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ABSTRACT
3RWDVVLXP��.+��LV�D�PDMRU�QXWULHQW�HVVHQWLDO�IRU�SODQW�JURZWK�DQG�GHYHORSPHQW��$FTXLVLWLRQ�RI�WKLV�YLWDO�
HOHPHQW�DQG�PDLQWHQDQFH�RI�.+�KRPHRVWDVLV�DUH� FRPSOH[�SURFHVVHV�� IDFLOLWDWHG�E\�DQ�DUUD\�RI�PHPEUDQH�
WUDQVSRUWHUV�LQFOXGLQJ�FDUULHUV�DQG�FKDQQHOV��.H\�PHGLDWRUV�RI�.+ uptake are the K+ TUDQVSRUWHUV��.7���K+ 
8ptake PHUPHDVH��.83���+igh AIILQLW\�K+��+$.��IDPLO\�RI�WUDQVSRUWHUV��7KH�RLO�SDOP�(Elaeis guineensis), 
LV�DQ�DJULFXOWXUDOO\�DQG�HFRQRPLFDOO\�LPSRUWDQW�FURS��EXW�WKH�PROHFXODU�PHFKDQLVPV�RI�QXWULHQW�DFTXLVLWLRQ�
LQ� WKLV� SODQW� DUH� SRRUO\� XQGHUVWRRG�� +HUH� ZH� UHSRUW� WKH� ILUVW� PROHFXODU� FKDUDFWHULVDWLRQ� RI� SRWDVVLXP�
WUDQVSRUWHUV�IURP�.7�.83�+$.�VXSHUIDPLO\�LQ�WKH�RLO�SDOP��QDPHG�(J.83���(J.83��DQG�(J.83���
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SHORT COMMUNICATION

INTRODUCTION

Elaeis guineensis or the oil palm is by far the most 
SURGXFWLYH� RLO� EHDULQJ� FURS� �.XVKDLUL� et al., 2019; 
Bourgis et al., 2011; Yan, 2017), produces almost 70 
million tonnes of palm oil in 2017 or 30% out of the 
total world edible oil production, claiming the top 
spot amongst 16 other vegetable oils as the most 
FRQVXPHG� RLO� ZRUOGZLGH�� 7KH� JOREDO� GHPDQG� IRU�
oils and fats has seen a staggering increase of 167% 
in less than three decades from 83.5 million tonnes in 
1991-92 to 223 million tonnes in 2017 (Mielke, 2017) 
and is expected to continue rising proportionally 
with the growing world population. Malaysia is the 
second largest producer of palm oil after Indonesia, 
and both countries currently account for 85% of 
the total palm oil production in the world (Yan, 
2017). In order to meet the growing demand for 
oils and fats, expansion of the current 5.8 million 
hectares of plantation area in Malaysia is not a 
viable option, thus optimising the existing land to 

produce maximum yield is the only alternative for 
sustainable palm oil production. One of the key 
areas to improve productivity is mineral nutrition.

3RWDVVLXP� �.+) is one of the most important 
mineral nutrients which play diverse roles in plants 
GDLO\� VXUYLYDO� LQFOXGLQJ� HQ]\PDWLF� IXQFWLRQV��
opening and closing of stomata in the leaf (to allow 
water vapour and waste gases to escape and at 
the same time to provide plants with the ability to 
withstand drought conditions), maintaining the 
turgor pressure of the cell (meaning it keeps plants 
IURP� ZLOWLQJ�� DV� ZHOO� DV� UHJXODWLRQ� RI� FHOO� VL]H�
(Maathuis et al., 1996; Schachtman and Schroeder, 
������9HU\�DQG�6HQWHQDF���������,Q�WKH�RLO�SDOP��.+ 
is a crucial element in fertilisation, which directly 
affects bunch weight and bunch number (Lamade 
et al., 2014). For this reason, palms exposed to 
.+ deficiency have been reported to produce 
significantly less oil (Diomande et al��� ������� .+ is 
also involved in the transport of sugar assimilates or 
‘food’ from photosynthetic tissues to other parts of 
the plant (Lamade et al., 2014) such as inflorescence 
DQG� GHYHORSLQJ� IUXLWV�� .+ deficiency has been 
associated with the occurrence of vascular wilt 
disease, cercospora leaf spot, Ganoderma basal stem 
rot, and the physiological disorders which cause 
bunch and plant failure (Rankine and Fairhust, 1999). 
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,Q�PDQ\�SODQWDWLRQV�� WKH�DYDLODELOLW\�RI�.+ often is 
very low (Maathuis, 2009), and to compensate the 
VKRUWDJH� RI� .+ and other nutrients in soil, large 
amount of fertilisers are applied. Approximately 
0.52 t ha-1 yr-1 LV�UHTXLUHG�IRU�.�IHUWLOLVHUV�DORQH�ZLWK�
an associated cost of approximately USD 185 t-1. 
7KH�XVH�RI�IHUWLOLVHUV�FDQ�FRQWULEXWH�XS�WR�����RI�WKH�
total production cost especially in time of weakened 
Malaysian ringgit (MYR). Besides that, with the 
growing concern of the deteriorating environment, 
there has been a drive towards mitigating the use 
of chemical fertilisers. Hence, palms with enhanced 
traits are the future planting materials for a more 
sustainable oil palm industry.

Development of crop less dependent on fertilisers 
and optimisation of fertilisation has been impeded by 
current lack of knowledge in the molecular aspects 
of agriculturally and economically important plants. 
Nevertheless, advances in molecular genetics and 
genomics in recent years such as the publication of 
the Elaeis guineensis genome in 2013 has provided 
us with endless opportunities for genomic-driven 
crop improvement. Moving towards this goal we 
looked at a few gene candidates responsible for 
.+ uptake, specifically from the superfamily of .+ 
7ransporters/.+ Uptake Permease/High Affinity 
.+ �.7�.83�+$.�� WUDQVSRUWHUV��7KHVH�JURXSV�RI�
transporters are found in bacteria, fungi and plants. 
In plants, the transporters can be grouped into 
four distinct clusters (I-IV).  Members of cluster I 
SOD\�D�NH\� UROH� LQ�.+acquisition particularly when 
.+� DYDLODELOLW\� LV� ORZ� �%DQXHORV�� ������ 5RGULJXH]�
Navarro, 2006) and are likely to function as H+�.+ 
FR�WUDQVSRUWHU��5RGU×ع JXH]�1DYDUUR���������0HPEHUV�
of cluster II are involved in diverse physiological 
IXQFWLRQV� VXFK� DV� FRPSOHPHQWLQJ� WKH� UROH� RI� .+-
FKDQQHOV� IRU� ORZ�DIILQLW\�.+-transport, response to 
VDOLQLW\� DQG� UHJXODWLRQ� RI� FHOO� VL]H� �*UDERY�� �������
while transporters in cluster III and IV are still not 
well characterised. 

7KH�REMHFWLYH�RI�WKLV�VWXG\�ZDV�WR�LGHQWLI\�DQG�
FKDUDFWHULVH�.7�.83�+$.�SRWDVVLXP�WUDQVSRUWHUV�
IURP� WKH� RLO� SDOP� �(J.83��� 7KLV� ZDV� DFKLHYHG�
by obtaining: (i) full-length sequences of (J.83�
using a combination of homology screening from 
several plant databases and Rapid Amplification 
of cDNA Ends (RACE), (ii) phylogenetic analyses 
of the obtained sequences, (iii) genes expression 
analysis, and (iv) functional characterisation in the 
heterologous system, Escherichia coli.

MATERIALS AND METHODS

Plant Growth, Total Ribonucleic Acid (RNA) 
Extraction and cDNA Synthesis  

7KH Elaeis guineensis plantlets of three-month 
old were grown in modified-MS liquid media under 

12 hr light (2000 lux) and 12 hr dark cycles, and 60% 
humidity prior to the experiment. Approximately 
100 mg of root tissues were disrupted using a 
tissue lyser. RNA was immediately extracted from 
the disrupted tissues using the RNeasy extraction 
kit (Qiagen) according to the manufacturer’s 
SURWRFRO�� 7KH� 51$� REWDLQHG� ZDV� WKHQ� XVHG� DV�
templates for cDNA synthesis using the Omniscript 
5HYHUVH�7UDQVFULSWLRQ�NLW��4LDJHQ��DFFRUGLQJ�WR�WKH�
manufacturer’s protocol.

Construction of Full-length cDNA of the Candidate 
Genes

)HZ� JHQH� VHTXHQFHV� RI� WKH� .7�.83�+$.�
family of potassium transporters from other plant 
species such as Oryza sativa, Arabidopsis thaliana 
and 3KRHQL[� GDFW\OLIHUD�were used as a reference to 
generate gene specific oligonucleotide primers 
for (J.83�� 7KH� FRQVWUXFWLRQ�RI� IXOO�OHQJWK�(J.83�
F'1$�ZDV� WKHQ�SHUIRUPHG�XVLQJ�60$57HU�5$&(�
F'1$�$PSOLILFDWLRQ�.LW��&ORQWHFK��DFFRUGLQJ�WR�WKH�
manufacturer’s protocol. 

Phylogenetic Analysis of EgKUP

7KH�IXOO�OHQJWK�(J.83�VHTXHQFHV�ZHUH�TXHULHG�
against Arabidopsis thaliana databases (www.
arabidopsis.org), identified and named based on 
the closest homologues from A. thaliana. Sequences 
RI� RWKHU� NQRZQ�.7�.83�+$.� WUDQVSRUWHUV� IURP�
different species were downloaded from their 
respective database websites including rice (http://
crep.ncpgr.cn/crep-cgi/home.pl��� PDL]H� �http://
ZZZ�PDL]HVHTXHQFH�RUJ�LQGH[�KWPO), tomato 
(http://chibba.agtec.uga.edu/duplication/), wheat 
and barley (from NCBI database). Alignment of all 
the sequences was conducted using Clustal Omega 
(KWWSV���ZZZ�HEL�DF�XN�7RROV�PVD�FOXVWDOR�), 
and the subsequent phylogenetic tree was built 
using MEGA5 software, and the Neighbour-Joining 
PHWKRG��7DPXUD�et al., 2011). Bootstrap testing was 
performed with 1000 resampling. 

Gene Expression Analysis 

7KH�SODQWOHWV�ZHUH�WUDQVIHUUHG�LQWR�PRGLILHG�06�
media containing three different concentrations of 
.123�QDPHO\���������DQG����P0�.123 for periods 
RI�XS�WR����GD\V��7KH�S+�RI�WKH�PHGLD�ZDV�DGMXVWHG�
to 5.7 using Ca(OH)2� SULRU� WR� XVH�� )RU� HDFK� .+ 
concentration, roots tissues were harvested at 7, 14 
and 21 days of growth from experimental and control 
media. For each test condition 100 mg of ground 
root/leaf tissues were used for RNA extraction. 
7KH� 51$� H[WUDFWLRQ� ZDV� FRQGXFWHG� DV� GHVFULEHG��
7KH� F'1$� V\QWKHVLV� DV� SUHYLRXVO\� GHVFULEHG� ZDV�
then performed, followed by quantitative real-
time polymerase chain reaction (PCR) using the 
4XDQWLWHFW�6<%5�*UHHQ�57�3&5�NLW� LQ�����PO� WKLQ�
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JHQHV�HQFRGLQJ�.+ transporters from E. guineensis. 
7KH� FRPELQDWLRQ� RI� KRPRORJ\� VFUHHQLQJ� IURP�
several plant databases such as rice, Arabidopsis, 
date palm and oil palm itself, total RNA extraction, 
RACE and PCR techniques had successfully led to 
the identification of three full-length genes from the 
.7�.83�+$.� IDPLO\� QDPHG� (J.83��� (J.83��
and� (J.83���� 7KH� IXOO�OHQJWK� VHTXHQFHV� ZHUH�
subjected to phylogenetic analysis together with 
their counterparts from other species for conformity. 
5HVXOWV�IURP�WKH�DQDO\VLV�FRQILUPHG�WKDW�DOO�(J.83�
EHORQJ�WR� WKH�.7�.83�+$.�IDPLO\�RI�PHPEUDQH�
WUDQVSRUWHUV�� (J.83�� DQG� (J.83�� DUH� JURXSHG�
XQGHU� FOXVWHU� ,,�� ZKLOH� (J.83��� LV� LQ� FOXVWHU� ,,,�
()LJXUH��). 

Regulation of EgKUP at Gene and Protein Levels

7R� IXUWKHU� FKDUDFWHULVH� (J.83, we conducted 
TXDQWLWDWLYH� UHDO� WLPH�3&5� �T57�3&5�� WR� HYDOXDWH�
WKH� JHQH� H[SUHVVLRQ� OHYHO� IROORZLQJ� .+-starvation 
of the oil palm plantlets. Level of expression for 
(J.83�� DQG� (J.83��� UHPDLQHG� XQDIIHFWHG� E\�
.+�VWDUYDWLRQ� WUHDWPHQW�� ZKHUHDV� IRU� (J.83��� WKH�
expression was markedly increased by seven- and 
five-fold respectively at 14- and 21-day of treatment 
()LJXUH� ���� 7KLV� UHVXOW� WULJJHUV� WKH� TXHVWLRQ� RQ�
whether some of the cluster II transporters are also 
LQYROYHG� LQ� KLJK�DIILQLW\� WUDQVSRUW�� 7R� LQYHVWLJDWH�
whether the changes of (J.83�� observed at the 
gene level is translated at the protein level, we 
conducted functional complementation assay by 
cloning the full-length of (J.83� into Escherichia coli 
NQRFNRXW�VWUDLQ�GHIHFWLYH�LQ�.+�XSWDNH�V\VWHPV��7KH�
cells harbouring (J.83��were able to complement 
the cells’ defect at 50 mM and 5 mM but not at the 
ORZHVW�.+-concentration, 1 mM, when tested at pH 
7.5. At low pH (pH 5.5), only positive control cells 
were able to survive. Based on previous studies, 
high-affinity transporters have certain distinct 

ZDOOHG�3&5�WXEHV��4LDJHQ��LQ�D�ILQDO�YROXPH�RI����ۚ O��
7KH�3&5�VLJQDOV�REWDLQHG�IRU�WKH�WDUJHW�WUDQVFULSWV�
were normalised against the signal obtained for 
GAPDH (oligonucleotide primer sequences) are 
given in Table 1 and the expression levels were then 
compared to the control group using the method 
described by Livak and Schmitten (2001).  

Growth Test Assay

7KH� IXOO�OHQJWK� RI� (J.83�, (J.83� and 
(J.83��� were individually cloned into plasmid 
pBAD24 (oligonucleotide primer sequences) are 
given in Table 1 and then transformed into the 
Escherichia coli� VWUDLQ� 7.:������ GHILFLHQW� LQ� DOO�
.+ uptake systems. For bacterial growth tests, at 
ORZ� .+, serial dilution drops of strains grown in 
/%�VXSSOHPHQWHG�ZLWK����P0�.+ were inoculated 
on a solid medium containing 5 mM PO4H3, 0.4 
mM MgSO4�� �� ۚ0� )H624, 1 mM citric acid, 1 mg 
litre-1 thiamine, 0.2% glycerol, 8 mM asparagine, 20 
ۚ0� &D2Cl, and oligo-elements brought to pH 5.5 
or pH 7.5 with HCl or arginine respectively and 
supplemented with 13 mM arabinose and either 50-, 
���RU���P0�.+�FRQFHQWUDWLRQV��7KLV�PHGLXP�LV�EDVHG�
on that described by Senn et al�� �������� 7KH� SHWUL�
GLVKHV�ZHUH� WKHQ� LQFXEDWHG� DW� ���&� IRU� ��� KU�� 7KH�
assay was performed to evaluate whether the defect 
of E. coli�7.:�����FDQ�EH�VXEVWDQWLDOO\�FRUUHFWHG�E\�
the introduction of a plasmid harbouring (J.83 
genes.

 RESULTS AND DISCUSSION

Identification of the Oil Palm KT/KUP/HAK 
Transporters

,Q�RUGHU�WR�XQGHUVWDQG�WKH�PROHFXODU�EDVLV�RI�.+ 
uptake and homeostasis, it is essential to obtain the 

TABLE 1. OLIGONUCLEOTIDE PRIMER SEQUENCE for (A) QUANTITATIVE REAL-TIME POLYMERASE CHAIN 
REACTION (qRT-PCR) EXPERIMENT AND (B) CONSTRUCTION OF pBAD24 PLASMIDS CONTAINING EgKUP 

 Primer identification Sense primer (5’-3’) Antisense primer (5’-3’)

$� (J.83�BTUW� *&&$$*77&$77&$*$7**� &&7&$&7$&&$*&&77*$*&
� (J.83�BTUW� *&$7&*7&&*&7$7**$7$&� &$&&$7*&&$77***77&
� (J.83��BTUW� 7*7$7**&$$77**$*$7**� *$&&$&$*&$$&$$*7$&$$&&
� *$'3+BTUW� *$*$*$*&*7*&7$&7&$7&77� &**$$*7*&77&7*$*$7&&

%� (J.83��S%$'� ***&&&GAATTC$7**$7&$� ***&&&CCATGG&7$
� � **$*$*$***$7*&$� &$7$*7$*$7&$7$
� � � &&&$&77&$$

� (J.83��S%$'� ***&&&CCATGG$7**$7&7� ***&&&AAGCTT7&$
� � &*$***&**7�� *$&$7**7$$$7&$7&&&&

� (J.83���S%$'� ***&&&TCTAGA$7**&$7&� ***&&&AAGCTT&7$7$&$7
� � **$*$&**� $*$$7$7&7*7&&&$&$77&$

1RWH��)RQWV�LQ�EROG�LQGLFDWH�UHVWULFWLRQ�HQ]\PH�VHTXHQFHV�
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characteristics including (i) upregulation of gene 
OHYHO�XQGHU�.+�GHSULYDWLRQ��XQGHU���P0�.+),  and 
�LL��FRPSOHPHQW�JURZWK�RI�.+ deficient cells under 
ORZ�.+ (1 mM and lower) and low pH (pH 5.5). 

7KH�IDFW�WKDW�(J.83��GRHV�QRW�IXOILO�WKH�VHFRQG�
criteria may indicate that this transporter is not 
energised by inwardly directed H+ gradients or in 
other words it may not function as high-affinity 
H+�.+ co-transporter, at least when recombinantly 
expressed in E. coli. A very similar expression profile 
was reported for another cluster II transporter, 
$W.83���ZLWK�H[SUHVVLRQ�ZDV�VWURQJO\�XSUHJXODWHG�
E\�.+�VWDUYDWLRQ�����ۚ0��LQ�$UDELGRSVLV�VHHGOLQJV��
but failed to mediate high-affinity transport when 
expressed heterologously in E. coli� �.LP� et al., 1998). 
7KH� UHVXOW�� KRZHYHU�� VKRXOG� QRW� EH� WUHDWHG� DV�
conclusive before further investigation takes place. 
3HUKDSV�� (J.83�� QHHGV� VRPH� ¶DGMXVWPHQW·� WR�
IXQFWLRQ� DW� ORZHU� .+ concentration and low pH 
ZKHQ�H[SUHVVHG�LQ�SURNDU\RWLF�V\VWHP��7KLV�V\VWHP�
dependent behaviour has been demonstrated for 
WKH�$W+$.�� RI�A. thaliana. In planta� WKH�$W+$.��
mediates high-affinity transport, however only after 
the introduction of a point mutation, F130S, that 
the transporter was able to function as high-affinity 
WUDQVSRUWHU��DW�����ۚ0�.+) in E. coli (Alemán et al., 
2014). Nevertheless, the results from expression and 
functional complementation assays may indicate the 
LPSRUWDQFH�RI�(J.83��LQ�.+-sufficient environment 
with low-affinity mode of transport. 

On the other hand, the expression of (J.83� 
and (J.83�� was not affected by changes in 
HQYLURQPHQWDO� .+ conditions. At protein level, 
(J.83��DQG�(J.83���GHPRQVWUDWHG�.+ transport 
IXQFWLRQ� RQO\� DW� ���P0� H[WHUQDO�.+ concentration 
ZKHQ� WHVWHG� DW� S+����� 7KHVH� REVHUYDWLRQV� PD\�
VXJJHVW� WKDW� SULPDU\� IXQFWLRQ� RI� (J.83�� DQG�
(J.83���PD\�QRW�EH�LQ�.+ transport.

CONCLUSION

7KLV� VWXG\� SURYLGHV� LQVLJKWV� LQWR� WKH� RLO� SDOP�
SRWDVVLXP� XSWDNH� DW� PROHFXODU� OHYHO�� 7KUHH�
membrane      transporter      candidates      from      the 
.7�.83�+$.� IDPLO\�� (J.83��� �� DQG� ���� KDYH�
successfully been identified and cloned. All of the 
WUDQVSRUWHUV� GHPRQVWUDWHG� .+ transport function 
based on the functional complementation assay. 
7DNLQJ� WRJHWKHU� UHVXOWV� IURP� WKH� JHQH� H[SUHVVLRQ�
VWXG\��LW�LV�FOHDU�WKDW�QRQH�RI�WKH�(J.83�WUDQVSRUWHUV�
reported here fulfill the criteria of being a high-
affinity transporter. However, the observation that 
(J.83� is transcriptionally activated in plants at 
.+�GHILFLHQF\� PD\� LQGLFDWH� LWV� LPSRUWDQFH� IRU� .+ 
XSWDNH� LQ�.+-sufficient environment, because such 
activation may compensate for low efficiency of 
WKHVH� WUDQVSRUWHUV� LQ� VXE�P0� FRQFHQWUDWLRQV�� 7KH�
study serves as a foundation for further molecular 
physiology research in understanding the precise 

)LJXUH����3K\ORJHQHWLF�UHODWLRQVKLS�EHWZHHQ�UHSUHVHQWDWLYHV�RI�.7�.83�+$.�IDPLO\�LQ��VHYHUDO�SODQW�VSHFLHV�LQFOXGLQJ�2U\]D�VDWLYD��2V���Zea 
mays��=P���Phoenix dactylifera��3G���lycopersicon esculentum��/H��DQG�Hordeum vulgare��+Y���(J.83�DUH�LQGLFDWHG�E\�DVWHULVNV�
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PHFKDQLVP�RI�QXWULHQW�DFTXLVLWLRQ�LQ�RLO�SDOP��7KH�
growing knowledge in this area will greatly assist 
us in designing planting materials with improved 
nutrient efficiency. 

ACKNOWLEDGEMENT

7KH� DXWKRUV�ZRXOG� OLNH� WR� H[SUHVV� WKHLU� JUDWLWXGH�
to the Director-General of MPOB for permission 
WR�SXEOLVK� WKLV�DUWLFOH��:H�DUH�DOVR�JUDWHIXO� WR�3URI�
Bernadette Byrne of the Imperial College, London, 
8QLWHG�.LQJGRP�IRU�KHU�VXSHUYLVLRQ�RQ�WKLV�SURMHFW���

REFERENCES

Alemán, F; Caballero, F; Ródenas, R; Rivero, R M; 
0DUWtQH]��9� DQG�5XELR�� )� �������� 7KH� )���6� SRLQW�
PXWDWLRQ� LQ� WKH� $UDELGRSVLV� KLJK�DIILQLW\� .����
WUDQVSRUWHU� $W+$.�� LQFUHDVHV� .���� RYHU� 1D����

1.5

1.0

0.5

0

1.5

1.0

0.5

0

1.5

1.0

0.5

0

and Cs(+) selectivity and confers Na(+) and Cs(+) 
tolerance to yeast under heterologous expression. 
)URQWLHUV� LQ�3ODQW�6FLHQFH���: 430-430. DOI: 10.3389/
fpls.2014.00430.

Banuelos, M A (2002). Inventory and functional 
FKDUDFWHUL]DWLRQ�RI�WKH�+$.�SRWDVVLXP�WUDQVSRUWHUV�
of rice. 3ODQW�3K\VLRORJ\��������: 784-795.
 
%RXUJLV��)��.LODUX��$��&DR��;��1JDQGR�(ERQJXH��*�
F; Drira, N; Ohlrogge, J B and Arondel, V (2011). 
Comparative transcriptome and metabolite analysis 
of oil palm and date palm mesocarp that differ 
dramatically in carbon partitioning. 3URF�� RI� WKH�
1DWLRQDO�$FDGHP\�RI�6FLHQFHV�86$���������: 12527-12532. 

'LRPDQGH��.��%DOOR��.��.RQDWH��$��$GRKL�.URX��$��
Soro, P A and Ebby, N (2004). Application of laser 
induced fluorescence technique to the study of 
potassium deficiency of the palm oil tree [Elaeis 
guineensis (Jacq)]. $JURQRPLH�$IULFDLQH�������: 95-106. 

)LJXUH������5HJXODWLRQ�RI�(J.83������DQG����DW�JHQH�DQG�SURWHLQ�OHYHO���D��*HQH�H[SUHVVLRQ�RI�(J.83�LQ�WKUHH�PRQWK�ROG�RLO�SDOP�SODQWOHWV�IROORZLQJ�
LQFXEDWLRQ�DW�GLIIHUHQW�.+�FRQFHQWUDWLRQV��7KH�JUDSKV�VKRZ�WKH�H[SUHVVLRQ�RI�(J.83�����DQG����LQ�URRW�WLVVXHV�IROORZLQJ�H[FHVV�.+�WUHDWPHQW�����P0�
K+��DQG�GHSOHWHG�.��WUHDWPHQW������P0�.+��FRPSDUHG�WR�FRQWURO�JURXS�����P0�.+��DW���������DQG����GD\�DIWHU�WUHDWPHQW��'DWD�SRLQWV�DUH�WKH�DYHUDJH�
RI�WKUHH�H[SHULPHQWV�FDUULHG�RXW�LQ�WULSOLFDWH��6WDWLVWLFDO�DQDO\VLV�ZDV�SHUIRUPHG�XVLQJ�D�VWXGHQW·V�W�WHVW�FRPSDULQJ�KLJK�DQG�ORZ�FRQFHQWUDWLRQ�.+ 
VDPSOHV�ZLWK�WKH�FRQWURO���UHSUHVHQWV�S��������E� (J.83�PHGLDWHG�EDFWHULDO�JURZWK�DW�WKUHH�GLIIHUHQW�H[WHUQDO�.+ concentrations; 50 mM, 5 mM and 
��P0�RI�.���WHVWHG�DW�S+�����DQG�S+������7KH�QHJDWLYH�FRQWURO�ZDV�7.:�����FHOOV�FRQWDLQLQJ�HPSW\�YHFWRU�ZKLOH�WKH�SRVLWLYH�FRQWURO�ZDV�%/���FHOOV�
also containing empty vector.

b                                     pH 7.5 pH 5.5
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