��RU�ZDWHUORJJLQJ�

WROHUDQW�VSHFLHV�



'HVSLWH� WKH�SRWHQWLDO� WR�PDNH�XVH�RI�+RUGHXP� VSHFLHV� LQ� FHUHDO�EUHHGLQJ��NQRZOHGJH�DERXW

WKHVH�SODQWV�LV�UHODWLYHO\�SRRU���,I�+RUGHXP�VSHFLHV�DUH�WR�EH�XVHG�LQ�WKH�GHYHORSPHQW�RI�VDOW�

DQG� ZDWHUORJJLQJ�WROHUDQW� FHUHDOV�� LQIRUPDWLRQ� LV� UHTXLUHG� RQ�� �L�� WKH� OHYHOV� RI� VDOW�� DQG

ZDWHUORJJLQJ�WROHUDQFH� LQ� WKH� YDULRXV� VSHFLHV�� �LL�� WKH� WUDLWV� FRQIHULQJ� WROHUDQFH�� �LLL�� WKH

DELOLW\�WR�K\EULGLVH�WKHVH�VSHFLHV�ZLWK�ZKHDW��DQG��LY��RQFH�LQWURGXFHG�LQWR�ZKHDW��H[SUHVVLRQ

RI�NH\�WUDLWV�LQ�WKLV�JHQHWLF�EDFNJURXQG���+RUGHXP�PDULQXP��6HD�%DUOH\JUDVV��LV�D�VSHFLHV�RI

SDUWLFXODU� SURPLVH�� GXH� WR� LWV� KLJK� WROHUDQFH� RI�ZDWHUORJJLQJ� �0F'RQDOG�HW� DO��� ����E�� DQG

VDOLQLW\��0DQR�	�7DNHGD����������0RUHRYHU��+RUGHXP�PDULQXP�FDQ�EH�K\EULGLVHG�ZLWK�EUHDG

ZKHDW� �-LDQJ�	�'DMXQ��������� � ,Q� WKLV�SDSHU�ZH� UHSRUW�RQ�SURJUHVV� WRZDUGV�XVLQJ�+RUGHXP

PDULQXP�DV�D�GRQRU�RI�NH\�WUDLWV�WR�LPSURYH�VDOW��DQG�ZDWHUORJJLQJ�WROHUDQFH�LQ�EUHDG�ZKHDW�

A CYTOGENETICAL APPROACH TO IMPROVE SALT- AND WATERLOGGING-
TOLERANCE IN WHEAT
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GRXEOHG�VHFWRUV�LQ�)��SODQWV���7KH�DPSKLSORLG�ZDV�XVHG�DV�WKH�SROOHQ�SDUHQW�WR�EDFNFURVV�WR
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Wheat, like all other crop species except sugar beet, is a non-halophyte.  Although
considerable variation in salt tolerance exists among non-halophytes (Greenway & Munns,
1980), the range is from extreme sensitivity to moderate tolerance.  Barley is regarded as one
of the most salt tolerant crops, but even barley cropping becomes unviable at relatively low
levels of soil salinity.  Halophytes are plants that naturally inhabit saline environments such
as salt marshes or salt lakes, and these species are much more tolerant of salinity than those
used as crops (Greenway & Munns, 1980).  Fortunately, some members of the Triticeae
(same tribe as wheat and barley) are halophytes; for examples Agropyron elongatum (syn.
Lophopyrum elongatum; Tall Wheatgrass) and Hordeum marinum (Sea Barleygrass).  Wide-
crossing of these halophytic ‘wild’ species (e.g. Wheatgrasses, Omielan et al., 1991; Gorham,
1994) with wheat, has been proposed as a strategy to enable substantial gains in salt
tolerance.

Salt tolerance in plants involves a suite of traits, expressed at several levels of organisation
(Greenway & Munns, 1980; Munns, 2002).  The ability to restrict the rate of entry of the
potentially toxic Na+ (and Cl-) into the shoots, often termed ‘ion exclusion’, is regarded as a
key trait.  Maintenance of K+ uptake, even in the face of very high Na+:K+ in the soil solution,
is also vital since K+ is a macronutrient essential for enzyme functioning and is also a major
osmoticum.  Osmotic adjustment, the accumulation of solutes per unit of tissue water, enables
tolerant species to live where high concentrations of salts in the soil make the external water
potential very low.  Na+ and Cl- that does enter the leaves is compartmentalised into vacuoles
to prevent ion toxicity inhibiting enzymes in the cytoplasmic compartments.  Synthesis of
organic solutes, ‘compatible’ with enzyme functioning, prevents dehydration of the
cytoplasmic compartments when large concentrations of ions are stored in the vacuoles (Wyn
Jones et al., 1977).

The traits contributing to salt tolerance in Hordeum marinum, and the possibility to enhance
expression of these in a wheat background by producing Hordeum marinum-wheat lines,
should be determined.  Ability to exclude Na+ is superior in Hordeum marinum and
Agropyron elongatum, in comparison to wheat (Table 1).  When grown at 250 mM NaCl for
21 days, Na+ concentrations in leaf tissues of both ‘wild’ species were lower than in wheat,
with those in Hordeum marinum being the lowest (Table 1).



Table 1.  Na+ concentrations in leaves of Hordeum marinum, Agropyron elongatum, and wheat (Triticum aestivum
cv. Chinese Spring) grown for 21 days at 250 mM NaCl.  Plants were grown at 20oC/15oC day/night in aerated
solution culture (composition given in McDonald et al., 2001a; except Ca2+ was raised to 5 mM).  All leaves on
each plant, not including sheaths, were pooled for the analyses.  Data given are means of 4 replicates + SE.
(Kinnane & Colmer, Unpublished)
Genotype Leaf Na+ concentration*   Leaf K+:Na+

(Pmol g-1 dry weight)

Hordeum marinum (tetraploid sub-species) 380 + 20 3.5
Agropyron elongatum 850 + 420 3.3
Triticum aestivum 2050 + 560 1.0

*Na+ concentrations in leaves of controls grown at 1 mM NaCl were at most 35 Pmol g-1 dry weight.

Our cytogenetic work to incorporate chromosomes from Hordeum marinum into bread wheat
is still in the early stages (see the section above on ‘cytogenetics’).  Seeds of our Hordeum
marinum-wheat amphiploid have only recently become available, and we have not yet tested
the amphiplolid for Na+ ‘exclusion’ or salt tolerance.  By contrast, a complete set of addition
and substitution lines of Agropyron elongatum chromosomes in bread wheat was produced
during the early 1970’s (Dvorak & Knott, 1974).  When grown in field plots irrigated with
saline water, the Agropyron elongatum-wheat amphiploid and the substitution lines
containing chromosome 3 from Agropyron elongatum, showed superior Na+ ‘exclusion’ and
grain yield, when compared to the wheat parent (Table 2).

Table 2.  Na+ concentration in the flag leaf of wheat (Triticum aestivum cv. Chinese Spring), an Agropyron
elongatum-wheat amphiploid and derived chromosome substitution lines, when grown in field plots irrigated with
saline water. Plots were irrigated with water of ‘low’ or ‘high’ salinity, so that soil EC in a saturated paste extract
was 1.1-1.2 dS m-1 in control plots and 13.9-15.6 dS m-1 in saline plots. Data given are the ranges of the means of 3
replicates for each of the substitution lines for each Agropyron elongatum chromosome (from Omielan et al.,
1991).
Genotype Flag leaf Na+ concentration  Grain yield

(Pmol g-1 dry weight)    Control  Saline
              Control            Saline        (t ha-1)  (% of control)   

Triticum aestivum 9 522 2.3 8
Agropyron-wheat amphiploid 8 96 2.6 46
Substitution lines 1E(1A), 1E(1B), 1E(1D) 5-11 354-533 1.7-2.3 15-21
Substitution lines 2E(2A), 2E(2B), 2E(2D) 5-8 381-532 2.6-3.2 10-15
Substitution lines 3E(3A), 3E(3B), 3E(3D) 5-8 107-195 2.7-3.1 25-37
Substitution lines 4E(4A), 4E(4B), 4E(4D) 9-25 303-645 2.5-2.7 6-10
Substitution line   5E(5D) 7 420 1.9 10
Substitution lines 6E(6A), 6E(6B), 6E(6D) 5-7 372-492 2.2-3.2 8-13
Substitution lines 7E(7A), 7E(7B), 7E(7D) 6-12 373-471 2.2-2.8 14-18

The relatively high degree of salt tolerance in the substitution lines containing chromosome 3
from Agropyron elongatum is impressive (Table 2), but unfortunately the lines were as
sensitive to waterlogging as the wheat parent (McDonald et al., 2001a).  By contrast,
Hordeum marinum is salt tolerant and is also waterlogging tolerant (see below), so our
objective is to use Hordeum marinum as a donor of tolerance to salinity and waterlogging to
bread wheat.  The importance of waterlogging tolerance for the development of a viable
cropping option for land affected by dryland salinity is discussed below.
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:DWHUORJJHG� VRLOV� DUH� XVXDOO\� DQDHURELF� �LH�� GHYRLG� RI� 2��� DQG� FDQ� DOVR� EH� FKHPLFDOO\

UHGXFHG�� � 7KH� ODFN� RI� 2�� UHVXOWV� IURP� WKH� ORZ� GLIIXVLYLW\� RI� JDVHV� LQ� ZDWHU� SUHYHQWLQJ

UHSODFHPHQW�RI�2��FRQVXPHG�E\�PLFURRUJDQLVPV� LQ� WKH�VRLO�� �5RRWV�RI�SODQWV� UHTXLUH�2�� IRU

UHVSLUDWLRQ� WR� SURYLGH� VXIILFLHQW� HQHUJ\� IRU� JURZWK�� PDLQWHQDQFH�� DQG� QXWULHQW� XSWDNH

SURFHVVHV���5RRWV�RI�PRVW�SODQW�VSHFLHV�FDQ�RQO\�VXUYLYH�IRU�DW�PRVW�D�IHZ�GD\V�LQ�WKH�DEVHQFH



RI� 2��� � 6SHFLHV� WROHUDQW� RI� ZDWHUORJJLQJ� GHYHORS� H[WHQVLYH� DGYHQWLWLRXV� URRW� V\VWHPV� WKDW

FRQWDLQ� DHUHQFK\PD� �-DFNVRQ� 	� 'UHZ�� ������� � 7KH� DHUHQFK\PD� SURYLGH� D� ORZ� UHVLVWDQFH

LQWHUQDO�SDWKZD\�IRU�PRYHPHQW�RI�2���DQG�RWKHU�JDVHV��ZLWKLQ�WKH�URRWV���,Q�DGGLWLRQ�WR�KDYLQJ

H[WHQVLYH�DHUHQFK\PD�� WKH�URRWV�RI�PDQ\�ZHWODQG�VSHFLHV�DOVR�FRQWDLQ�D�EDUULHU� WR� UDGLDO�2�

ORVV��52/��LQ�WKH�EDVDO�]RQHV��$UPVWURQJ��������-DFNVRQ�	�$UPVWURQJ��������&ROPHU�������

7KHVH� WUDLWV�DFW�V\QHUJLVWLFDOO\� WR�HQKDQFH�2��GLIIXVLRQ� WR� WKH� URRW� WLS��DQG� WKXV� URRW�JURZWK

LQWR� DQDHURELF� VXEVWUDWHV� �$UPVWURQJ�� ������� � 7KXV�� IHDWXUHV� WKDW� HQKDQFH� URRW� DHUDWLRQ� DUH

FRQVLGHUHG�WR�EH�NH\�WUDLWV�FRQWULEXWLQJ�WR�ZDWHUORJJLQJ�WROHUDQFH�LQ�SODQWV��$UPVWURQJ�������

-DFNVRQ�	�'UHZ��������

7KH� UHODWLYHO\� SRRU� ZDWHUORJJLQJ� WROHUDQFH� LQ� WKH� $JURS\URQ� HORQJDWXP�ZKHDW� OLQHV

�0F'RQDOG� HW� DO��� ����D�� SURPSWHG� XV� WR� VFUHHQ� D� ZLGHU� UDQJH� RI� ¨ZLOG©� UHODWLYHV� LQ� WKH

7ULWLFHDH��0F'RQDOG�HW�DO������E����:H�IRXQG�WKDW�+RUGHXP�PDULQXP�FRQWDLQV�D�NH\�WUDLW�IRU

URRW�DHUDWLRQ��IRXQG�DOVR�LQ�QXPHURXV�ZHWODQG�SODQWV�EXW�QHYHU�EHIRUH�LQ�GU\ODQG�FURSV�RU�WKHLU

FORVH�UHODWLYHV���5RRWV�RI�+RUGHXP�PDULQXP�IRUPHG�KLJK�FRQVWLWXWLYH�SRURVLW\�ZKHQ�JURZQ�LQ

DHUDWHG�VROXWLRQ��7DEOH�����DQG�PRUH�LPSRUWDQWO\�FRQWDLQHG�D�EDUULHU�WR�52/�LQ�EDVDO�]RQHV�RI

WKH�URRWV�ZKHQ�SODQWV�ZHUH�JURZQ�LQ�VWDJQDQW�VROXWLRQ��)LJXUH�����Growth in stagnant solution
resulted in root porosity being increased in all genotypes, but the levels in roots of Hordeum
marinum were slightly higher than the values in wheat, and considerably higher than in barley
or in Agropyron elongatum (Table 3).  Root porosity in the Agropyron elongatum-wheat
amphiploid did not differ from that in wheat.

Table 3.  Porosity (% gas spaces per unit volume) for adventitious roots of selected species in the Triticeae, when
grown in aerated or stagnant deoxygenated nutrient solution for the final 21 days.  The maximum distances roots
penetrated into an anaerobic medium are also given.  Stagnant de-oxygenated nutrient solution contained 0.1%
agar to mimick the changes in gas composition in waterlogged soils (Wiengweera et al., 1997).  Data given are
means of 3 replicates + SE.  (From McDonald et al. 2001a & 2001b)

Genotype Porosity   Maximum length of roots
(% gas spaces/volume) in an anaerobic medium

                                                                         __________________________ (mm)
Aerated Stagnant

Hordeum vulgare (Stirling) 6.7 15.8 160
Triticum aestivum(Chinese Spring) 5.7 21.6 192
Agropyron elongatum 7.6 13.5 215
Agropyron-wheat amphiploid 5.5 21.0 237
Hordeum marinum (tetraploid sub-species) 13.8 25.4 325

/RVVHV�RI�2�� IURP�WKH�URRWV�� WR� WKH�VRLO� �LH��52/���FDQ�EH�VXEVWDQWLDO� IRU�VRPH�VSHFLHV�� DQG

52/� UHGXFHV� WKH� ORQJLWXGLQDO� GLIIXVLRQ�RI�2�� LQ� WKH� DHUHQFK\PD� WRZDUGV� WKH� URRW� WLS�� � )RU

URRWV�RI�ZKHDW��52/�ZDV�KLJKHVW�IURP�WKH�PRVW�EDVDO�]RQHV�DQG�GHFUHDVHG�WRZDUGV�WKH�URRW

WLS��)LJXUH�����WKLV�SDWWHUQ�LV�W\SLFDO�IRU�D�GU\ODQG�VSHFLHV��-DFNVRQ�	�'UHZ��������$UPVWURQJ�

��������%\�FRQWUDVW��WKH�URRWV�RI�PDQ\�ZHWODQG�VSHFLHV�FRQWDLQ�D�EDUULHU�WR�52/��-DFNVRQ�DQG

$UPVWURQJ��������&ROPHU���������UHVWULFWLQJ�2��ORVV�IURP�WKH�DHUHQFK\PD�DQG�WKXV�HQKDQFLQJ

2��GLIIXVLRQ�WRZDUGV�WKH�URRW�WLS���6XFK�D�¨ZHWODQG�SDWWHUQ©�RI�52/�ZDV�SUHVHQW�IRU�URRWV�RI

+RUGHXP�PDULQXP��)LJXUH������7KXV��WKH�UHODWLYHO\�KLJK�SRURVLW\��FRQVWLWXWLYH�DQG�LQGXFLEOH�

WRJHWKHU�ZLWK�DQ� LQGXFLEOH�EDUULHU� WR�52/�� UHVXOW� LQ�JUHDWHU�FDSDFLW\� IRU� LQWHUQDO�DHUDWLRQ� LQ

URRWV� RI�+RUGHXP�PDULQXP�� DV� FRPSDUHG� ZLWK� ZKHDW�� � 7KLV� VXSHULRU� FDSDFLW\� IRU� LQWHUQDO

DHUDWLRQ� SUHVXPDEO\� FRQWULEXWHV� WR� WKH� JUHDWHU� URRWLQJ� GHSWKV� �7DEOH� ��� DQG� ZDWHUORJJLQJ

WROHUDQFH�LQ�+RUGHXP�PDULQXP�ZKHQ�FRPSDUHG�WR�ZKHDW��0F'RQDOG�HW�DO�������E����)LQGLQJ

VXSHULRU� URRW� DHUDWLRQ� WUDLWV� LQ� D� ¨ZLOG©� UHODWLYH� RI�ZKHDW� �QDPHO\��+RUGHXP�PDULQXP�� LV� D

PDMRU�VWHS�IRUZDUG��VLQFH�LW�LV�QRZ�IHDVLEOH�WR�DWWHPSW�WR�WUDQVIHU�WKHVH�WUDLWV�LQWR�EUHDG�ZKHDW�

XVLQJ�WKH�F\WRJHQHWLFDO�VWUDWHJ\�RXWOLQHG�LQ�D�SUHYLRXV�VHFWLRQ�RI�WKLV�SDSHU�
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Figure 2.  Profiles of radial O
2
 loss (ROL) along adventitious roots of wheat (Triticum aestivum cv. Crocus) and

Hordeum marinum (diploid sub-species) when in an O
2
-free rooting medium with shoots in air.  Plants were grown

in stagnant deoxygenated nutrient solution for 21 d prior to the measurements taken at 20 oC.  Composition of the
nutrient solution was as given in McDonald et al. (2001a).  Roots were 100 to 112 mm in length.  Data given are
the means of 3 replicates r SE.  (Colmer & Islam, Unpublished).
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7KH�FR�RFFXUUHQFH�RI�VDOLQLW\�DQG�ZDWHUORJJLQJ�FDQ�UHVXOW�LQ�VHYHUH�GDPDJH��RU�HYHQ�GHDWK��RI

SRRUO\�DGDSWHG�SODQW�VSHFLHV�VXFK�DV�ZKHDW��%DUUHWW�/HQQDUG�HW�DO�����������$�ODFN�RI�2��LQ�WKH

URRW� ]RQH� PHDQV� WKDW� UHVSLUDWLRQ� LQ� URRW� WLVVXHV� LV� LQKLELWHG�� XQOHVV� WKH� URRWV� FDQ� DFFHVV

VXIILFLHQW�OHYHOV�RI�2��YLD�WKH�DHUHQFK\PD���(QHUJ\�VKRUWDJH�LQ�WKH�URRW�FHOOV�LQKLELWV�HQHUJ\�

GHSHQGHQW�LRQ�WUDQVSRUW�DFURVV�PHPEUDQHV��UHVXOWLQJ�LQ�¨EUHDNGRZQ©�RI�1D��¨H[FOXVLRQ©�LQ�2��

GHILFLHQW� URRWV� �H�J�� ZKHDW�� %DUUHWW�/HQQDUG� HW� DO��� ������ FRUQ�� 'UHZ� 	� /DXFKOL�� ������

,QFUHDVHG� GHOLYHU\� RI� 1D�� �DQG� &O��� WR� WKH� VKRRWV�� WRJHWKHU� ZLWK� D� GHFUHDVH� LQ� .�� XSWDNH�

PHDQV�LRQ�WR[LFLW\�ZLOO�RFFXU�PRUH�TXLFNO\�LQ�SODQWV�IDFHG�ZLWK�D�FRPELQDWLRQ�RI�VDOLQLW\�DQG

URRW�]RQH�2��GHILFLHQF\��HVSHFLDOO\� LI� VKRRW�JURZWK�DQG� WKHUHIRUH� ¨GLOXWLRQ©�RI� WKH� LQFRPLQJ

LRQV�LV�DOVR�GHFUHDVHG�

:H� K\SRWKHVL]H� WKDW� URRW� DHUDWLRQ� WUDLWV� WKDW� FRQIHU� WROHUDQFH� WR� ZDWHUORJJLQJ� VKRXOG� EH� D

SUHUHTXLVLWH� IRU� WROHUDQFH� WR� FRPELQHG� VDOLQLW\� DQG�ZDWHUORJJLQJ�� � ,QWHUQDO� DHUDWLRQ�� YLD� WKH

DHUHQFK\PD�� ZRXOG� HQDEOH� FHOOXODU� UHVSLUDWLRQ� WR� FRQWLQXH� VR� WKDW� HQHUJ\� LV� DYDLODEOH� IRU

PDLQWHQDQFH� RI� PHPEUDQH� WUDQVSRUW� SURFHVVHV� HVVHQWLDO� IRU� 1D�� H[FOXVLRQ� DQG� .��1D�

VHOHFWLYLW\�� �2XU�SK\VLRORJLFDO�VFUHHQLQJ�RI� WKH�+RUGHXP�PDULQXP�ZKHDW� OLQHV�ZLOO�HYDOXDWH

VDOW�WROHUDQFH��ZDWHUORJJLQJ�WROHUDQFH��DQG�WROHUDQFH�RI�WKHVH�VWUHVVHV�ZKHQ�FRPELQHG�

&21&/86,216

$�+RUGHXP�PDULQXP�ZKHDW�DPSKLSORLG�KDV�EHHQ�SURGXFHG��GHPRQVWUDWLQJ�WKH�IHDVLELOLW\�RI

DW� OHDVW� WKH� ILUVW� VWDJHV�RI� RXU�SURJUDPPH� WR�XVH�+RUGHXP�PDULQXP� LQ� WKH�GHYHORSPHQW�RI

F\WRJHQHWLFDO� VWRFNV� WR� WUDQVIHU� WUDLWV� DVVRFLDWHG� ZLWK� VDOW�� DQG�ZDWHUORJJLQJ�WROHUDQFH� LQWR

EUHDG�ZKHDW�� �+RZHYHU��RXU�SURJUDPPH�LV�RQO\� LQ� LWV�VHFRQG�\HDU�DQG�PXFK�ZRUN�UHPDLQV�



)XUWKHU�F\WRJHQHWLFDO�PDQLSXODWLRQV�DUH�UHTXLUHG�WR�SURGXFH�FKURPRVRPH�DGGLWLRQ�OLQHV�DQG

HYHQWXDOO\�UHFRPELQDQW�OLQHV���6FUHHQLQJ�SURJHQ\�WR�WUDFN�VDOW��DQG�ZDWHUORJJLQJ�WROHUDQFH�WR

SDUWLFXODU� FKURPRVRPHV� DQG� FKURPRVRPH� VHJPHQWV� LV� UHTXLUHG�� WR� HQDEOH� SURGXFWLRQ� RI

ZKHDWV�FRQWDLQLQJ�PLQLPDO�DPRXQWV�RI�DOLHQ�FKURPRVRPH�VHJPHQWV�� �,W� LV�DOVR�SRVVLEOH�WKDW

VLQFH� VDOW�� DQG� ZDWHUORJJLQJ�WROHUDQFH� ERWK� LQYROYH� VHYHUDO� WUDLWV�� IXUWKHU� FURVVLQJ� WR

UHFRPELQH� WUDLWV� LQWR� D� VLQJOH� UHFRPELQDQW�+RUGHXP� PDULQXP�ZKHDW� OLQH� PD\� EH� QHHGHG�

EHIRUH�PDWHULDOV�DUH�UHDG\�IRU�HQWU\�LQWR�ZKHDW�EUHHGLQJ�SURJUDPPHV���7KH�UHFRPELQDQW�OLQHV

ZRXOG� WKHQ� QHHG� WR� EH� FURVVHG� ZLWK� ORFDOO\� DGDSWHG� FXOWLYDUV�� WR� SURGXFH� QHZ� VDOW�� DQG

ZDWHUORJJLQJ�WROHUDQW�FXOWLYDUV�FDSDEOH�RI�H[WHQGLQJ�FURSSLQJ�RQWR�VRLOV�ZLWK�VDOLQLW\� OHYHOV

WRR�KLJK�IRU�H[LVWLQJ�FHUHDOV���(YHQ�VR��FURSSLQJ�LV�XQOLNHO\�WR�EH�YLDEOH�RQ�WKH�PRVW�VHYHUHO\

VDOW�DIIHFWHG�ODQGV��ZKHUH�IRGGHUV�ZRXOG�UHPDLQ�WKH�PRVW�DSSURSULDWH�RSWLRQ�

$&.12:/('*(0(176

7KLV� UHVHDUFK� LV� VXSSRUWHG� E\� WKH� *UDLQV� 5HVHDUFK� 	� 'HYHORSPHQW� &RUSRUDWLRQ� �*5'&��

&XUUHQW�ZRUN�WR�VFUHHQ�SK\VLRORJLFDO�WUDLWV�LQ�¨ZLOG©�+RUGHXP�VSHFLHV�LV�EHLQJ�FRQGXFWHG�E\

$��*DUWKZDLWH�DQG�'��6KRUW��LQ�FROODERUDWLRQ�ZLWK�5��YRQ�%RWKPHU�DW�WKH�6ZHGLVK�8QLYHUVLW\

RI�$JULFXOWXUDO�6FLHQFHV�

/,7(5$785(�&,7('
$UPVWURQJ�:����������$HUDWLRQ�LQ�KLJKHU�SODQWV���$GYDQFHV�LQ�%RWDQLFDO�5HVHDUFK������������

%DUUHWW�/HQQDUG� (*�� YDQ� 5DWLQJHQ� 3�� 0DWKLH� 0+�� � ������ � 7KH� GHYHORSLQJ� SDWWHUQ� RI� GDPDJH� LQ� ZKHDW

�7ULWLFXP� DHVWLYXP� /��� GXH� WR� WKH� FRPELQHG� VWUHVVHV� RI� VDOLQLW\� DQG� K\SR[LD�� H[SHULPHQWV� XQGHU� FRQWUROOHG

FRQGLWLRQV�VXJJHVW�D�PHWKRGRORJ\�IRU�SODQW�VHOHFWLRQ���$XVWUDOLDQ�-RXUQDO�RI�$JULFXOWXUDO�5HVHDUFK�������������

&ROPHU� 7'�� ������ � /RQJ�GLVWDQFH� WUDQVSRUW� RI� JDVHV� LQ� SODQWV�� D� SHUVSHFWLYH� RQ� LQWHUQDO� DHUDWLRQ� DQG� UDGLDO

R[\JHQ�ORVV�IURP�URRWV���3ODQW��&HOO�	�(QYLURQPHQW�����,Q�SUHVV

'UHZ�0&��/DXFKOL�$����������2[\JHQ�GHSHQGDQW�H[FOXVLRQ�RI�VRGLXP�LRQV�IURP�VKRRWV�RI�=HD�PD\V��FY��3LRQHHU

������LQ�UHODWLRQ�WR�VDOLQLW\�GDPDJH���3ODQW�3K\VLRORJ\�������������

'YRUDN�-��.QRWW�'5����������'LVRPLF�DQG�GLWHOHRVRPLF�DGGLWLRQV�RI�GLSORLG�$JURS\URQ�HORQJDWXP�FKURPRVRPHV

WR�7ULWLFXP�DHVWLYXP���&DQDGLDQ�-RXUQDO�RI�*HQHWLFV�DQG�&\WRORJ\�������������

*RUKDP�-�� ������� �6DOW� WROHUDQFH� LQ� WKH�7ULWLFHDH��.�1D�GLVFULPLQDWLRQ� LQ� VRPH�SHUHQQLDO�ZKHDWJUDVV�DQG� WKHLU

DPSKLSORLGV�ZLWK�ZKHDW���-RXUQDO�RI�([SHULPHQWDO�%RWDQ\�������������

*UHHQZD\� +�� 0XQQV� 5�� � ������ � 0HFKDQLVPV� RI� VDOW� WROHUDQFH� LQ� QRQKDORSK\WHV�� � $QQXDO� 5HYLHZ� RI� 3ODQW

3K\VLRORJ\������������

,VODP�$.05��6KHSKHUG�.:�� ������� � ,QFRUSRUDWLRQ�RI�EDUOH\�FKURPRVRPHV� LQWR�ZKHDW�� � ,Q��%LRWHFKQRORJ\� LQ

$JULFXOWXUH�DQG�)RUHVWU\��9RO�����:KHDW���<36�%DMDM��(G����6SULQJHU�9HUODJ��%HUOLQ��SS���������

-DFNVRQ�0%��$UPVWURQJ�:����������)RUPDWLRQ�RI�DHUHQFK\PD�DQG�WKH�SURFHVVHV�RI�SODQW�YHQWLODWLRQ�LQ�UHODWLRQ

WR�VRLO�IORRGLQJ�DQG�VXEPHUJHQFH���3ODQW�%LRORJ\������������

-DFNVRQ� 0%�� 'UHZ� 0&�� � ������ � (IIHFWV� RI� IORRGLQJ� RQ� JURZWK� DQG� PHWDEROLVP� RI� KHUEDFHRXV� SODQWV�� � ,Q�

)ORRGLQJ�DQG�3ODQW�*URZWK��7�7��.R]ORZVNL��(G���$FDGHPLF�3UHVV��1HZ�<RUN��SS��������

-LDQJ�-��'DMXQ�/����������1HZ�+RUGHXP�7ULWLFXP�K\EULGV���&HUHDO�5HVHDUFK�&RPPXQLFDWLRQV�����������

0DOFROP�&9����������:KHDWEHOW�6DOLQLW\��$�5HYLHZ�RI�WKH�6DOWODQG�3UREOHP�LQ�6RXWK�:HVWHUQ�$XVWUDOLD���5HSRUW

����'HSDUWPHQW�RI�$JULFXOWXUH��:HVWHUQ�$XVWUDOLD�

0DQR�<��7DNHGD�.��������*HQHWLF�UHVRXUFHV�RI�VDOW�WROHUDQFH�LQ�ZLOG�+RUGHXP�VSHFLHV���(XSK\WLFD��������������

0DUWLQ�$��$OYDUH]� -%��0DUWLQ�/0�� %DUUR�)��%DOOHVWHURV� -�� �������7KH� GHYHORSPHQW� RI� WULWRUGHXP�� D� QRYHO

FHUHDO�IRU�IRRG�SURFHVVLQJ���-RXUQDO�RI�&HUHDO�6FLHQFH�����������

0F'RQDOG�03��*DOZH\�1:��&ROPHU�7'�������D���(YDOXDWLRQ�RI�/RSKRS\UXP�HORQJDWXP�DV�D�VRXUFH�RI�JHQHWLF

GLYHUVLW\�WR�LQFUHDVH�ZDWHUORJJLQJ�WROHUDQFH�RI�KH[DSORLG�ZKHDW��7ULWLFXP�DHVWLYXP���1HZ�3K\WRORJLVW����������

����

0F'RQDOG� 03�� *DOZH\� 1:�� &ROPHU� 7'�� � ����E�� � :DWHUORJJLQJ� WROHUDQFH� LQ� WKH� WULEH� 7ULWLFHDH�� WKH

DGYHQWLWLRXV�URRWV�RI�&ULWHVLRQ�PDULQXP�KDYH�D�UHODWLYHO\�KLJK�SRURVLW\�DQG�D�EDUULHU�WR�UDGLDO�R[\JHQ�ORVV��3ODQW�

&HOO�	�(QYLURQPHQW�������������

0XQQV�5����������&RPSDUDWLYH�SK\VLRORJ\�RI�VDOW�DQG�ZDWHU�VWUHVV���3ODQW��&HOO�	�(QYLURQPHQW�������������

2PLHODQ�-$��(SVWHLQ�(��'YRUDN�-����������6DOW�WROHUDQFH�DQG�LRQLF�UHODWLRQV�RI�ZKHDW�DV�DIIHFWHG�E\�LQGLYLGXDO

FKURPRVRPHV�RI�VDOW�WROHUDQW�/RSKRS\UXP�HORQJDWXP���*HQRPH������������

YRQ�%RWKPHU�5��-DFREVHQ�1��%DGHQ�&��-RUJHQVHQ�5%��/LQGH�/DXUVHQ�,����������$Q�(FRJHRJUDSKLFDO�6WXG\�RI

WKH�*HQXV�+RUGHXP���6\VWHPDWLF�DQG�(FRJHRJUDSKLF�6WXGLHV�RQ�&URS�*HQHSRROV�����,QWHUQDWLRQDO�%RDUG�IRU�3ODQW

*HQHWLF�5HVRXUFHV��5RPH�

:LHQJZHHUD� $�� *UHHQZD\� +�� 7KRPVRQ� &-�� � ������ � 7KH� XVH� RI� DJDU� QXWULHQW� VROXWLRQ� WR� VLPXODWH� ODFN� RI

FRQYHFWLRQ�LQ�ZDWHUORJJHG�VRLOV���$QQDOV�RI�%RWDQ\������������

:\Q� -RQHV� 5*�� 6WRUH\� 5�� /HLJK� 5$�� $KPDG� 1�� 3ROODUG� $�� � ������ $� K\SRWKHVLV� RQ� F\WRSODVPLF

RVPRUHJXODWLRQ�� � ,Q��0DUUH�(��&LIHUUL�2�� HGV�� � 5HJXODWLRQ� RI�&HOO�0HPEUDQH�$FWLYLWLHV� LQ�3ODQWV�� � $PVWHUGDP�

(OVHYLHU����������


