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Abstract
Lettuce downy mildew is a severe disease for cultivar lettuces (Lactuca sativa), which is caused
by oomycete pathogen Bremia lactucae (B. lactucae). Wild type lettuce (Lactuca saligna) is a
natural non-host to B. lactucae which is resistant to all the isolates. Previous studies screened
out gene WAK (wall associated kinase) as a potential non-host resistant gene for its differential
expression between Bremia infection and water control on L. saligna.
In this study, we aimed to validate the potential non-host resistant gene WAK. Firstly B.
lactucae was inoculated into L. saligna, L. sativa and introgression line (3C + 4A + 8A). Then,
the inoculation condition was checked ten days after the inoculation to make sure the
candidate genes locate in the non-host resistant interval region. After that PCR reaction was
used to amplified gene WAK. Different expression patterns of WAK between L. saligna, L.
sativa and introgression line (3C + 4A + 8A) were observed. Lastly, a potential housekeeping
gene ACTIN was selected for the conservation between L. saligna and L. sativa. With this study,
we validate the potential non-host resistant three-copies gene WAK against lettuce downy
mildew disease, which points out the direction for studying lettuce downy mildew disease in
the future.

Key works: Bremia lactucae, Lactuca saligna, Lactuca sativa, WAK

iii

1 Introduction
Lettuce downy mildew is a severe disease for cultivar lettuces (Lactuca sativa), which is caused
by oomycete pathogen Bremia lactucae (B. lactucae) (Grube and Ochoa 2005; Prokopová et
al. 2010). Infected lettuces would show chlorosis and wilt (Garibaldi et al. 2012). Round or
angular pale yellow patches can be observed on the leaves in an early stage of the infection,
and sporulation would be observed later (Garibaldi et al. 2012). Subsequently, this will lead to
economic loss. Moreover, most of the commercial lettuce cultivars are susceptible to downy
mildew disease (Garibaldi et al. 2012). Thus, the resistance to Bremia has been the main goal
of lettuce breeding (Ilott, Durgan, and Michelmore 1987).
To overcome lettuce downy mildew disease, researchers try to identify resistance genes (R
gene) in lettuce accessions and its wild relatives. Resistance gene would activate the
programmed cell death (PCD) known as the hypersensitive response (HR) when plants face
the biotic stress such as Bremia infection (Gill, Lee, and Mysore 2015). In the past, R genes
were mainly identified from the first gene pool of lettuce including L. sativa and L. serriola
(Gustafsson 1989). However, the R genes can be overcome by the isolates of B. lactucae.
Lettuces with R genes can recognise the corresponding B. lactucae isolates and thus defend
the attack from the pathogen, but this recognition can be masked by newly evolved isolates
(Ilott, Durgan, and Michelmore 1987). In this way, plants still suffer from the attack without
sensing the pathogen (Nimchuk et al. 2001). Therefore, it is essential to find a more durable
way to fight against lettuce downy mildew disease.
Differing from L. sativa, L. saligna is considered as a non-host of B. lactucae, and the immunity
is called non-host resistance (NHR) (Jeuken and Lindhout 2002). NHR is a phenomenon that a
plant species is resistant to all the isolates of a pathogen (Nürnberger and Lipka 2005). In the
previous study, Jeuken and Lindhout tested 20 B. lactucae races on 50 Lactuca accessions, and
L. saligna was resistant to all the tested isolates (Jeuken and Lindhout 2002). This would meet
our needs for reaching our breeding goal. However, the mechanism of this immune system
remains unclear (Zhang et al. 2009).
To reach the goal of lettuce resistance breeding, it is constructive to know more about the
NHR in L. saligna. Recently, Giesbers et al. identified four chromosome segments located on
LG4, LG7 (two segments) and LG8 in lettuces L. saligna which could be responsible for the NHR
in L. saligna (Giesbers et al. 2018). However, the future study still needs to narrow down the
NHR regions or to identify the related genes that are involved in non-host resistance process.
Based on the identified NHR interval (Giesbers et al. 2018), Ph.D. student Wei Xiong
(Biosystematics group) has conducted a differential expression (DE) analysis on transcriptomic
data between Bremia infected and water control L. saligna plants. A three-copies gene cluster
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of the wall-associated kinase (WAK) has been screened out of all DE genes on NHR interval 8A
as candidate genes (unpublished). The three gene copies in L. saligna are: Lsal TKI342 v2 gn
0514160.1, Lsal TKI342 v2 gn 0514260.1 and Lsal TKI342 v2 gn 0514230.1 (in short 160, 260
and 230); the three gene copies in L. sativa are: Lsat 1 v5 gn 8 32880.1.1, Lsat 1 v5 gn 8
33001.2.1 and Lsat 1 v5 gn 8 32981.1.1 (in short 880, 001 and 981). WAK is a receptor-like
kinase (RLK), which is considered contributing to pathogen resistance of different plants
(Kohorn and Kohorn 2012). For example, WAK gene (encodes protein WAK) plays an important
role in rice blast disease because OsWAK1 (Oryza sativa WAK) associates with the induction
of cell wall enforcement resisting rice blast fungus (Li et al. 2009). In maize, low levels of
ZmWAK (Zea mays WAK) expression leads to the susceptibility of maize head smut disease
(Zuo et al. 2015). Hence, the candidate WAK gene(s) may also play a crucial role in non-host
resistance of L. saligna.
In this project, the goal is to validate the contribution of WAK gene on non-host resistance of
L. saligna using PCR and qPCR reaction. To achieve the goal, two questions have to be
answered:
1. Can we confirm the RNAseq results (Xiong, unpublished) by PCR and qPCR?
2. Whether WAK genes are differently expressed in L. saligna and L. sativa after B.
lactucae infection?
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2 Materials and methods
2.1 Lettuces preparation
Lettuces L. saligna CGN05271, L. sativa cv Olof and introgression line (3C + 4A + 8A) and were
sown in small flowerpots in the greenhouse. Introgression line (3C + 4A + 8A) contains three
L. saligna regions: 3C, 4A and 8A, other parts of this introgression line are from L. sativa.
Region 8A locates on NHR region LG8 and region 3C and 4A are not included in any identified
NHR region. After a three-days germinating (4 °C), the pots were transferred to a climate room
at 19 °C with sunlight and covered by plastic lids. Three weeks later, best-grown plants were
selected for the Bremia treatment experiment. Before infection, all the selected plants were
transported? to a growth climate cell at 15 °C. Moreover, three plants of L. saligna CGN05271,
L. sativa cv Olof and L. sativa cv Cobham Green were picked respectively for further
inoculation check.

2.2 Bremia lactucae inoculation
After two days in the climate cell, plants of the experiment group were inoculated with
oomycete pathogen B. lactucae race 21 (Bl:21). For B. lactucae treatment experiment, plants
from each species were divided into two groups: BI:21 sprayed (~180,000 spores per plant)
and control group (water). For both groups, three plant replicates were collected at 8, 12, 24
hours post-inoculation (hpi) individually (2 * 3 * 3 = 18). For sample collection, two intact
leaves were cut by tweezers for each plant. Following collection, the leaves were immediately
frozen in liquid nitrogen and then ground to powder.

2.3 RNA isolation and cDNA synthesis
RNA was isolated from leaves by using the Direct-zolTM RNA Miniprep Plus kit (Zymo research),
and then treated with RNase-free DNase (RQ1) and DNAse buffer before precipitated by
NH4AC and ethanol (96%). Then RNA concentration was assessed by Nanodrop. The integrity
of the purified RNA was further validated by the electrophoresis content of agarose gels. cDNA
was then synthesized based on 1 μg RNA using iScriptTM cDNA Synthesis kit (Biocompare).
(Appendix 4).

2.4 Gene expression determination
Primers of PCR reaction and qPCR reactions were designed by software Geneious (Version
8.1.9) with default settings under Ubuntu system. Designed primers were then synthesized by
company Biolegio (Appendix 7). PCR was performed using GoTaq○
R G2 Green Master Mix
(Promega) in a 50 μl system. (Appendix 5). qPCR was performed to test the candidate gene
expression in a 10 μl system. Two technical replicates were used for each cDNA sample.
(Appendix 6).
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3 Results
3.1 Bremia lactucae infection check
Three plants of L. saligna and L. sativa were picked to determine the Bremia infection
condition. Ten days after the inoculation, no symptoms were observed on L. saligna,
suggesting its resistance to B. lactucae (Figure 1). On the contrary, we observed obvious
chlorosis on leaves of L. sativa (Figure 1) and the sporulation was also observed on the back
of the leaves in L. sativa (Figure 2). Moreover, infected L. sativa plants also showed wilting
(Figure 1). All these suggest that L. sativa was susceptible to oomycete pathogen B. lactucae
and the Bremia inoculation treatment was successful.

Figure 1 Bremia inoculation check (10 dpi)
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Compared to L. saligna and L. sativa, Introgression lines (3C + 4A + 8A) also showed no
symptoms and we cannot observe any sporulation (Figure 1). This suggests introgression lines
(3C + 4A + 8A) is also resistant to B. lactucae.

Figure 2 the sporulation of B. lactucae on L. sativa (10 dpi) the spores of B. lactucae can be observed
on the back of L. sativa leaves.

The introgression lines (3C + 4A + 8A) contain region 8A which locates on NHR region LG8, and
the introgression line plants showed resistance to B. lactucae ten days after the inoculation.
Therefore, we believed that the potential NHR genes against B. lactucae are located in the 8A
region of L. saligna.

3.2 PCR amplification of WAK
To validate WAK, PCR reactions were conducted and five pairs of primers were used (Table 1).
However, only gene copy 160 and 880 were successfully amplified (Figure 3). Interestingly,
primers for copy 160 and 880 can both amplified WAK in both L. saligna and L. sativa, but
different expression patterns were observed between these two species (Figure 3).
Table 1. PCR Primer list
Primer name
Lsal_160.1_For
Lsal_160.1_Rev
Lsal_260_230_For*
Lsal_260_230_Rev*

Gene copy**
160
230_260

Primer sequences
GCAACTTTGACGTTGGGGAA
AAAGGCTTCTCCTAGCACAGT
GTGACATAGCAATAAAGGACGTGG
GCAGCGAACATAAGGATTGCC

Annealing
temperature (°C)
52
55
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Lsat_880.1_For
Lsat_880.1_Rev
Lsat_981_001_For *
Lsat_981_001_Rev *
Lsat_981.1_For
Lsat_981.1_Rev

880
980_001
981

GCAACTTTGACGTTGGGGAA
ATCCTGTAACGTCAATCCTCGG
CCAAGAACAAGTTTATTGCCATTGG
TTCATTCCTTCTGGCACTGCT
TGTTCGCTGTAATATGTTTGACCC
ATGTACGCAACCATGATCTTCT

55
55
50

*Designed to amplified two gene copy at the same time.
**Abbreviation of gene copy names
The expression level of WAK 880 in L. saligna was first very low at 8hpi, while later largely
increased in 12hpi and finally reduced in 24hpi (Figure 3). On the contrary, the expression level
of WAK 880 in L. sativa was first very high at 8hpi but suddenly reduced at 12hpi and then
increased again in 24hpi (Figure 3). The expression pattern of WAK 160 was the same as WAK
880 (Figure 3).

Figure 3 Gene copy 160 and 880 of WAK gene were successfully amplified (A) PCR results of gene WAK
880 of three timepoints in L. saligna and L. sativa. Primers were designed based on the WAK sequences
of L. sativa. (B) PCR results of gene WAK 160 of three timepoints in L. saligna and L. sativa. Primers
were designed based on the WAK sequences of L. saligna.

Copy 160 and 180 were also amplified in introgression lines (3C + 4A + 8A) (Figure 4).The
expression of WAK in B. lactucae infected plants was higher in all the timepoints compared to
the water control, which shows consistency to the RNAseq analyse results of L. saligna (Xiong,
unpublished).
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Figure 4 Gene copy 160 and 880 of WAK gene were successfully amplified in introgression lines (3C
+ 4A + 8A)

PCR results of L. saligna and L. sativa were cleaned and sent for sequencing. We did not have
the sequencing results for copy 160 in L. saligna due to the low quality of PCR products. PCR
results of introgression lines (3C + 4A + 8A) also remain to be sequenced due to the time
limitation. The sequencing results of copy 880 are highly similar between L. saligna and L.
sativa (Figure 5). The sequencing results of copy 160 from L. sativa also show a high similarity
to the sequencing results of copy 880 (Figure 5).

Figure 5 Sequencing alignment results Sequences alignment results of WAK gene copy 880 (L. saligna
and L. sativa) and 160 (L.sativa).

3.3 PCR amplification of ACTIN
Specific primers designed based on ACTIN sequences of L. saligna can successfully amplify
ACTIN gene in L. sativa in the PCR reactions for all the timepoints and clear bands were shown
on the agarose gel (Figure 4A). PCR products were cleaned and sent for sequencing. Apart
from some SNPs the PCR products were the same, suggesting the sequence of gene ACTIN is
highly similar between L. saligna and L. sativa (Figure 4B). Thus, gene ACTIN is considered to
be conserved between L. saligna and L. sativa.
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Figure 4. Gene ACTIN is conserved in L. saligna and L. sativa (A) PCR results of gene ACTIN of three
time points in L. saligna and L. sativa. Primers were designed based on the ACTIN sequences of L. saligna.
Water treatment in 8hpi of L. saligna and L. sativa and water treatment in 24hpi of L. sativa did not
have the sequencing results. (B) Sequences alignment results.

Due to the time limit, qPCR is not conducted. Nevertheless, the PCR results still proved that
ACTIN is a reliable housekeeping gene for studying B. lactucae infection in the future research.
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4 Discussion
In this study, copy 160 and 880 of gene WAK were amplified in all the test materials and the
sequencing results suggest a high similarity between these two copies (Figure 5). The
neighbour-joining tree based on the alignment of WAK gene may explain this situation (Figure
6). Copy 160 and 880 share the same ancestral node, suggesting they came from the same last
common ancestor (Saitou and Nei 1987). This confirms the close relationship between these
two copy and can explain the phenomenon that primers from either copy 160 or copy 880 can
both amplify in L. saligna as well as L. sativa.

Figure 6. The neighbour-joining tree based on the alignment of WAK gene WAK gene in L. saligna and
L. sativa are highly similar. Copy 160 and 880 are evolutionarily closed to each other (alignment data
provided by Xiong, unpublished). This tree is visualised using iTol (https://itol.embl.de) (Letunic and
Bork 2019).

RNAseq results showed an extremely up-regulated of WAK after the infection of B. lactucae
at 8hpi, 12hpi and 24hpi (Xiong, unpublished). However, RNAseq results cannot distinguish
among the three copies since they are too similar. The PCR reactions cannot give clear bands
and specific expression patterns of copy 230 and 260 from L. saligna and copy 981 and 001
from L. sativa. One hypothesis for this phenomenon is these four gene copies do not express
after the infection. This suggests maybe only one copy of WAK gene works, which is copy 160
in L. saligna and 880 in L. sativa. The length of the branches shows the evolution event of copy
160 and 880 occurred recently, which could also support this hypothesis that only newly
evolved copies work.
Copy 160 and 880 were both amplified, but the expression patterns among L. saligna, L. sativa
and introgression lines (3C + 4A +8A) were different. We believed the different expression
patterns of WAK may explain the resistance or the susceptibility of B. lactucae.
Based on the PCR results, L. saligna and L. sativa showed different expression patterns as
described in chapter 3.2. One possible explanation is WAK changed the cell wall response in L.
saligna and helped L. saligna prevent B. lactucae mycelia from growing into the cell. During
the infection, it takes B. lactucae around 13 hours before the mycelia start to grow into the
plant (Sargent, Tommerup, and Ingram 1973). Interestingly, 12 hours after the infection
(Figure 3), WAK was largely induced in L. saligna while highly reduced in L. sativa. But the
expression level of WAK between 8hpi and 12hpi is still unclear, thus more timepoints can be
selected in the future study.
9

However, the expression pattern of copy 160 and 880 in introgression lines (3C + 4A +8A) is
different from what we observed in L. saligna. Furthermore, the expression pattern of copy
160 and 880 in introgression lines (3C + 4A +8A) matched the RNAseq results of L. saligna,
which means WAK is upregulated at 8hpi, 12hpi and 24hpi compare to the water control. The
cDNA used in the PCR reaction was justified to the same concentration based on the RNA
concentration given by Nanodrop. Thus, one possible explanation for this could be the
nanodrop is not trustworthy enough and the cDNA concentration was not the same. Therefore,
the different expression patterns were caused by the different original amount of DNA. Thus,
we believe that a more accurate way may be used to checked the RNA concentration in the
future study to avoid such concerns. Also, more tests should be done to check the consistency
between the introgression lines (3C + 4A +8A) and L. saligna.
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5 Conclusion and recommendation
To conclude, the results from Bremia infection locates the potential NHR genes into the 8A
region. The PCR results suggest WAK is a possible candidate against lettuce downy mildew
disease. Furthermore, ACTIN can be a great candidate as a housekeeping gene in this study.
But many improvements remain to be tested in the future study. For instance, the common
region of WAK rather than the specific region of each WAK copy can be amplified to check the
overall expression level in different time points. Also, we can knock out one or two copies of
WAK to check whether these three copies work together or only one or two copies are
responsible for the NHR in L. saligna. Moreover, qPCR reaction can be continued and ACTIN
can be used as the housekeeping gene.
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Appendix
1 B. lactucae race 21
The B. lactucae race 21 used for inoculation in this research thesis was collected and stored in
the -80 °C freezer. To make the B. lactucae spore suspension, previously collected Lactuca
sativa cv Olof leaves were dissolved in water. The mixture was then filtered, and the liquid
was kept as the B. lactucae spore suspension.

2 RNA extraction

RNA was isolated with Direct-zolTM RNA Miniprep Plus kit (Zymo research) 300 μl TRI
Reagent○
R was added to the 1.5 ml tube containing the grounded leave powder. Then the
mixture was centrifuged with (~150,000, 2 min) and the pellet was discarded. Next, 300 μl
ethanol (96%) was added into the tube. Then the mixture was transferred into the ZymoSpinTM IIICG column with a collection tube, and the column was centrifuged with maximum
speed for 1 minute. The column was then transferred to a new collection tube and the flowthrough was discarded. After adding 400 μl Direct-zolTM RNA PreWash, the column was
centrifuged with maximum speed for 1 minute, and the flow-through was discarded. Next,
400 μl Direct-zolTM RNA PreWash was added to the column and centrifuged with at maximum
speed for 1 minute again. The flow-through was also discarded after the centrifuge. After that,
700 μl RNA Wash Buffer was added to the column. The column was then centrifuged with
maximum speed for 2 minutes. Next, the column was transferred into an RNase-free tube,
and the flow-through and the collection tube were discarded. 50 μl DNase/RNase-free water
was added to the column, and the column was centrifuged with maximum speed for 1 minute.
The column was discarded and the isolated RNA was in the tube.

3 RNA purification

RNA was purified by custom protocol. 6 μl DNase buffer and 4 μl DNase I (RQ1 RNase-free
DNase) was added to the tube containing isolated RNA. The mixture was then incubated at 37
°C for 1 hour. Next, 140 μl DNase/RNase-free water, 100 μl NH4AC (7.5 M) and 400 μl ethanol
(96%) were added to the tube. The mixture was then incubated at -20 °C overnight. After
centrifuging with maximum speed for 40 minutes at 4 °C, the suspension was discarded and
the pellet was washed with ethanol (70%). The pellet was then air-dried and re-suspended in
25 μl DNase/RNase-free water.

4 cDNA synthesis
cDNA synthesis mix
RNA (1 μg)
5x iScript reaction mix
iScript reverse transcriptase
Nuclease-free water
Total volume

X μl
4 μl
1 μl
X μl
20 μl
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cDNA synthesis program
Priming
25 °C for 5 minutes
Reverse transcription
46 °C for 20 minutes
RT inactivation
95 °C for 1 minutes

5 PCR master mix and program
PCR master mix
PCR Tag G2 buffer (5X)
dNTP (5 mM)
Forward primer (10 mM)
Reverse primer (10 mM)
Tag G2 polymerase
mQ water
Template DNA
Total volume
PCR program
95 °C
95 °C
Tm
72 °C
72 °C
12 °C

Step 1
Step 2
(35 cycles)
Step 3
Step 4

10 μl
2 μl
5 μl
5 μl
0.2 μl
26.8 μl
1 μl
50 μl
1 minute
30 seconds
30 seconds
90 seconds
10 minutes
Hold

6 qPCR master mix and program
qPCR master mix
2x SYBR-Green
Forward primer (1 mM)
Reverse primer (1 mM)
Template DNA
Total volume
Step 1
Step 2
(39 cycles)
Step 3

5 μl
0.5 μl
0.5 μl
4 μl
10 μl

qPCR program
3 minute
95 °C
10 seconds
95 °C
Tm
30 seconds
30
seconds
(plate read)
72 °C
30 seconds
50 °C
5 seconds (plate read)
65 °C to 95°C

7 Primer list
Primer name
Lsal_ACTIN_Rev1
Lsal_ACTIN_For1
Lsal_160.1_For1

Table 2. Primer list
Primer sequences
CAAGGATGGAGCCTCCGATC
CCAAGGGCAGTGTTCCCTAG
ACTTGTGAAAATGCAACAGCCA

Tm (°C)
55.9
55.9
51.1

Reaction
PCR
PCR
PCR
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51.8
PCR
Lsal_160.1_For2
GCAACTTTGACGTTGGGGAA
54.8
PCR
Lsal_160.1_Rev1
AGGATTGCCCTTATAACCATTTTTGC
52.4
PCR
Lsal_160.1_Rev2
AAAGGCTTCTCCTAGCACAGT
55.7
PCR
Lsal_260_230_For1*
GTGACATAGCAATAAAGGACGTGG
54.4
PCR
Lsal_260_230_Rev1*
GCAGCGAACATAAGGATTGCC
51.8
PCR
Lsat_880.1_For1
GCAACTTTGACGTTGGGGAA
54.8
PCR
Lsat_880.1_Rev1
ATCCTGTAACGTCAATCCTCGG
54.4
PCR
Lsat_981_001_For1 *
CCAAGAACAAGTTTATTGCCATTGG
52.4
PCR
Lsat_981_001_Rev1 *
TTCATTCCTTCTGGCACTGCT
54
PCR
Lsat_981.1_For1
TGTTCGCTGTAATATGTTTGACCC
51.1
PCR
Lsat_981.1_Rev1
ATGTACGCAACCATGATCTTCT
51.8
qPCR
qPCR_160.2_For1
GCAACTTTGACGTTGGGGAA
53.8
qPCR
qPCR_160.2_Rev1
GTGTCACACCCAACTGCAAC
51.8
qPCR
qPCR_260_230_For1*
ATTGGTTGTGACACGCATGC
53
qPCR
qPCR_260_230_Rev1*
GCTTGTTGCTACCACATCTAGA
53.8
qPCR
qPCR_ACTIN_For1
TGGTCGTACAACCGGTATCG
53.8
qPCR
qPCR_ACTIN_For2
GTCATCACGATCGGAGCTGA
53.8
qPCR
qPCR_ACTIN_For3
ACTGCTTTGGCTCCCAGTAG
53.8
qPCR
qPCR_ACTIN_Rev1
GATGGCATGAGGGAGAGCAT
53.8
qPCR
qPCR_ACTIN_Rev2
AAGTCGTCTCGTGGATTCCG
53.8
qPCR
qPCR_ACTIN_Rev3
AGAAGCAAGGATGGAGCCTC
* Notably, copy 230 and 260 of L. saligna WAK gene are too similar to separate, thus primer pair
Lsal_230_260 was designed based on the conserved region of copy 230 and 260, which was aimed to
amplify copy 230 and 260 at the same time. Similarly, Lsat_980_001 was designed based on the
conserved region of 980 and 001, which was aimed to amplify copy 980 and 001 of L. sativa WAK gene
at the same time.
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