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ABSTRACT
Single treatment of plants with pathogens like Pseudomonas syringae can trigger systemic acquired 
resistance (SAR) that lasts several days to several weeks in Arabidopsis thaliana. Similar primed resistances 
were described for abiotic stresses like drought and heat stress. Most studies about plant resistance to 
ultraviolet (UV)-radiation used low UV-B radiations over a long period. These experimental designs make it 
difficult to distinguish acclimation effects from real cellular memory which facilitate transcriptional and 
other responses to a second UV-radiation after a latent phase. Here we present a novel UV-B priming 
system. We demonstrate that a single UV-B treatment, which causes neither visible damage nor accumu
lation of pigments, can stimulate resistance against UV-B stress. After a second damaging UV-B treatment, 
UV-primed plants showed significantly reduced damage in comparison to non-primed plants. 
Furthermore, the acquirement of the induced UV-B resistance was impaired in uvr8-6 mutants suggesting 
that the UV-B receptor is essential for UV-B stress memory in Arabidopsis. We discuss advantages and limits 
of our UV-B priming system which will be a powerful tool to investigate UV-B memory in future studies.
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Introduction

Plants use sunlight as source of energy and as environmental 
signal to regulate growth and development.1,2 UV-B, which is an 
integral part of natural sunlight, is involved in photomorpho
genesis but can also cause damage and even necrosis.3 In 
Arabidopsis thaliana, UV RESISTANCE LOCUS8 (UVR8) 
encodes the well-known UV-B photoreceptor.4,5 uvr8 mutants 
are highly sensitive to UV-B that generates more cellular damage 
than in wild-type.6,7 The expression of many UV-B response 
genes are dependent on UVR8 including genes, which encode 
enzymes like CHALCONE SYNTHASE (CHS) involved in fla
vonoid and anthocyanin biosynthesis.6 Nevertheless, other path
ways can induce expression of UVR8-independent UV-B 
response genes like WRKY30.3

In plant research, priming systems are composed of mini
mum three steps: (I) Priming treatment, which usually does 
not cause visible changes to the plant, (II) second treatment 
that may or may not cause damage, and (III) measurement of 
the readout that can be at mRNA or protein levels, or changes 
to the plant phenotype including damages. For example, prim
ing by treatment of distal Arabidopsis leaves with acibenzolar 
S-methyl (BTH), a synthetic analog of the stress phytohormone 
salicylic acid (SA), sets the histone modifications H3K4me3 at 
the promoters of WRKY transcription factors.8 This activation- 
related histone modifications do not per se lead to higher 
expression of the WRKY genes but when the primed plants 
are stressed by water injection, the transcription rates of the 
WRKYs significantly increase in comparison to non-primed 
plants.8 Comparable to the WRKYs, some response genes of 

drought and heat stress are also highly ‘trainable’ genes that are 
associated with high H3K4me3 levels after a priming stress 
treatment, which contributes to transcriptional memory in 
plants.1,9–11

Recent studies about acquired resistance and photomorpho
genic responses to UV- 
B used low UV-B radiations over a long period.12,13 The 
described phenomena therefore are rather classical acclimation 
effects. Hence, we present here a novel UV-B priming system 
that allows to investigate the memory of a single UV-B radia
tion event which facilitates transcriptional and other responses 
to a second UV-B radiation after a latent phase.

Results and discussion

We designed our UV-B priming system in analogy to the BTH/ 
water stress system of Jaskiewicz et al., 2011.8 The UV-B 
priming system included three steps (Figure 1a): (I) a short 
non-damaging UV-B treatment (priming, +/) of 14 days old 
seedlings, (II) 3 days later, a second treatment with damaging 
UV-B stress (/+), and (III) 3 h after the second treatment, 
measurement of expression changes and of the damage, few 
days later. UV-B trainable genes should be significantly higher 
expressed in primed plants (+/+), whereas primed plants 
should have significant reduced damage (Figure 1a). We 
chose to apply high UV-B radiation (35 µW/cm2) which can 
damage the leaves of the seedlings. In order to determine the 
maximal time period in this setting, which induces no visible 
damage, we performed a time course with Col-0 seedlings 
(Figure 1b). Three days after UV-B treatment, plants radiated 
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Figure 1. UV-B priming system. (a) Conceptional model of the UV-B priming system. The plant material of all treatments is harvested to one time point (Sampling). 
Priming: A gene is primed if its expression is significantly higher after double treatment (+/+) than without priming (1st) treatment (-/+), whereas primed plants show 
reduced damage. (b) Percentage of plants with at least one damaged primary leaf dependent of the duration (min, minutes) of a single high dose UV-B treatment; N = 9.
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for 15 min or less did not show any visible damage, while 
20 min UV-B treatment caused damage of at least one primary 
leaf by 22% of the Col-0 plants. In the same time-course, all 
plants showed damage if they were UV-B treated for 50 min or 
longer (Figure 1b). Taking a safety reserve into account, we 
specified the duration of UV-B priming to 10 min, and 
the second damaging treatment to 60 min. Since UV-B 
responses are widely dependent on UVR8 activity,14,15 we 
used uvr8-6 mutants as control (Figure 1c-Figure 1f). The 
damage by UV-B were significantly reduced in primed (+/+) 
in comparison to non-primed Col-0 plants (-/+), whereas 
primed (+/+) uvr8-6 plants were equally damaged as non- 
primed uvr8-6 plants (-/+). These findings suggest that 
Arabidopsis plants can acquire a certain resistance to UV-B 
stress after a single treatment with UV-B, and that this type of 
UV-B memory seems to depend on UVR8 signal transduction.

Previously, we used low UV-B radiation in an almost iden
tical experimental setting (Figure 1g-Figure 1q). Priming with 
20 minutes low UV-B radiation (+/-) did not cause any visible 
damage or accumulation of pigments like flavonoids and 
anthocyanins (Figure 1i,Figure 1m,Figure 1p). The second 
treatment (-/+) with low UV-B radiation caused rather lesions 
on the leaf surface (Figure j,n) than programmed cell death of 
whole primary leaves, which we observed after high UV-B 
radiation (Figure 1c). Nevertheless, primed leaves (+/+) had 
significantly less lesions than non-primed leaves (-/+; Figure 
1g). In order to identify trainable genes, we test the expression 
pattern of the known UV-B response genes CHS3,6 and 
WRKY303 by qRT-PCR (Figure 1q). Surprisingly, the expres
sion levels of CHS were identical in primed (+/+) and non- 
primed plants after the second stress (-/+). Also long-term 
observation did not reveal any differences in the darker leaf 
color between primed (+/+) and non-primed plants (-/+), and 
therefore the accumulation of pigments depended only on 
the second UV-B stress. These findings suggest that differential 
pigmentation is not involved in the resistance to UV-B damage 
(Figure 1p). On the contrary, WRKY30 expression was signifi
cantly increased in primed (+/+) in comparison to non-primed 
Col-0 plants (-/+; Figure 1q). Nonetheless, previous studies 
showed that the induction of WRKY30 by UV-B is indepen
dent of UVR8 activity3 making it very unlikely that the train
able WRKY30 expression contributes to the observed UVR8- 
dependent UV-B resistance.

In our review Müller-Xing et al. (2014), we proposed that 
SA could have the function of a short-term memory for UV-B 
but also other stresses.1 WRKY30 and other WRKYs like 
WRKY6 are known targets of SA signaling.16 Hence, the 
expression pattern of SA inducible WRKYs could correspond 
to similar pattern of SA levels. To test this hypothesis, we tested 

also the expression of WRKY6, but whose mRNA levels were 
identical in primed (+/+) and non-primed Col-0 plants (-/+; 
Figure 1q). SALICYLIC ACID INSENSITIVE 1/ 
NONEXPRESSER OF PR GENES 1 (NPR1) encodes the main 
receptor of SA.17 Therefore, we used npr1-1 mutants18 in our 
UV-B priming system for a more direct test of the role of SA 
signaling in UV-B memory (Figure 1r). Unexpectedly, the 
priming stress of 10 min triggered strong damage to primary 
leaves of two-third of the npr1-1 plants but not in the wild-type 
control (Figure 1r-Figure 1s), which made it impossible to test 
UV-B memory of npr1-1 in our priming system. These findings 
suggesting that NPR1-dependent SA signaling is rather essen
tial for a general UV-B resistance than for the UV-B memory, 
which we observed in our UV-B priming system.

Conclusion and outlook

With our UV-B priming system, we provide a powerful tool to 
investigate UV-B memory in future studies. Nevertheless, it 
may be useful to optimize the system first, for example, by 
using filters, which can cut off unintended wave lengths. 
Notably, we had difficulties to achieve robust results with 
narrow band UV-B lamps. Our data suggest that UVR8 is 
a key component of this type of UV-B memory, whereas SA 
signaling did not appear to be important for acquiring but 
essential for general UV-B resistance. Since loss of UVR8 
impaired the acquired UV-B resistance, testing other compo
nents of the UVR8 signal pathway seems a worthwhile 
approach for the UV-B priming system. Furthermore, the 
system can be used as platform for the identification of other 
genes involved in UV-B stress memory either by whole genome 
expression analysis of all four treatments (Figure 1a) or 
a mutagenesis screen for mutants impaired in the UV-B stress 
memory.

Methods

Arabidopsis wild-type (Col-0), uwr8-6 (SALK_033468) and 
npr1-118 plants were grown at 21°C under long-day (16 h 
light/8 h dark). For UV-B treatment in the priming system, 
we used two UV-B broadband lamps (290–315 nm) from 
Koninklijke Philips Electronics N.V. or from Shanghai 
Chenchen Lighting Electric Appliances Co., Ltd: high UV-B 
doses (35 µW/cm2 measured by UV-B illuminometer 
MC01080376 Beijing Shida Photoelectric Technology Co., 
Ltd) with lamp-to-plant distance of 32 cm; low UV-B doses 
with lamp-to-plant distance of 120 cm (about 7% of high UV-B 
dose). 14 days after germination, half of the plants was UV-B 
treated for 10 min with high UV-B dose or 20 min with low 

(c-f) Damage of Col-0 (c,e) and uvr8-6 primary leaves (d,f) exposed to the four treatments of the UV-B priming system four days after UV-B second treatment (high dose). 
The plants were classified into four damage categories (e,f); N ≥ 12 (Col-0) or 4 (uvr8-6). (g-o) Damage of Col-0 primary leaves exposed to the four treatments, five days 
after the second UV-B treatment (low dose). Arrow heads mark lesions in leaf surface. (g) N = 9. (l-o) False color images of (h-k). (p) Pigment accumulation in Col-0 plants 
exposed to the four treatments, seven days after second UV-B treatment (low dose). Equal treated plants displayed similar colored leaves, whereas -/+ and +/+ plants 
were not distinguishable (N = 10 plants, each treatment). (q) Quantitative RT-PCR analyses of mRNA expression in seedlings (17 DAG, 3 hours after 2nd treatment) 
normalized by eIF4. The expression levels are indicated as the mean of relative fold changes of three biological replicates; values are scaled to -/- = 1; the black bars 
represent the standard errors. (r-s) Damage of primary leaves of Col-0 (N = 17) and npr1-1 plants (N = 15) exposed to UV-B priming treatment three days after UV- 
B second treatment (+, high dose). Note the limited damage of one primary leaf in Col-0 + in comparison to the necrotic leaves in npr1-1 + (arrow heads). (s) Detached 
primary leaves of the plant in (R, npr1-1 +). (a-s) Asterisks indicate significant changes in comparison to -/-, whereas the blue asterisks indicate significant changes 
between -/+ and +/+ (Student’s t test: #, P = .06; *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001). All scale bars = 2 mm.
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UV-B dose (1st, priming treatment; Figure 1a). After 3 days, 
a subset of the plants (-/+ and +/+) was radiated for 1 h with 
high or low UV-B doses, respectively (2nd, damaging treatment; 
Figure 1a. For expression analysis, plant material of all four 
treatments was harvested 3 h after the 2nd treatment. The 
phenotype including damage analysis took place four to 7 
days later. RNA isolation, cDNA synthesis and qRT-PCR 
including eIF4 primers were descript before.19 We used pri
mers for CHS (5ʹ-CACTGCTAACCCTGAGAACC-3ʹ and 5ʹ- 
ACTTGTCGCACATGCGC-3ʹ), WRKY6 (5ʹ-GAAGCTCCGA 
TGATAAGCGA-3ʹ and 5ʹ-AACGTTGAACTTGTTTGCGA 
-3ʹ) and WRKY30 (5ʹ-CAAGTTTCTCAGGGTGGAGG-3ʹ 
and 5ʹ-TGACTTCTTCGAACTCTTGATGAC-3ʹ) in the gene 
expression analysis. In this study, all values represent the mean 
± standard error. One-tailed Student’s t tests, resulting in 
P values, were employed to assess statistical significance 
between pairs of values.
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