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ABSTRACT OF THE DISSERTATION

A Localized Pseudomonas syringae Infection Triggers Systemic Clock Responses in

Arabidopsis

by

Zheng Li

Doctor of Philosophy in Biology

University of California, San Diego, 2018

Professor Jose L. Pruneda-Paz, Chair

Many plant physiological and behavioral responses exhibit 24h rhythms that

anticipate daily changes in the environment. This key adaptive response is regulated by

the circadian clock, which provides an endogenous timekeeping mechanism that

coordinates biological activities. Multiple environmental cues, including the infection of

biotrophic plant pathogen Pseudomonas Syringae and pathogen induced phytohormone

Xiv



salicylic acid (SA) were shown to affect the clock function. However, the highly dynamic
and variable nature of pathogen infection progression and related SA kinetics make it
difficult to dissect the clock response to a practical infection. Here, we developed
methods to perform local Pseudomonas Syringae infection and to apply transient SA
treatment. These methods more closely resembled stimuli in a practical infection and
allowed us to explore the circadian clock response to these stimuli. Our results indicated
that a local infection lengthens the period and reduces the amplitude of circadian rhythms.
Transient SA treatment recapitulated the amplitude phenotype and resulted in a phase
delay with strongest phase effect at the beginning of the day. Apoplastic ROS production
induced by transient SA treatment and Pseudomonas Syringae infection was shown to
partly mediate these circadian clock responses. Moreover, NPR1, a master regulator of
plant defense, counteracted the amplitude decrease by both infection and SA treatment.
Furthermore, we discovered that localized Pseudomonas Syringae infection
predominantly affected the circadian rhythms in the shoot apex and resulted in a delay in
plant development. Some TCP transcription factors have been shown to regulate clock
function and DNA binding activity of TCPs is regulated by ROS. We therefore
characterized TCP transcription factors in order to explore the possible link between
defense related ROS production and the regulation of circadian clock function. We
performed yeast one hybrid analysis with a newly developed Y1H reporter system on
class | TCPs and found that most of them interact with CCA1 promoter. Also, we
developed a novel gene-centered Y2H screen system and discovered that class | TCP

transcription factors were highly enriched for TCP21 interactors. These results uncovered
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the complex nature in which TCP transcription factors interact to regulate circadian clock

function.
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Chapter 1 Introduction

The circadian clock regulates most aspects of plant growth and development [1].
Clock controlled rhythms have a 24 hour period and allow plants to regulate the onset of
biological processes so they are coordinated with convenient conditions in an
environment that exhibits daily fluctuations. The clock generates endogenous rhythms
that anticipate these environmental changes every day providing an adaptive advantage
that results in improved plant growth and survival rates [2,3]. Physiological advantages of
such a mechanism require endogenous circadian rhythms and exogenous environmental
conditions to oscillate in tight synchrony [4]. In fact, multiple signaling pathways triggered
by environmental cues such as light, temperature, nutrients or biotic interactions were
shown to regulate the clock function [5-8]. Likely, due to plants sessile nature the clock
provides a key mechanism that integrates the timing and nature of environmental cues to
coordinate organismal functions and responses accordingly [7,9].

At the molecular level, the circadian clock function relies on multiple overlapped
regulatory layers both at the transcriptional and post-transcriptional levels. The main
mechanistic feature of the plant clock, which is shared across species, involves several
intertwined transcriptional feedback loops that create a vast regulatory circuit with multiple
possibilities for regulation [6,10]. In plants, the core transcriptional mechanism is based
on the reciprocal regulation between two morning expressed transcription factors,
CIRCADIAN CLOCK ASSOCIATED1 (CCA1) and LATE ELONGATED HYPOCOTYL
(LHY), which negatively regulate the expression of the evening expressed transcriptional

regulator TIMING OF CAB EXPRESSION1 (TOC1). TOC1 closes this feedback loop by



negatively regulating the expression of CCA7 and LHY [3,7,10]. Many additional clock
components that integrate with this core feedback loop have been identified [6,10]. While
the mechanism is still not fully understood, the pace, amplitude and phase of clock
rhythms is set by input pathways that are regulated by cyclic environmental signals such
as light and temperature. However, other mechanisms were shown to fine tune the clock
function. Nutrient availability, such as nitrogen or iron, regulates the clock function [11-
15]. Likewise, abiotic and biotic stress responses also affect the clock function. The
phytohormone ABA, which is mediating many responses to salt, osmotic and cold stress
is able to regulate clock function by modulating TOC1 expression [16,17]. In the case of
biotic stress responses, Pseudomonas syringae infection and salicylic acid treatment are
also shown to modulate the clock function [8,18]. These facts indicate that multiple
environmental cues can serve as input signals to circadian clock, which renders the clock
a highly responsive module and a great hub to integrate signals and correspondingly
adjust biological processes at a whole organism level. Furthermore, clock responses to
many input signals exhibits a gating feature. For example, the magnitude of the acute
induction of TOC1 promoter activity by ABA treatments differs depending on the time of
the day at which the hormone is applied [16]. Similar gating phenomenon is also observed
in the clock responses to light and temperature signals [19,20]. In many organisms, phase
response curve (PRC) is generated for certain zeitgebers to reveal intrinsic features of
the clock and the details of the gating feature for the phase shift [21].

Pseudomonas syringae, a biotrophic plant pathogen, is used extensively together
with Arabidopsis to explore the mechanisms of plant-pathogen interactions [22]. Upon

Pseudomonas syringae infection, many immediate and enduring responses are elicited



[23]. The first layer of plant defense is triggered by the recognition of Pathogen-associated
Molecular Pattern (PAMP). An important aspect of this response is a burst of reactive
oxygen species (ROS) mediated by the NADPH oxidase RBOHD localized at the plasma
membrane [24]. RBOHD produces apoplastic ROS in response to multiple kinds of stress
signal such as ABA, SA, wounding and pathogen infection [24-28]. Upon pathogen
challenge, ROS could serve both as a systemic signal and at the same time a regulator
of cell death and survival to contain infection locally [29,30]. Salicylic acid production is
also induced by Pseudomonas syringae infection and it regulates many aspects of plant
defense responses such as transcriptional reprogramming, cell death and survival and
initiation of systemic acquired resistance (SAR) [31,32]. Salicylic acid alone is able to
induce a burst of ROS, while this change of the oxidative state in the cell causes the
translocation of NON-EXPRESSER OF PATHOGEN-RELATED GENES-1 (NPR1), a key
regulator of plant defense and SA signaling pathway, from cytoplasm to the nucleus to
perform its function. NPR1 interacts with bZIP transcription factors and regulate the
expression of SA target genes [33,34].

Both Pseudomonas syringae infections and SA treatments were shown to
modulated the clock function. However, while whole-plant P. syringae infections shorten
the period of clock rhythms, the exogenous treatment with SA results in a transient
increase in their amplitude [8,18]. These results reveal the complexity of the clock
regulation by defense response. Indeed, depending on the distance to the infection site,
and the duration after the infection started, the responses of the plant tissue vary
drastically [22,35]. Also, the ROS and SA production induced by Pseudomonas syringae

infection is highly dynamic. The initial ROS production triggered by the perception of



PAMPs happens in minutes and precedes the production of SA [36,37]. ROS dynamics
induced by Pseudomonas infection varies with the bacteria. In the case of infection of
Arabidopsis by the virulent Pseudomonas syringae pv. tomato DC3000, a rapid burst
quickly happens and a later production of ROS lasts at least for days [37-39]. At the same
time, SA production is usually peaking within one day after initial infection then decreases
from then on [40,41]. To further dissect clock responses to defense signals considering
these spatial and temporal complexities, we applied local P syringae infection and
transient SA treatment to the plant and assessed the clock responses. Our results
indicate that a local infection lengthened the period and reduced the amplitude of
circadian rhythms. We found that a transient SA treatment recapitulated the amplitude
phenotype and also delayed the phase of clock rhythms with the largest phase delay by
SA treatment in the morning. Apoplastic ROS production was partially mediating these
responses. Finally, we found that NPR1 function provided a safeguard mechanism that
pointed to maintain a proper clock function upon SA treatments or P. syringae infection.
(materials related to this part is included in Chapter 2)

While circadian clock function in plants has long been studied at the whole
organism level, emerging evidences are showing that tissue specific patterns of circadian
clock-controlled oscillations exist. Vasculature and mesophyll tissues of the leaf have
enriched evening and morning expressed genes respectively [42], while the shoot apex
of the plant serves as the hierarchical master regulator which is able to synchronize
rhythms in other parts of the plant [43]. Our study of local Pseudomonas infection is
providing a strategy to study how a localized stress can affect the circadian clock function

at the whole organism level. Furthermore, we observed that the circadian rhythms from



the shoot apex was preferentially affected by localized leaf Pseudomonas syringae
infection. This local infection also resulted in a delay of the plant development revealing
massive changes in the shoot apex. (materials related to this part is included in Chapter
3)

To find the link from ROS production induced by pathogen challenge or SA
treatment to the regulation of the circadian clock function, TCP transcription factors serve
as appealing candidates. TCPs are a family of plant-specific transcription factors that
contain TCP DNA binding domain [44]. The TCP DNA binding domain is a non-canonical
basic helix-loop-helix (bHLH) domain and based on the difference in TCP domain, the
TCP transcription factors are classified into two sub families: class | and class Il TCP
transcription factor [44]. TCPs are reported to be at the crossroad of regulating many
aspects of the plant life including development, leaf senescence, circadian clock function,
defense response and so on [45-47]. Since the discovery of TCP21 (CHE) function in the
clock regulation [46], TCP20 and TCP22 are also reported to play a role in regulating
circadian rhythm as activators of CCA1 transcription [48]. Considering the similarity of
their binding preference for DNA sequence, more TCPs might participate in clock
regulation. At the same time, TCPs could form homo and hetero dimers [49,50], which
add another layer of complexity to ultimately solve the puzzle. The DNA binding activity
of several TCPs including TCP21 was found to be regulated by the redox status [51],
implying potential mechanism how multiple sources of stress could input into redox state
as a hub of signal and regulate outcome responses including circadian clock function
through TCPs. To start unraveling the complicated possible regulations of circadian clock

function by TCPs, we tested the interaction between class | TCPs and CCA1 promoter



with yeast one hybrid technique exploiting novel yeast cell surface reporter. We found
that most class | TCPs could bind CCA1 promoter through TCP binding site (TBS).
(materials related to this part is included in chapter 4). Furthermore, we developed a high
throughput yeast two hybrid screen system and identified 68 novel interactors of TCP21,
and class | TCPs were highly enriched for TCP21 interactors. We also validated the
interaction between TCP21 and the top interactor TCP19 with BiFC assay (materials
related to this part is included in chapter 5). Although these findings are far from resolving
the whole picture about the regulation of clock function by TCPs, they provide starting

information to find the path.
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Summary

The circadian clock drives daily rhythms of many plant physiological responses
providing a competitive advantage that improves plant fithess and survival rates [1-5].
Whereas multiple environmental cues are predicted to regulate the plant clock function,
most studies focused on understanding the effects of light and temperature [5-8].
Increasing evidence indicates a significant role of plant-pathogen interactions on clock
regulation [9, 10], but the underlying mechanisms remain elusive. In Arabidopsis, the
clock function largely relies on a transcriptional feedback loop between morning (CCA1
and LHY)- and evening (TOCT1)- expressed transcription factors [6-8]. Here, we focused
on these core components to investigate the Arabidopsis clock regulation using a unique
biotic stress approach. We found that a single leaf Pseudomonas syringae infection
systemically lengthened the period and reduced the amplitude of circadian rhythms in
distal uninfected tissues. Remarkably, the low amplitude phenotype observed upon
infection was recapitulated by a transient treatment with the defense related
phytohormone salicylic acid (SA), which also triggered a significant clock phase delay.
Strikingly, despite SA modulated circadian rhythms, we revealed that the master regulator
of SA signaling, NPR1 [11, 12], antagonized clock responses triggered by both SA-
treatment and P. syringae. In contrast, we uncovered that the NADPH oxidase RBOHD
[13] largely mediated the aforementioned clock responses after either SA treatment or
the bacterial infection. Altogether, we demonstrated novel and unexpected roles for SA,
NPR1 and redox signaling in clock regulation by P. syringae and revealed a previously
unrecognized layer of systemic clock regulation by locally perceived environmental cues.

KEYWORDS
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Results

Localized P. syringae infection triggered a systemic clock amplitude reduction and
period lengthening

To study plant clock responses to a localized pathogen challenge we used the
Arabidopsis-Pseudomonas syringae pathosystem following a leaf-restricted infection.
Arabidopsis seedlings carrying a luciferase reporter gene (LUC+) expressed under the
control of the CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) promoter (CCAT1::LUC+)
were used to analyze the clock function after a single leaf P. syringae pv. tomato DC3000
(Pst DC3000) or mock treatments (performed at zeitgeber time [ZT]24) (Supplemental
Figure 2.1A). Analysis of the whole plant luciferase activity after treatment indicated that
Pst DC3000 infection results in low amplitude and long period clock rhythms
(Supplemental Figure 2.1B and data not shown). However, CCA1::LUC+ activity in the
infected leaf rapidly decayed and became arrhythmic, suggesting that the observed
phenotypes reflected the clock status in untreated tissues (Figure 2.1A-C). We reasoned
that the amplitude reduction found after whole plant bioluminescence analysis was likely
overestimated due to the inclusion of the infected leaf and the reduction of plant size after
single leaf infection (Supplemental Figure 2.1C). Thus, we reanalyzed bioluminescence
results considering only untreated tissues (of Pst DC3000 and mock treated plants) and
normalizing bioluminescence counts to the estimated plant area at each time point

(Supplemental Figure 2.1D). This analysis indicated that Pst DC3000 infection resulted
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in systemic clock rhythms of significantly lower amplitude (Figure 2.1D-F) and ~0.5h
longer period (Figure 2.1D and G). In addition, the period-normalized phase of
CCA1::LUC+ rhythms was slightly, albeit not significantly, advanced by the infection
(Figure 2.1H and Supplemental Figure 2.1E). To confirm these results we performed the
same experiment using Arabidopsis reporter lines carrying either the LATE ELONGATED
HYPOCOTYL (LHY) or TIMING OF CAB EXPRESSION 1 (TOC1) promoter driving the
expression of the LUC+ gene (LHY::LUC+ or TOC1::LUC+). Notably, as we observed for
the CCA1 promoter activity, both new reporters exhibited a significant decay in the
luminescence emitted by the infected leaf as soon as 24h post infection (Supplemental
Figure 2.1F). When clock rhythms were analyzed in untreated tissues of single leaf Pst
DC3000 versus mock treated plants we observed a significant amplitude and robustness
reduction, and ~0.7h longer period upon infection (Figure 2.1E-G, | and J). In addition,
LHY (but not TOCT) promoter-driven oscillations exhibited a phase advance upon
infection (Figure 2.1H and Supplemental Figure 2.1G). To further evaluate the reduced
amplitude phenotype, we quantified CCA71, LHY and TOC1 mRNA levels in untreated
tissues of single leaf Pst DC3000 and mock treated plants. As shown in Supplemental
Figure 2.1H, we observed significantly reduced CCA1 and LHY mRNA levels in infected
plants supporting the results obtained via bioluminescence assays. Altogether, these
findings revealed that a localized Pst DC3000 infection triggered a systemic signal that
reduced the amplitude, lengthened the period, and minimally advanced the phase (for

morning expressed reporters) of clock rhythms in untreated tissues.
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Figure 2.1 Localized P. syringae infection triggers systemic clock responses.

(A) Representative time course pseudocolored bioluminescence images of soil grown
CCA1::LUC+ plants upon single leaf Pst DC3000 infection or mock treatment (hpi: hours post
infection). Triangles (Pst DC3000: orange, mock: green) point to the treated leaf. (B) Luciferase
activity from treated leaf or untreated tissues of soil grown Arabidopsis CCA1::LUC+ plants upon
single leaf Pst DC3000 infection (orange) or mock treatment (black). Treatments were performed
at ZT24 (denoted by the black arrow) (see also Supplemental Figure 2.1A). Results indicate mean
values [+ SD, n=6] and are representative of 5 independent experiments. (C) Mean amplitude (left
panel) and relative amplitude error (RAE) (right panel) values [+ SEM] of CCAT1::LUC+ rhythms
in treated leaf or untreated tissues upon single leaf Pst DC3000 infection (orange) or mock
treatment (black) for experiments indicated in (B) (n=30). (D) Luciferase activity (normalized by
plant size) from untreated tissues of soil grown Arabidopsis CCA1::LUC+ plants upon single leaf
Pst DC3000 infection (orange) or mock treatment (black). Results indicate mean values [+ SD,
n=6] and are representative of 5 independent experiments. (E-H) Mean amplitude (E), relative
amplitude error (RAE) (F), period (G) and phase shift values (H) [+ SEM] of CCA1::LUC+ (n=30),
LHY::LUC+ (n=15) and TOCT1::LUC+ (n=15) normalized luciferase activity rhythms upon single
leaf Pst DC3000 infection (orange) or mock treatment (gray) for experiments indicated in (D, | and
J). (I-J) Luciferase activity (normalized by plant size) from untreated tissues of soil grown
Arabidopsis LHY::LUC+ and TOC1::LUC+ plants upon single leaf Pst DC3000 infection (orange)
or mock treatment (black). Results indicate mean values [+ SD, n=9] and are representative of 2
independent experiments. Statistical analyses between mock and infected plants were performed
using the ttest (C, E, F, G and H). Stars indicate the level of significance (*p<0.01, **p<0.001,
***p<0.0001).
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Transient SA treatment phenocopied P. syringae triggered amplitude reduction and
delayed the phase of clock rhythms

The phytohormone salicylic acid (SA), produced in response to plant infections,
regulates many aspects of plant immunity in distal non-infected tissues [12, 14, 15]. While
this critical role anticipated that SA could mediate the observed clock phenotypes upon
infection, it was previously shown that SA increased (rather than reduced) the amplitude
of clock rhythms [10]. Given that this previous finding likely indicated a clock response to
long-term plant exposure to SA and that SA is transiently induced after a bacterial
pathogen challenge [16], we analyzed Arabidopsis clock responses to a short-term SA
treatment (performed at ZT24) using CCA1::LUC+ seedlings (Supplemental Figure 2.2A).
Similar to Pst DC3000 infection, a transient SA treatment resulted in low amplitude
rhythms (Figure 2.2A- B) although without affecting their robustness (Figure 2.2C). This
amplitude reduction was not influenced by plant size, as plant biomass was not affected
by the transient SA treatment (Supplemental Figure 2.2B), or by SA effects over luciferase
activity, as plants that constitutively express the LUC+ reporter gene displayed same
overall bioluminescence levels after SA or mock treatment (Supplemental Figure 2.2C).
In contrast to the infection context, however, the period of CCA7 promoter driven
oscillations was not changed by the SA treatment (Figure 2.2D) and instead a significant
phase delay was observed (Figure 2.2E and F). To evaluate if these clock responses
depended on the time at which SA was applied, the experiment outlined above was
performed initiating the treatment at different times of the day (ZT24, 28, 32, 36, 40, 44).
Interestingly, while the period length remained unaltered in all experiments, we observed

a greater phase shift when SA treatment was started close to the subjective dawn (Figure
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2.2G and H). In contrast, the amplitude was overall reduced to a similar extent regardless
of SA treatment start time (Figure 2.21).

To validate CCA1::LUC+ results, we next evaluated the clock function upon SA
treatment in LHY::LUC+ and TOCT1::LUC+ reporter lines. Indeed, we observed that a
short-term SA treatment caused the same amplitude reduction and phase delay
phenotypes in both LHY:LUC+ and TOCT1:LUC+ rhythms (Figure 2.2B and F,
Supplemental Figure 2.2D and E). To further evaluate these clock phenotypes we
quantified CCAT1, LHY and TOC1 mRNA levels in SA and mock treated plants. In
agreement with bioluminescence experiments, we observed a significant phase delay for
all transcripts upon SA treatment (Supplemental Figure 2.2F and G). Furthermore,
although we expected that (due to its limit of sensitivity) real time quantitative PCR would
not detect the small amplitude differences found in bioluminescence assays, we did
observe a tendency towards a reduced amplitude of mRNA oscillations (for LHY and
TOCT1 transcripts) (Supplemental Figure 2.2F and G). Altogether, our results indicated
that a pulse of SA significantly affected the phase and amplitude of clock rhythms,
indicating a general role for SA in the regulation of Arabidopsis clock function.
Furthermore, a SA pulse phenocopied the amplitude reduction that we observed after
localized Pst DC3000 inoculation, suggesting that SA was one of the systemic signals

that mediated the amplitude phenotype upon infection.
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Figure 2.2 Transient SA treatment phenocopies P. syringae-triggered amplitude reduction
and delays the phase of clock rhythms.

(A) Luciferase activity from CCA1::LUC+ seedlings after transient SA treatment. Seedlings were
treated with medium alone (mock) or supplemented with SA (0.2mM and 1 mM) at ZT24 for 4h
(denoted by the orange shadowed area) (see also Supplemental Figure 2.2A). Results indicate
mean values [+ SEM, n=12] and are representative of 7 independent experiments. (B-D) Mean
amplitude (B), relative amplitude error (RAE) (C) and period (D) values [+ SEM] of CCA1::LUC+
(n=110), LHY::LUC+ (n=60) and TOC1::LUC+ (n=60) rhythms after mock (grey), 0.2mM SA (blue)
or TmM SA (red) transient treatments for experiments indicated in (A) and Supplemental Figure
2.2D. (E) Normalized phase and RAE values of CCA1::LUC+ rhythms after transient SA treatment
for experiments indicated in (A) (mock: black, 0.2mM SA: blue and 1mM SA: red) (each dot
represents one individual). The angular position of dots and arrows indicates the normalized
phase value (0-24h) and the radial position indicates the RAE value (RAE=0 at the outmost radial
position and RAE=1 at the center). The arrow points to the mean normalized phase and the arrow
length indicates the mean RAE. (F) Mean phase shift values [+ SEM] of CCAT1::LUC+ (n=110),
LHY::LUC+ (n=60) and TOC1::LUC+ (n=60) rhythms after mock (grey), 0.2mM SA (blue) or TmM
SA (red) transient treatments indicated in (A) and Supplemental Figure 2.2D. (G-1) Period (G),
phase shift (H) and normalized amplitude (ratio over mean mock) (I) values of CCA1::LUC+
rhythms after mock (black) or 1mM SA (red) transient treatments performed at different times of
the day. Plants were grown as indicated in (A) and treatments were started at 6 different times
during the second day in LL (ZT24, 2128, ZT32, ZT36, ZT40, ZT44). Results represent mean
values [t SEM, n=48] of 4 independent experiments. Statistical analyses between mock and SA
treated plants were performed using the ttest (B, C, D and F) and Watson-Williams test (E). Stars
indicate the level of significance (*p<0.01, **p<0.001, ***p<0.0001).
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SA effects on the clock function were antagonized by NPR1

Given that most SA responses are dependent on the transcription cofactor
NONEXPRESSER OF PR GENES 1 (NPR1) [12], we next investigated whether clock
effects triggered by a transient SA treatment were mediated by NPR1. For that, we
introduced the loss-of-function npr1-1 allele into the CCA71::LUC+ and LHY:LUC+
reporter backgrounds and treated the resulting lines with SA at ZT24 (as described above,
Supplemental Figure 2.2A). As expected, we observed that a transient SA treatment
caused a significant amplitude reduction in WT plants for both reporter lines (Figure 2.3A
and B). Strikingly, in npr1-1 plants the amplitude was reduced to a significantly greater
extent in both CCAT1::.LUC+ and LHY::LUC+ reporter backgrounds (Figure 2.3A-C and
Supplemental Figure 2.3A). Consistent with these results, CCA71 and LHY promoter
driven oscillations exhibited a decreased robustness when the SA treatment was applied
to npr1-1 compared to WT plants (Supplemental Figure 2.3B). It should be noted that the
amplitude reduction was not influenced by a change in plant size, as same biomass was
observed between mock and SA treated npr1-1 plants (Supplemental Figure 2.3C). We
next determined CCA1, LHY and TOCT1 mRNA levels in SA and mock treated npr1-1
plants and observed that indeed transcript levels for these genes oscillated with a
significantly reduced amplitude upon exposure to SA (Supplemental Figure 2.3D and E).
To further validate these findings, we analyzed the clock function after a transient SA
treatment in CCA7::LUC+ and LHY:LUC+ reporter lines that overexpressed NPRT
(NPR1-OX, Supplemental Figure 2.3F). We found that, unlike in WT plants, SA did not
reduce the clock amplitude in NPR1-OX plants (Figure 2.3A, B, E and Supplemental

Figure 2.3A).
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On the other hand, the period of clock oscillations remained mostly unchanged in
all backgrounds and treatment conditions (Supplemental Figure 2.3G). Importantly,
similar to the aforementioned amplitude phenotypes, analysis of period-normalized phase
shifts for CCA1::LUC+ and LHY::LUC+ rhythms indicated that SA treatment resulted in
greater or milder phase delay in npri1-1 or NPR1-OX backgrounds, respectively, when
compared to WT plants (Figure 2.3D, Supplemental Figure 2.3H and 1). Altogether, these
observations revealed that NPR1 loss of function and overexpression respectively
enhanced and reduced the impact of SA on amplitude and phase phenotypes, revealing
an unexpected role for NPR1, which functioned as an antagonist of transient SA effects

on the circadian clock.

P. syringae-triggered amplitude reduction of clock rhythms was antagonized by
NPR1

Given the antagonistic effect of NPR1 on the regulation of circadian rhythms by
SA, and that both Pst DC3000 infections and SA treatment decreased amplitude of clock
rhythms, we next hypothesized that NPR1 may also counteract the amplitude phenotype
that we observed after infection. To evaluate this possibility, we performed single leaf Pst
DC3000 infections in WT, npr1-1 and NPR1-OX plants carrying the CCA1:LUC+
reporter. Analysis of the luciferase activity in untreated tissues showed that the amplitude
of clock controlled rhythms in uninfected tissues was more significantly reduced by the
infection in npr1-1 compared to WT plants, albeit a similar amplitude reduction was
observed in NPR1-OX versus WT backgrounds (Figure 2.3F, G and Supplemental Figure

2.4A). Consistent with the lower amplitude, a greater decrease in the robustness of clock
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rhythms was observed after infection in npr1-1 versus WT plants (Supplemental Figure
2.4B). Likewise, the period of CCA1::LUC+ rhythms was lengthened to a significantly
greater extent after infection in npr1-1 versus WT and NPR1-OX plants (Figure 2.3H and
). Of note, as described above for WT plants (Figure 2.1H), the period-normalized phase
of CCA1::LUC+ rhythms was only minimally changed after infection in both NPR1 genetic
backgrounds (Figure 2.3J and Supplemental Figure 2.4C). These results indicated that
(as described for a transient SA treatment) NPR1 antagonized the systemic amplitude
reduction, while additionally counteracting period lengthening, of clock rhythms observed

after single leaf Pst DC3000 infection.
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Figure 2.3 NPR1 antagonizes clock responses triggered by transient SA treatment or single
leaf P. syringae infection.

(A, C and E) CCA1::LUC+ activity in wild type (WT) (A), npri1-1 (C) and NPR1-OX (E) seedlings
after transient SA treatment. Seedlings were treated with medium alone (mock) or supplemented
with SA (0.2mM and 1 mM) at ZT24 for 4h (denoted by the orange shadowed area) (see also
Supplemental Figure 2.2A). Results indicate mean values [+ SEM, n=12] and are representative
of 4 independent experiments. (B and D) Mean normalized amplitude (ratio over mean mock) (B)
and phase shift (D) values [t SEM] of CCA1::LUC+ (left panel) (n=72) and LHY::LUC+ (right
panel) (n258) rhythms in WT, npr1-1 and NPR1-OX seedlings after 0.2mM (blue) and 1mM (red)
transient SA treatment of 4 independent experiments indicated in (A, C and E) (see also
Supplemental Figure 2.3A, H and 1). (F) CCAT1::LUC+ activity (normalized by plant size) from
untreated tissues of soil grown WT and npr1-1 plants upon a single leaf Pst DC3000 infection
(orange) or mock treatment (black). Treatments were performed at ZT24 (denoted by the black
arrow) (see also Supplemental Figure 2.1A). Results indicate mean values [+ SD, n=6] and are
representative of 5 independent experiments. (G, |, J) Mean normalized amplitude (ratio over
mean mock) (G), period length change (Aperiod) (l), and phase shift (J) values [+ SEM, n=30] of
CCA1::LUC+ rhythms (normalized by plant size) in WT, npr1-1 and NPR1-OX plants after a single
leaf Pst DC3000 infection for experiments indicated in (F) (see also Supplemental Figure 2.4 A
and C). (H) Mean period estimates [+ SEM, n=30] of CCA1::LUC+ rhythms (normalized by plant
size) in WT, npr1-1 and NPR1-OX plants upon single leaf Pst DC3000 infection (orange) or mock
treatment (gray) for experiments indicated in (F). Statistical analyses compared to WT plants (B,
D, G, l and J), or compared mock treated plants (H) were performed using the ttest. Stars indicate
the level of significance (*p<0.01, **p<0.001, ***p<0.0001).
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SA effects on the circadian clock were phenocopied by H202 treatment and partly
mediated by RBOHD

Considering that SA responses are partly mediated by a rapid increase of reactive
oxygen species (ROS) [15, 17], we next hypothesized that ROS may mediate the clock
phenotypes observed after transient SA treatment. To test this possibility, we first
analyzed the effect of a transient H202 treatment on CCA1::LUC+ rhythms (Supplemental
Figure 2.2A). Remarkably, we found that (as observed for SA, Figure 2.2 and
Supplemental Figure 2.2) a transient H20:2 treatment did not affect the robustness and
period of circadian rhythms but did cause a profound amplitude reduction and phase
delay (Figure 2.4A-E). Given that SA could induce apoplastic H202 production through
the nicotinamide adenine dinucleotide phosphate (NADPH)-oxidase RESPIRATORY
BURST OXIDASE HOMOLOGUE D (RBOHD) [13, 18], we next tested the possibility that
RBOHD may mediate SA effects on the clock function. For that, we analyzed
CCA1:LUC+ rhythms after a transient SA treatment in rbohd mutant plants
(Supplemental Figure 2.2A). Strikingly, when bioluminescence was analyzed in mock
treated plants (without SA or H20:2 treatment), amplitude reduction and phase advance
phenotypes were observed in rbohd mutant compared to WT plants (Figure 2.4F,
Supplemental Figure 2.4D and E). Upon SA treatment, however, the degree of amplitude
reduction was similar in rbohd versus WT plants (Figure 2.4F, G and Supplemental Figure
2.4D), whereas the robustness and period continued being mostly unchanged in both
genetic backgrounds (Supplemental Figure 2.4F and G). In sharp contrast, whereas SA
treatment continued to delay the clock phase in WT plants, we did not observe any SA-

induced phase change in the rbohd mutant background (Figure 2.4H and Supplemental
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Figure 2.4E). Altogether, these results revealed that SA effects on the clock were fully
mimicked by the H202 treatment, suggesting that ROS likely mediated SA-induced clock
regulation. Furthermore, the absence of SA-induced phase, but not amplitude, phenotype
in rbohd mutant plants suggested that clock regulation by SA relied on RBOHD-

dependent (i.e. apoplastic ROS) and RBOHD-independent ROS sources.

P. syringae infection effects on the circadian clock were partly mediated by RBOHD

Given that SA-effects on clock regulation were partly mediated by RBOHD and
that pathogen recognition rapidly triggers RBOHD-dependent ROS production [19, 20],
we next investigated a putative role for RBOHD on the regulation of systemic clock
phenotypes induced by a localized Pst DC3000 infection. For that, we performed single
leaf infection experiments in WT and rbohd mutant plants carrying the CCA1::LUC+
reporter (Supplemental Figure 2.1A). As described above for the SA amplitude effect in
rbohd mutant plants (Figure 2.4G), we observed that the amplitude and robustness of
CCAT1 promoter driven rhythms were equally affected by the infection in both WT and
rbohd plants (Figure 2.4l, J, Supplemental Figure 2.4H and ). Remarkably, we found that
both the slight phase advance and the significant period lengthening that we observed in
WT plants upon infection were no longer detected in the rbohd mutant background (Figure
2.4K-M and Supplemental Figure 2.4J). These results supported the notion that while
RBOHD-dependent ROS did not mediate the infection-induced amplitude reduction, it did
trigger the systemic clock period and phase phenotypes observed after a localized Pst

DC3000 infection.
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Figure 2.4 Apoplastic ROS partly mediates clock responses triggered by transient SA
treatment or single leaf P. syringae infection.

(A) Luciferase activity of CCA1::LUC+ seedlings after transient H2O- treatment. Seedlings were
treated with medium alone (mock) (n=24) or supplemented with 50mM (n=12) or 200mM (n=12)
H-O. at ZT24 for 4h (denoted by the orange shadowed area) (see also Supplemental Figure
2.2A). Results indicate mean values [+ SEM] and are representative of 2 independent
experiments. (B-E) Mean amplitude (B), relative amplitude error (RAE) (C), period (D) and phase
shift (E) values [t SEM] of CCAT1::LUC+ rhythms after mock (black bars) (n=49), 50mM H>0-
(gray bars) (n=33) or 200mM H:0O- (striped bars) (n=30) transient treatments for experiments
indicated in (A). (F) CCA1::LUC+ activity in wild type (WT) (n=24) and rbohd (n=12) seedlings
after transient 1mM SA treatment as indicated in Supplemental Figure 2.2A. Results indicate
mean values [t SEM] and are representative of 4 independent experiments. (G and H) Mean
normalized amplitude (ratio over mean mock) (G) and phase shift (H) values [+ SEM] of
CCA1::LUC+ rhythms in WT (n=80) and rbohd (n=64) seedlings after 0.2mM (blue) and 1TmM
(red) transient SA treatment for experiments indicated in (F) (see also Supplemental Figure 2.4D-
E). (I) CCAT1::LUC+ activity (normalized by plant size) from untreated tissues of soil grown WT
and rbohd plants upon single leaf Pst DC3000 infection (orange) or mock treatment (black).
Treatments were performed at ZT24 (denoted by the black arrow) (see also Supplemental Figure
2.1A). Results indicate mean values [t SD, n=6] and are representative of 3 independent
experiments. (J, L, M) Mean normalized amplitude (ratio over mean mock) (J), period length
change (Aperiod) (L), and phase shift (M) [+ SEM, n=18] for CCA1::LUC+ rhythms in WT and
rbohd after single leaf Pst DC3000 infection for experiments indicated in (l) (see also
Supplemental Figure 2.4H and J). (K) Mean period estimates [+ SEM, n=18] for CCA1::LUC+
rhythms in WT and rbohd plants upon single leaf Pst DC3000 infection (orange) or mock treatment
(gray) for experiments indicated in (l). Statistical analyses compared to mock treated plants (B-E
and K), or compared to WT plants (G, H, J, L and M) were performed using the ¢ test. Stars
indicate the level of significance (*p<0.01, **p<0.001, ***p<0.0001).
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Discussion

The circadian clock is an endogenous timekeeping mechanism that orchestrates
daily rhythms in most plant biological processes [1, 4, 7]. This function, critical for sessile
plants, requires daily adjustments by multiple environmental cues predicted to signal into
the core clock mechanism through a network of heavily integrated circuits [5, 8]. While
plants are exposed to a wide range of abiotic and biotic environmental signals, there was
a gap in knowledge on how biotic interactions affect plant circadian rhythms and what are
the pathways involved in these responses. Our work provided solid evidence indicating
that a single leaf Pst DC3000 infection (despite being localized) significantly modulated
the clock function at the whole plant level and identified the mechanisms involved,
revealing novel roles for SA, NPR1 and redox signaling in the regulation of circadian
rhythms (see model in Supplemental Figure 2.4K).

We found that the clock function was systemically affected in response to a local
Pst DC3000 infection, displaying low amplitude and long period phenotypes (Figure 2.1
D, E, G, I, J and Supplemental Figure 2.1H). These findings were unexpected as a
previous study using P. syringae pv. maculicola ES4326 (PmaDG3) reported a short
(rather than long) period phenotype after infection [9]. It should be noted that (in contrast
to the local leaf infection and soil grown conditions that we used) in the last-mentioned
study whole Arabidopsis seedlings were fully soaked into a bacterial cell suspension and
plants were subsequently grown in sucrose supplemented tissue culture medium [9].
Given that a pathogen challenge (i.e. P. syringae inoculation) reduces the photosynthetic
capacity in the infected tissues [21, 22] and that sucrose treatment influences the clock

function in plants with reduced photosynthesis [23], it is possible that the differences in
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infection protocols and sucrose availability may have accounted for the disparate results.
Furthermore, it has been reported that PmaDG3 and Pst DC3000 infections trigger
distinct transcriptional responses in Arabidopsis [24], which could have also contributed
to the contrasting observations. Nonetheless, together with the study published by Zhang
et al., our work raises the possibility that multiple variables such as the affected tissues,
the energy status of the plant and the pathogen strain may influence the outcome of clock
regulation by a bacterial infection.

One of the most valuable contributions from our study was to expose an
unrecognized regulatory layer within the plant circadian system in which the overall clock
function is modulated by environmental cues that locally affect specific plant tissues
(Figure 2.1 and Supplemental Figure 2.1). This is an exciting observation since a recent
report indicated that the plant circadian system has a hierarchical organization with a
master oscillator located at the shoot apical meristem (SAM) and peripheral subordinate
clocks in other tissues [25]. Thus, our findings suggest that a systemic signal originated
at the infected leaf may regulate the SAM clock and therefore affect the clock function at
the whole plant level. Alternatively, it is possible that a systemic signal triggered after the
localized infection directly modulates peripheral clocks.

Importantly, our studies support the view that SA, which is produced transiently
upon infections [16], was one of the aforementioned systemic signals that regulated the
circadian clock in non-infected tissues (Figure 2.2A, B and Supplemental Figure 2.2D). It
should be noted that previous work by Zhou et al. found that SA increases (rather than
decreases) the amplitude of clock rhythms [10]. While this result is in sharp contrast with

the sustained amplitude reduction that we observed after both Pst DC3000 infection and
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transient SA treatment (Figure 2.1D, E, |, J, Supplemental Figure 2.1H, Supplemental
Figure 2.2A, B and D), it is possible that these discrepancies reflect the overall dynamic
nature of SA responses. For example, it was suggested that spatiotemporal changes in
SA concentrations could lead to opposite responses [26] and that SA responses are
diminished as plants age [27]. Thus, different hormone concentrations, longer exposure
time, and/or slightly older plants used by Zhou et al. may have accounted for the disparate
results. Remarkably, our results also showed for the first time that a transient SA
treatment impinged a profound phase delay on clock oscillations (Figure 2.2E, F, H and
Supplemental Figure 2.2E-G). Notably, such phase delay phenotype was not detected in
Pst DC3000 infected plants, which instead exhibited a slight phase advance (Figure 2.1H,
Supplemental Figure 2.1E and G), raising the possibility that SA-independent pathways
neutralized and/or overruled the SA induced phase delay during infection. Likewise, only
Pst DC3000, but not SA, lengthened the clock period (Figure 2.1G and Figure 2.2D),
further suggesting SA-independent pathways that also modulated the clock period upon
infection. Given that we observed the same amplitude reduction and phase delay
phenotypes even after a longer (12h) transient SA treatment (data not shown), altogether
our results suggested that SA-dependent and -independent pathways are integrated to
determine the ultimate clock phenotypes in infected plants (depicted in Supplemental
Figure 2.4K and further discussed below). However, we cannot completely rule out the
possibility that (in the context of Pst DC3000 infection) SA might regulate the clock in a
manner that was not fully recapitulated by the transient SA treatment used in our study.
Our work also revealed an unexpected antagonistic role for NPR1 in the regulation

of circadian rhythms by both SA and P. syringae infection. While NPR1 mediates most
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SA-induced transcriptional responses [12], we counterintuitively found that NPR1
prevented the amplitude reduction and phase delay triggered by a transient SA treatment
(Figure 2.3A-E, Supplemental Figure 2.3A, D and E). Importantly, the amplitude reduction
induced by Pst DC3000 infection was also enhanced in npr1-1 mutant plants (Figure
2.3F-G and Supplemental Figure 2.4A), supporting the biological significance of the
aforementioned antagonistic NPR1 effect on clock regulation by SA (modeled in
Supplemental Figure 2.4K). These results are in line with previous work suggesting that
NPR1 not only mediates SA responses but also provides a safeguard mechanism to
counteract SA signaling. For example, it was reported that NPR1 negatively regulates SA
synthesis [28] and that NPR1 proteasome-mediated degradation plays dual roles in plant
immunity (required for both inactivation and activation of target genes) [29].

Finally, our study uncovered a previously unrecognized role for RBOHD (and thus
apoplastic ROS) in clock regulation both before and after infection. We first found that
rbohd mutant plants exhibited a reduced amplitude and advanced phase in basal
conditions (Figure 2.4F, Supplemental Figure 2.4D and E), revealing a previously
unrecognized and pivotal role for apoplastic ROS in maintaining the overall function of
the Arabidopsis clock function under steady state conditions. In addition, consistently with
enhanced ROS signaling upon SA treatment or pathogen recognition [15, 17], we
observed that clock responses to SA were phenocopied by a transient H202 treatment
(Figure 2.4A-E). These results were consistent with a previous study indicating that
spraying seedlings with H202 or ROS-inducing-chemicals (likely resulting in a prolonged
ROS treatment) induces phase delayed clock rhythms [30]. Importantly, despite multiple

ROS sources [15, 17], our results indicated that SA-induced phase delay was mediated
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by apoplastic ROS as it was reverted when apoplastic ROS production was compromised
(rbohd mutant plants) (Figure 2.4H and Supplemental Figure 2.4E). In contrast, we found
that the amplitude phenotype likely involved other ROS sources since SA and Pst
DC3000 equally reduced the clock amplitude in wild-type and rbohd mutant plants (Figure
2.4G and J). Finally, although we could not observe any period phenotype after (transient)
H20:2 treatment (Figure 2.4D), the aforementioned study by Lai et al. showed that (likely
sustained) ROS treatments did lengthened the clock period [30] and we observed that
the long period phenotype detected after Pst DC3000 infection depended on RBOHD
(Figure 2.4K-L). Thus, together with the result by Lai et al., our work supported a model
in which persistently elevated aplopastic ROS levels lengthened the clock period after
infection, which is consistent with the continued ROS accumulation [31, 32] and enhanced
RBOHD activity in infected plants [19, 20]. Given that the period phenotype was not
observed after SA treatment (Figure 2.2D), these results suggested that the putative SA-
independent pathways that regulated the clock function after infection were, at least
partly, mediated by apoplastic ROS. Consistently, our results suggested that SA-
independent apoplastic ROS also promoted the slight phase advance observed after
infection (Figure 2.4M). Thus, we propose that RBOHD-dependent ROS production is a
key signal that largely mediated the aforementioned SA-dependent and -independent
pathways that fine-tuned the overall plant clock after a leaf-restricted infection
(Supplemental Figure 2.4K). This is in line with previous studies indicating that RBOHD
propagates a systemic long distance ROS wave triggered by a localized stress [33, 34].
It remains unclear, however, how apoplastic ROS (or RBOHD) delayed the clock phase

downstream SA (i.e. upon sole SA treatment) while having the opposite effect in the
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infection context (i.e. a net advancing phase effect after infection). Possible explanations
include different levels, duration and/or distribution of SA-independent versus SA-
dependent apoplastic ROS, in addition to contextual regulation induced by specific
signals in infected plants.

In conclusion, our work used a unique approach to investigate the Arabidopsis
clock, characterizing for the first time how a virulent pathogen infection modulated
circadian rhythms in soil grown plants. Remarkably, we revealed a new layer of regulation
within the plant circadian system in which the overall clock function is modulated by locally
perceived environmental cues. Period and phase changes predict that upon infection
plant endogenous rhythms would be desynchronized from external environmental cycles,
anticipating a suboptimal photosynthetic capacity [2]. It is possible that this mechanism
may have evolved to prevent ROS hyper accumulation and its negative consequences
after infection. In addition, amplitude reduction indicates a weakened clock function upon
infection, which may be necessary to allow continuous immunity to contain the infectious
bacteria and prevent re-infection. Importantly, we identified critical signaling pathways
(SA and ROS) and key components of these pathways (NPR1 and RBOHD) that
regulated clock responses after infection. Most saliently, we revealed an unexpected
antagonistic role for NPR1 in SA-triggered clock responses, and a novel role for
apoplastic ROS as a regulator of circadian rhythms, not only upon biotic stress but also
in basal conditions. Given that ROS signaling is found at the crossroad of most plant biotic
or abiotic stress signaling pathways [34, 35] our findings may also illuminate how plant
circadian rhythms are adjusted by multiple stress responses. Thus, our study

disentangles the highly complex regulation of circadian rhythms after infection and paves
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the way for future studies aiming at potentially tweaking the clock to enhance plant

performance in general, and specifically after pathogen encounter.
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Star Methods

CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and

will be fulfilled by the Lead Contact, Jose L. Pruneda-Paz (jprunedapaz@ucsd.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Plant materials

Arabidopsis thaliana (Arabidopsis) seedlings used in this work were from the
Columbia ecotype (Col-0). CCAT1::LUC+[37], LHY::LUC+[38],TOC1::LUC+ [39] reporter
lines, and npr1-1 [44] and rbohd (SALK _070610) [18] loss-of function lines were

previously described.
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To generate NPR1 overexpression lines, NPR1 protein coding sequence was PCR
amplified (primer sequences are indicated in Supplementary Table 2.1) and cloned into
the pENTR/D-TOPO vector (Life technologies). The resulting pENTR/D-NPR1 vector was
used to transfer NPR1 coding sequence into the pMDC32 binary vector [40] using LR
Clonase Il (Life Technologies). Finally, pMDC32-NPR1 was transferred into the
Arabidopsis CCA1::LUC+ or LHY:LUC+ backgrounds by Agrobacterium-mediated
transformation [45]. For that, Agrobacterium GV3101 cells carrying the pMDC32-NPR1
plasmid were grown overnight in liquid Luria-Bertani medium supplemented with
kanamycin (50mg/L) and gentamycin (30mg/L). Cells were harvested by centrifugation
(3220 x g for 10min at room temperature) and resuspended in 5% sucrose solution
containing 0.02% Silwet L-77 (Lehle seeds). Developing Arabidopsis inflorescences for
the aforementioned reporter lines were dipped into the agrobacterium cell suspension for
30sec, and dipped plants were wrapped with a plastic film and incubated horizontally in
a growth chamber for 16-24 h. Finally, the plastic film was removed, and plants were
returned to the normal growth position and incubated in a growth chamber until seed
collection (~1.5 months). To generate 35S::LUC+ lines, the multiple cloning site (MCS)
from pBluescript KS(-) was PCR amplified (primer sequences are indicated in
Supplementary Table 2.1) and cloned into pENTR/D-TOPO. The resulting pENTR/D-
MCS vector was used to transfer MCS sequence into the pMDCLUC+ vector [42] using
LR Clonase Il. Finally, pMDC-MCSLUC+ was transferred into the Arabidopsis Col-0
background by Agrobacterium-mediated transformation [45], as described above.

The rbohd(CCA1:LUC+), npr1-1(CCA1::LUC+) and npr1-1(LHY::LUC+) lines

were generated by genetic cross and mutations were confirmed by PCR.
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Plant growth conditions

For Pseudomonas syringae infection assays, stratified sterile seeds were grown in
autoclaved soil (Sunshine professional mix, Sungro) under 12h light (~100 umol.m=2.s™)
/ 12h dark cycles (LD) for 14 days at 22°C. At the beginning of day 15, plants were
transferred to constant light (60 umol.m?2.s', 22°C) (LL) for bioluminescence imaging or
RNA time course tissue collection. Single leaf infections were performed at the beginning
of the second day in LL (ZT24).

For transient SA or H202 treatments, Arabidopsis seeds were placed on 60mm
plates (12 seeds/plate) containing 1x Murashige & Skoog basal salts (MS) medium
(Caisson Labs) supplemented with 3% sucrose overlaid with a nylon mesh (50 micron
square opening, white) (Small parts) and stratified for 2-3 days at 4°C. Plates were
incubated for 10 days under 12 hour light (100 pmol.m2.s"1)/12 hour dark cycles (LD) at
22°C. At the beginning of the 11" day, plants were transferred to constant light (60
umol.m=2.s' 22°C) (LL) for bioluminescence imaging or RNA time course tissue
collection. Transient SA or H202 treatments were performed during the second day in LL.

To determine NPR1 expression level in NPR1 overexpression lines, seedlings
were grown in petri dishes containing 1x MS - 3% sucrose medium for 10 days under LD
cycles at 22°C.

Pseudomonas syringae culture conditions

Pseudomonas syringae pv. tomato DC3000 (Pst DC3000) [36] liquid cultures

(King’s B medium: 2% Proteose peptone No.3, 1% Glycerol, 8.6mM K2HPO4 and 6mM

MgSQOa4) were grown in the dark at 28°C (shaking at 175rpm) until OD600 between 0.6
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and 0.7 was reached (several dilutions were started to assure that a suitable culture was
available at the time of treatment).
Accession humbers

Gene models in this article can be found in The Arabidopsis Information Resource
(TAIR) (www.arabidopsis.org) with the following accession numbers: CCA1, AT2G46830;
LHY, AT1G01060; TOC1, AT5G61380; RBOHD, AT5G47910; NPR1, AT1G64280; IPP2,

AT3G02780; PP2A, AT1G13320.

METHOD DETAILS
Single leaf Pseudomonas syringae infection

To prepare Pst DC3000 cell suspension inoculum, bacteria from a liquid culture
(OD600 between 0.6 and 0.7) were harvested by centrifugation at 3220 x g for 2min,
resuspended in sterile water (LabChem), and harvested by centrifugation at 3220 x g for
3min. The bacterial pellet was resuspended in water (LabChem) adjusting OD600 to 0.2
(~1x1078 cfu), and Silwet L77 (Lehle seeds) was added to a final concentration of
0.025%. About half of a single leaf was dipped into this Pst DC3000 cell suspension or a
mock solution (0.025% Silwet L77) for 1min. After treatment, excess inoculum was blot-
dried from the leaf surface using a sterile filter paper strip and plants were returned to LL
for bioluminescence imaging (Supplemental Figure 2.1A) or for RNA time course tissue
collection.
Transient SA and H202 treatment

Nylon meshes with seedlings were transferred from growth plates (1x MS - 3%

sucrose) to treatment plates (1x MS - 3% sucrose containing 0.2mM SA, TmM SA, 50mM
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H202, or 200mM H202), or mock plates (MS without SA or H202). Treatment and mock
plates were incubated in LL for 4 hours. After incubation, nylon meshes with seedlings
were briefly blotted on a sterile filter paper, and then placed back to the original MS plate
and incubated in LL for bioluminescence imaging (Supplemental Figure 2.2A) or for RNA
time course tissue collection.
Bioluminescence detection

One day before the imaging period started, plants were sprayed with 5mM of D-
lucifernin potassium salt (in 0.01% triton X-100 solution). For soil grown plants, 5mM D-
lucifernin potassium salt (in water solution) was also added to the soil at the same time
(3ml per plant). Bioluminescence was quantified every 1h (for CCA1:.LUC+ soil or MS
grown seedlings), every 2h (for LHY::.LUC+ and TOC1::.LUC+ MS grown seedlings) or
every 2.5h (for LHY::LUC+ and TOC1::LUC+ soil grown seedlings) using a Pixis 1024
CCD camera (Princeton Instruments).
Bioluminescence data analysis

Bioluminescence images were processed using the MetaMorph image analysis
software (Molecular Devices) to determine bioluminescence counts (for plate and soil
grown plants) and number of bioluminescent pixels (for soil grown plants) per plant or for
a specific tissue section. To estimate plant size across an entire time course experiment,
a third-order polynomial curve was regressed from the experimental pixel count data
using GraphPad Prism version 6 (GraphPad Software, www.graphpad.com) (curve fitting
was used to minimize pixel count bias due to plant movement and unequal signal bleeding
due to rhythmic bioluminescence levels). Bioluminescence counts (for plate grown

seedlings) and plant size normalized bioluminescence values (for soil grown plants or
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tissue sections) for each experiment were analyzed by Fast Fourier Transform-Non
Linear Least Squares (FFT-NLLS) [46] using the interface provided by the Biological
Rhythms Analysis Software System (BRASS) [42]. Amplitude changes within each
experiment were calculated as the ratio between the amplitude value obtained for each
individual (both for mock and treated plants) and the mean amplitude obtained for mock
treated plants (amplitude change = individual amplitude / mean amplitude mock) (log1o
transformed ratios were used for statistical analysis). Normalized phase values were
calculated as [24*(t-24)/p], where p is the period of the corresponding individual plant
calculated by BRASS and t is the fitted acrophase time closest to the second subjective
morning (ZT24) extrapolated using BRASS. Normalized phase mean values were
calculated using an R circular statistics package [47]. Phase shifts were calculated by
subtracting the normalized phase of each individual from the mean normalized phase of
mock treated plants (phase shift = mean phase mock — individual phase) (phase advance
or delay were indicated by positive or negative values respectively). Normalized phase
versus relative amplitude error circular plots were generated using an R “polar.plot”
function [43].
Biomass measurement

Tissue collection was performed at the end of single leaf P. syringae infection
experiments (single plant aerial tissues) (Supplemental Figure 2.1A) or transient SA
treatment experiments (pooled whole seedlings from each treatment plate)
(Supplemental Figure 2.2A). Fresh weight was determined immediately after tissue

collection and dry weight was determined after 10 days incubation at 37°C.
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mRNA transcript quantification

Pooled tissue samples were collected from MS-grown plants upon mock or SA
treatment (12 seedlings per pool), and soil-grown plants upon single leaf mock or P.
syringae treatment (5 plants without the treated leaf per pool) and snap freezed in liquid
nitrogen. Total RNA from these samples was isolated using the RNeasy plant mini kit
(Qiagen) and on-column DNAse (Roche) treatment. For cDNA synthesis, 1ug of total
RNA was reverse-transcribed using the iScript cDNA synthesis kit (Bio-Rad). Transcript
levels in each sample were determined by real time quantitative PCR (gPCR) (Bio-Rad
CFX96 Real-time PCR detection system) using the Maxima Sybr green gPCR mix (Life
Technologies), and the following PCR conditions: 95°C for 10 minutes, 40 cycles of 95°C
for 15 seconds, 60°C for 25 seconds, and 72°C for 25 seconds. gPCR primer sequences
are indicated in Supplementary Table 2.1. Gene expression levels were normalized to a
reference gene (IPP2 or PP2A) using the comparative Ct method [48] and then to the
mean expression of mock samples within each biological replicate. Amplitude values and
acrophase times for clock gene expression in mRNA time courses were determined from
fitted sine waves of average expression traces by the following formula:
Y=Amplitude*sin((2*pi*(t-Acrophase)/period)+pi/2)+baseline (where tis the time in LL and

Y is the corresponding gene expression level) using GraphPad Prism version 6.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyses of circular data (i.e. phase values) were performed using an R
circular statistics package [47], and the Watson-Williams test in a matlab circular statistics

tool box [49]. All other statistical analyses were performed using GraphPad Prism version
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6. Details of statistical tests applied are indicated in figure legends including statistical
methods, number of biological replicates, number of individuals, mean and error bar

details, and statistical significances.
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Table 2.1 Key resources table

REAGENT or RESOURCE \ SOURCE \ IDENTIFIER

Bacterial and Virus Strains

Pseudomonas syringae pv. tomato DC3000 [36] N/A

Agrobacterium GV3101 [37] N/A

Chemicals, Peptides, and Recombinant Proteins

Salicylic Acid Sigma-Aldrich CAS: 69-72-7

Hydrogen Peroxide (H202), 30% (Certified ACS) Fisher Scientific Cat#: H325-100

D-Luciferin Firefly, potassium salt Gold Cat#: LUCK-2G
Biotechnology

Murashige & Skoog Basal Salts Caisson labs Cat#: MSP01-50LT

Water deionized (for Pst DC3000 inoculum LabChem Cat#: LC26750-4

preparation)

Silwet L77 Lehle seeds Cat#: NC0628903

Critical Commercial Assays

pENTR™/D-TOPO® Cloning Kit Life Technologies | Cat#: K2400-20

Gateway™ LR Clonase™ || Enzyme mix Life Technologies | Cat#: 11791100

RNeasy Plant mini kit Qiagen Cat#: 74904

DNase | (RNase-free) Roche Cat#: 04-716728001

iScript™ cDNA Synthesis Kit Bio-Rad Cat#: 170-8891

Maxima Sybr green gPCR mix Life Technologies | Cat#: K0253

Experimental Models: Organisms/Strains

Arabidopsis: Col-0 [37] N/A

Arabidopsis: npr1-1 ABRC Stock#: CS3726

Arabidopsis: rbohd ABRC Stock#: Salk070610_C

Arabidopsis: CCA1::LUC+ [37] N/A

Arabidopsis: LHY::LUC+ [38] N/A

Arabidopsis: TOC1::LUC+ [39] N/A

Arabidopsis: rbohd (CCA1::LUC+) This paper N/A

Arabidopsis: npr1-1 (CCA1:LUC+) This paper N/A

Arabidopsis: npr1-1 (LHY::LUC+) This paper N/A

Arabidopsis: NPR1-OX (CCA1::LUC+) (line 4) This paper N/A

Arabidopsis: NPR1-OX (LHY::LUC+) (line 2) This paper N/A

Arabidopsis: 35S::LUC+ (lines19 and 21) This paper N/A

Oligonucleotides

See Supplementary Table 2.1 | This paper | N/A

Recombinant DNA

pENTR/D-NPR1 This paper N/A

pMDC32 binary vector [40] N/A

pMDC32-NPR1 This paper N/A

pBluescriptKS(-) Stratagene N/A

pMDCLUC+ [41] N/A

pENTR/D-MCS This paper N/A

pMDC-MCS LUC+ This paper N/A

To be continued
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Table 2.1 Key resources table (continued)

REAGENT or RESOURCE \ SOURCE \ IDENTIFIER

Software and Algorithms

Biological Rhythms Analysis Software System [42] N/A

(BRASS)

MetaMorph Microscopy Automation and Image Molecular Version 7.7.0.0

Analysis Software Devices

Matlab (install circular statistics tool box) Mathworks https://www.mathworks.com/

R (run with R studio, install circular package) Rstudio https://www.rstudio.com/

GraphPad Prism version 6 GraphPad https://www.graphpad.com/
software

R “polar.plot” function [43] N/A

Other

Nylon 6/6 Mesh Sheet (50 microns mesh size) Small Parts Cat#: BOO13HNZ38

Soil (Sunshine Professional Mix custom blend: 45- | Sungro N/A

50% peat moss, vermiculite, dolomitic, limestone)

Pixis 1024 CCD camera Princeton Model: 7520-0002
Instruments

Bio-Rad CFX96 Real-time PCR detection system Bio-Rad Model: CFX Connect™

Optics Module

Supplemental Information
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Supplemental Figure 2.1, related to Figure 2.1. Single leaf Pst DC3000 infection results in
systemic down-regulation of Arabidopsis clock gene expression.

(A) Graphical outline for the single-leaf Pst DC3000 infection procedure. Plants were grown in LD
for 14 days and transferred to LL for bioluminescence imaging. On the second subjective morning
(ZT24), half of one leaf from each plant was dipped into a mock solution or Pst DC3000 cell
inoculum for 1min. Excess inoculum on the leaf surface was blot dried using a filter paper and
plants were placed back into the imaging system (see materials and methods for details). (B)
Luciferase activity of soil grown Arabidopsis CCA1::LUC+ plants upon single leaf Pst DC3000
infection (orange) or mock treatment (black). Treatments were performed at ZT24 (denoted by
the black arrow) as outlined in (A). Results indicate mean values [+ SD, n=6] and are
representative of 5 independent experiments. (C) Aerial tissue fresh and dry weight of single leaf
Pst DC3000 infected (orange) or mock treated (black) CCA1::LUC+ plants. Samples were
collected 6 days post infection following the protocol outlined in (A). Results indicate mean values
[+ SEM, n=33] of 5 independent experiments. (D) Fitted polynomial curves of bioluminescent
pixels per plant for CCA1::LUC+ plants upon single leaf Pst DC3000 infection (orange) or mock
treatment (black) as indicated in (A). Results indicate mean values [+ SEM, n=30] of 5
independent experiments. (E and G) Normalized phase and relative amplitude error (RAE) values
for CCA1::LUC+ (E) (n=30),LHY::LUC+ (G top panel) (n=15) and TOC1::LUC+ (G bottom panel)
(n=15) rhythms after single leaf Pst DC3000 infection (orange) or mock treatment (black) for
experiments indicated in Figure 2.1 D, | and J (each dot represents one individual). The angular
position of dots and arrows indicates the normalized phase value (0-24h) and the radial position
indicates the RAE value (RAE=0 at the outmost radial position and RAE=1 at the center). The
arrow points to the mean normalized phase and the arrow length indicates the mean RAE. (F)
Representative time course pseudocolored bioluminescence images of LHY::LUC+ (left panel)
and TOCT::LUC+ (right panel) plants upon single leaf Pst DC3000 infection or mock treatment.
Triangles (Pst DC3000: orange, mock: green) point to the treated leaf. (H) CCA1, LHY and TOC1
transcript levels in untreated tissues of WT plants upon single leaf Pst DC3000 infection (orange)
or mock treatment (black). Samples were collected at the indicated times following the protocol
outlined in (A). Results were calculated relative to PP2A transcript levels and indicate mean
values [+ SEM] of 2 independent experiments (statistical significance, determined using the ttest,
is indicated for peak time points). Statistical analyses between mock and Pst DC3000 infected
plants were performed using the ttest (C) and Watson Williams test (E and G). Stars indicate the
level of significance (*p<0.01, ***p<0.0001).
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Supplemental Figure 2.2, related to Figure 2.2. Transient SA treatment delays the phase of
clock gene promoter activity and transcript levels.

(A) Graphical outline of the transient SA or H>O: treatment protocol. Plants were grown in MS
plates on top of a nylon mesh under LD cycles for 10 days. Plates were then transferred to LL
where luminescence images were acquired at regular intervals for 7 days. On the second day in
LL (ZT24), the mesh with seedlings was transferred to MS treatment plates containing SA or H>0O-
and incubated for 4 h (orange shadowed area). After treatment, the mesh was briefly blot dried
and transferred back to the original MS plate. Finally, plates were placed back into the imaging
system (see materials and methods for details). (B) Fresh and dry weight of whole wild-type (WT)
CCA1::LUC+ plants after transient mock (black), 0.2mM SA (blue) and 1mM SA (red) treatment.
Samples were collected 6 days after treatment following the protocol outlined in (A). Results
indicate mean values [+ SEM, n=3 pools of 12 seedlings] of 2 independent experiments. (C) Mean
luciferase activity from 35S::LUC+ seedlings after transient mock (black), 0.2mM SA (blue) and
1mM SA (red) treatment. Seedlings from two independent transgenic lines were treated according
to the protocol outlined in (A) and bioluminescence counts determined every 1h between ZT60-
ZT156. Results indicate mean values [+ SEM, n=34] of 2 independent experiments. (D) Luciferase
activity of LHY::LUC+ (left panel) and TOCT1::LUC+ (right panel) plants upon transient SA
treatment as indicated in (A). Seedlings were treated with medium alone (mock) or supplemented
with SA (0.2mM and 1 mM) (denoted by the orange shadowed area). Results indicate mean
values [+ SEM, n=12] and are representative of 3 independent experiments. (E) Normalized
phase and the relative amplitude error (RAE) values of LHY::LUC+ (top panel) and TOC1::LUC+
(bottom panel) rhythms after transient SA treatment (mock: black, 0.2mM: blue and 1mM: red) for
experiments indicated in (D) (each dot represents one individual). The angular position of dots
and arrows indicates the normalized phase value (0-24h) and the radial position indicates the
RAE value (RAE=0 at the outmost radial position and RAE=1 at the center). The arrow points to
the mean normalized phase and the arrow length indicates the mean RAE. (F) CCA1, LHY and
TOCT transcript levels in WT plants upon transient mock (black) or TmM SA (red) treatments.
Samples were collected at the indicated times following the protocol outlined in (A). Results were
calculated relative to PP2A transcript levels and indicate mean values [+ SEM] of 3 independent
experiments. Dotted lines denote fitted sine wave for each trace. (G) Amplitude (left panel) and
acrophase time (right panel) for CCA1, LHY and TOCT1 transcript expression patterns shown in
(F). Results indicate mean values [+ SD] for mock (gray) and 1mM SA (red) treated plants
according to fitted sine waves shown in (F). Statistical significance between mock and SA
treatment (extra sum-of-squares F test method) is indicated. Statistical analyses between mock
and SA treated plants were performed using the t test (B and C) and Watson-Williams test (E).
Stars indicate the level of significance (***p<0.0001).
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Supplemental Figure 2.3, related to Figure 2.3. NPR1 counteracts the reduced amplitude
and delayed phase of clock gene expression triggered by transient SA treatment.

(A and B) Mean amplitude (A) and relative amplitude error (RAE) (B) values [t SEM] of
CCA1::LUC+ (left panel) (n=72) and LHY::LUC+ (right panel) (n=58) rhythms in wild-type (WT),
npri1-1 and NPR1-OX seedlings after mock (grey), 0.2mM SA (blue) or 1ImM SA (red) transient
treatments for experiments indicated in Figure 2.3 B and D. (C) Fresh and dry weight of whole
wild-type (WT), npr1-1 and NPR1-OX plants (carrying the CCAT1::LUC+ reporter) after transient
mock (black), 0.2mM SA (blue) and 1mM SA (red) treatment. Samples were collected 6 days after
treatment following the protocol outlined in Supplemental Figure 2.2A. Results indicate mean
values [+ SEM, n=3 pools of 12 seedlings] of 2 independent experiments. (D) CCA1, LHY and
TOCT transcript levels in npr1-1 plants upon transient mock (black) or 1mM SA (red) treatments.
Samples were collected at the indicated times following the protocol outlined in Supplemental
Figure 2.2A. Results were calculated relative to PP2A transcript levels and indicate mean values
[+ SEM] of 3 independent experiments. Dotted lines denote fitted sine wave for each trace. (E)
Amplitude (left panel) and acrophase time (right panel) for CCA1, LHY and TOCT transcript
expression patterns shown in (D). Results indicate mean values [+ SD] for mock (gray) and 1mM
SA (red) treated plants according to fitted sine waves shown in (D). Statistical significance
between mock and SA treatment (extra sum-of-squares F test method) is indicated. (F) NPR1
transcript levels in wild-type (WT) and NPR1 overexpression lines (NPR1-OX) inthe CCA1::LUC+
(left panel) and LHY::LUC+ (right panel) reporter backgrounds. Results were calculated relative
to IPP2transcript levels and indicate mean values [+ SD] of 2 independent experiments. (G) Mean
period values [+ SEM] of CCA1::LUC+ (left panel) (n=72) and LHY::LUC+ (right panel) (n=58)
rhythms in wild-type (WT), npr1-1 and NPR1-OX seedlings after mock (grey), 0.2mM SA (blue)
or 1mM SA (red) transient treatments for experiments indicated in Figure 2.3 B and D. (H and I)
Normalized phase and RAE values of CCA1::LUC+ (H) and LHY::LUC+ (l) rhythms in WT, npr1-
1 and NPR1-OX seedlings after transient SA treatment (mock: black, 0.2mM SA: blue and 1mM
SA: red) for experiments indicated in Figure 2.3 B and D (each dot represents one individual).
The angular position of dots and arrows indicates the normalized phase value (0-24h) and the
radial position the RAE value (RAE=0 at the outmost radial position and RAE=1 at the center).
The arrow points to the mean normalized phase and the arrow length indicates the mean RAE.
Statistical analyses between mock and SA treated plants were performed using the t test (A, B,
C and G) and Watson-Williams test (H and I). Statistical analyses between WT and NPR1-OX
backgrounds were performed using the ttest (F). Stars indicate the level of significance (*p<0.01,
**p<0.001, ***p<0.0001).
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Supplemental Figure 2.4, related to Figure 2.3 and Figure 2.4. NPR1 and RBOHD
respectively counteract and mediate clock responses to single leaf P. syringae infection
or transient SA treatment.

(A and B) Mean amplitude (A) and relative amplitude error (RAE) (B) values [t SEM] of
CCA1::LUC+ rhythms in WT, npr1-1 and NPR1-OX plants (n=30 per genotype) upon single leaf
Pst DC3000 infection (orange) or mock treatment (gray) for experiments indicated in Figure 2.3F.
(C) Normalized phase and relative amplitude error (RAE) values of CCA1::LUC+ rhythms in WT,
npr1-1 and NPR1-OX seedlings after single leaf Pst DC3000 infection (orange) or mock treatment
(black) for experiments indicated in Figure 2.3F (each dot represents one individual). The angular
position of dots and arrows indicates the normalized phase value (0-24h) and the radial position
indicates the RAE value (RAE=0 at the outmost radial position and RAE=1 at the center). The
arrow points to the mean normalized phase and the arrow length indicates the mean RAE. (D, F
and G) Mean amplitude (D), relative amplitude error (RAE) (F) and period (G) values [+ SEM] for
CCA1::LUC+ rhythms in wild-type (WT) (n=80) and rbohd (n=64) seedlings after mock (grey),
0.2mM SA (blue) or ImM SA (red) transient treatments for experiments indicated in Figure 2.4F.
(E) Normalized phase and relative amplitude error (RAE) values of CCA1::LUC+ rhythms in WT
and rbohd seedlings after transient SA treatment (mock: black, 0.2mM SA: blue and 1TmM SA:
red) for experiments indicated in Figure 2.4F (each dot represents one individual). The angular
position of dots and arrows indicates the normalized phase value (0-24h) and the radial position
the RAE value (RAE=0 at the outmost radial position and RAE=1 at the center). The arrow points
to the mean normalized phase and the arrow length indicates the mean RAE. (H and I) Mean
amplitude (H) and relative amplitude error (RAE) (I) values [+ SEM] for CCA1::LUC+ rhythms in
WT and rbohd plants (n=18 per genotype) upon single leaf Pst DC3000 infection (orange) or mock
treatment (gray) for experiments indicated in Figure 2.41. (J) Normalized phase and relative
amplitude error (RAE) values of CCA1::LUC+ rhythms in WT and rbohd plants after single leaf
Pst DC3000 infection (orange) or mock treatment (black) for experiments indicated in Figure 2.4l
(each dot represents one individual). The angular position of dots and arrows indicates the
normalized phase value (0-24h) and the radial position indicates the RAE value (RAE=0 at the
outmost radial position and RAE=1 at the center). The arrow points to the mean normalized phase
and the arrow length indicates the mean RAE. (K) Proposed model summarizing clock regulation
mechanisms uncovered in this work. Pst DC3000 infection triggers both SA-dependent
mechanisms (black connectors) that regulate the clock phase and amplitude, and SA-
independent mechanisms (orange connectors) that regulate the clock phase and period. The
amplitude of clock rhythms is reduced by both Pst DC3000 infection and transient SA treatment,
and this response is antagonized by NPR1 and independent of RBOHD function. The clock phase
is delayed by a transient SA treatment while it is minimally advanced after Pst DC3000 infection.
Both responses are mediated by RBOHD (thus apoplastic ROS), but the SA-triggered phase
delay is antagonized by NPR1. Finally, the clock period is lengthened only after Pst DC3000
infection and this response is mediated by RBOHD (thus apoplastic ROS). Pointed and blunt
arrows indicate positive and negative regulatory functions respectively. Statistical analyses
between mock and SA treated plants (D-G) or mock and infected plants (A-C, H-J) were
performed using the ttest (A-B, D and F-1) and Watson-Williams test (C, E and J). Stars indicate
the level of significance (*p<0.01, **p<0.001, ***p<0.0001).
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Supplemental Table 2.1 List of oligonucleotide primer sequences

Name Sequence (5’ to 3’) Purpose
NPR1 CDS fw CACCATGGACACCACCATTGATGGA Cloning NPR1
NPR1 CDS rv TCACCGACGACGATGAGAGAGT Cloning NPR1
PENTR MCS fw CACCATGAGGGAACAAAAGCTGGAGCTCCA Cloning MCS
PENTR MCS rv TAGGGCGAATTGGGTACCGGG Cloning MCS
NPR1 QPCR fw GGCGGCCGATGAATTGAAGATG Quantitative PCR
NPR1 QPCR rv CCGGTGATGTTCTCTTCGTACCAG Quantitative PCR
IPP2 QPCR fw GTATGAGTTGCTTCTCCCAGCAAAG Quantitative PCR
IPP2 QPCR rv GAGGATGGCTGCAACAAGTGT Quantitative PCR
CCA1 QPCR fw CCGCAACTTTCGCCTCAT Quantitative PCR
CCA1 QPCR rv GCCAGATTCGGAGGTGAGTTC Quantitative PCR
LHY QPCR fw GACTCAAACACTGCCCAGAAGA Quantitative PCR
LHY QPCR rv CGTCACTCCCTGAAGGTGTATTT Quantitative PCR
TOC1 QPCR fw TCTTCGCAGAATCCCTGTGAT Quantitative PCR
TOC1 QPCR rv GCTGCACCTAGCTTCAAGCA Quantitative PCR
PP2A QPCR fw TAACGTGGCCAAAATGATGC Quantitative PCR
PP2A QPCR rv GTTCTCCACAACCGATTGGT Quantitative PCR
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Chapter 3 Localized Pseudomonas syringae infection delays plant
development and affects circadian rhythms predominantly in the
shoot apex

Introduction

As an exceptionally active and dynamic part of the plant, the shoot apex is a central
driver of plant growth and development as well as the decision maker of transitions in
plant life [1-3]. The shoot apex also serves as the hierarchical master regulator of
circadian clock which synchronizes oscillation in other parts of the plant [4]. From the
studies of shoot apical meristem in the model organism Arabidopsis, we have gain a lot
of insights about the shoot apical meristem (SAM). There are different phases of SAM,
the first phase is vegetative meristem (VM) which generates rosette leaves. Upon floral
transition, SAM turns in to inflorescence meristem (IM) which produces flowers and flower
shoots. the third phase of the meristem is the floral meristem (FM) which is a determinate
meristem which produces the flower [5,6,8,10]. A change in the shoot apical meristem,
no matter caused by mutations or external environmental cue (for example, day length)
often results in changing the plant developmental program including the morphology and
architecture of the plant, flowering time and the final rosette leaf number [1,7,9,11].

Recently, the shoot apex has been reported to act as the hierarchical master
regulator in the orchestration of circadian rhythms of the plant [4]. For example, the
rhythmicity of the shoot apex determines the oscillation in the root but not vice versa [4]
which is further emphasizing the important role of shoot apex in plant life. The circadian
clock, as an internal time keeping mechanism, regulates a vast majority of pathways and

responses, and positions biological processes to happen at the correct time of day
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[12,13]. The Arabidopsis circadian clock consists of interlocked feedback loops among
which the core loop is formed by three transcription factors, CCA1, LHY and TOC1. CCA1
and LHY function partially redundantly to repress TOC1 transcription in the morning and
reciprocally, TOC1 transcription peaks as dusk and represses CCA1 and LHY
transcription [14—16]. Circadian clock drives the oscillation of many biological processes
by regulating the corresponding output pathways and at the same time, the clock is
receiving and integrating multiple input information as a hub [17]. The most potent and
routine input signals are light and temperature while more pathways are reported to be
able to regulate the clock function including various phytohormones, defense responses,
nutrient signals and so on [16,17,19].

We observed that upon a localized Pseudomonas syringae infection, at the whole
organism level, the clock controlled rhythms (CCA::.LUC+, LHY::LUC+ and TOC1::LUC+
bioluminescence imaging) exhibited a amplitude reduction and period lengthening
phenotype. At the same time, we observed a significant decrease in the plant size and
biomass. Since the shoot apical meristem activity is the driving force of plant growth and
development [3,18], the decrease of plant size and biomass indicated potential lower
meristematic activity. We examined this hypothesis and discovered that in the plant that
is locally infected, development of the plant is delayed and shoot apical meristem is less
developed. As we reanalyzed the clock-controlled rhythms upon localized infection, we
found that the rhythms in the shoot apex was predominantly changed compared to the
peripheral leaf tissues. Both of these findings reflected the massive changes that were
trigged in the shoot apex upon localized Pst DC3000 infection which would have

enormous impact on the plant physiology.
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Results

The growth and development of P. syringae infected plants are delayed

Since we observed an overall reduction of plant size and biomass following
localized P. syringae infection (Figure 3.1A and Supplemental Figure 2.1C-D), we wanted
to explore the possible factors that led to this observation. First, we counted the true leaf
number including the infected or mock treated leaf under dissection microscope on 6%
day post infection and found that P. syringae infected plants exhibited less true leaves
compared to mock treated plants (Figure 3.1B). Since primordia of rosette is generated
from vegetative meristem, we wonder if earlier floral transition is the reason for less true
leaves in the infected plants observed on 6 days post infection. We recorded the flowering
time of mock and single leaf infected plants. To our surprise, the infected plants flowered

later compared to the mock treated plants (Figure 3.1C).
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Figure 3.1 P. syringae infection results in reduced growth and delayed development of
plants.

(A) Representative pictures of mock treated or Pst DC3000 infected plants on 6 days post
infection. (B) True leaf number (including infected or mock treated leaf) of mock treated or infected
plants on 6 days post infection (n=24). (C) Days to flower (from sowing of stratified seeds to
observing the emergence of florescence) of mock treated or infected plants. (n=11). Statistical
analyses compared to mock treated plants (B and C) were performed using the t test.

This result suggests that the infected plants might go through floral transition later
than mock plants and have delay in development. To further test this possibility, we
collected aerial tissues from mock treated and P. syringae infected plants 3 days after
infection and the samples were fixed and further embedded in paraplast to perform
longitudinal sections of the shoot apical meristem (SAM). We found that all of the SAMs
of mock treated plants and most of the SAMs of infected plants were going through floral
transition (Figure 3.2), featured by the SAM enlargement and mounting up, and the
elongation of the rib-meristem cells to promoter the elongation of sub-apical pith and stem
axis [20—22]. Although the SAMs in both mock treated and infected groups were not
developing exactly at the same pace, SAMs from mock treated group were overall more

developed and more advanced in the floral transition process (Figure 3.2). Overall, these
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results suggest the growth and development of the plant is delayed by localized P.
syringae infection.

Pst DC3000 infected

-

Figure 3.2 P. syringae infection delays the development of the shoot apical meristem.

The plants were grown in LD (~100umol.m2.s™") for two weeks and transferred to LL (60pmol.m-
2.s"). On the second morning in LL, plants were mock treated or infected with Pst DC3000. Tissue
samples were harvested 3 dpi (day post infection). The longitudinal section of mock treated (left
panel) and infected (right panel) plant apices from two biological repeats were visually aligned
from least to most developed and one least and one most developed apices were removed from
both groups. r m, rib meristem; s p, sub-apical pith; s a, stem axis. All pictures are taken with the
same magnification under microscope.
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Localized Pst DC3000 infection affects clock-controlled rhythms predominantly in
the shoot apex

Considering the developmental delay of the SAM following a localized Pst DC3000
infection and the important role of shoot apex as the hierarchical master circadian
oscillator, we wonder if the circadian rhythms in the shoot apex would be specifically
changed by Pst DC3000 infection. We first observed that, as was shown before (Figure
2.1A), the luminescence signal of CCA1::LUC+ plants from the infected leaf decayed to
undetectable level (Figure 3.3). At the same time, the signal from the shoot apex also
decreased drastically (Figure 3.3) 3 days after the infection.

0 dpi 3 dpi

|

—MOCK

J\

— Pst DC3000

Figure 3.3 Pst DC3000 infection decreases the luminescence signal from shoot apex
significantly.

CCA1::LUC+ plants were grown and treated as in Supplemental Figure 2.1, bright field images
and luminescence images of 0 dpi (days post infection) (left panel) or 3 dpi (right panel) of mock
treated or Pst DC3000 infected (in one leaf) plants are shown.

To confirm the decrease of CCA1 promoter activity upon single leaf Pst DC3000

infection, we performed single leaf Pst DC3000 infection on CCA1::GUS plants (3 lines)
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as indicated in Supplemental Figure 2.1A. On the third day post infection, aerial tissues
of both mock and infected plants were harvested and stained for GUS activity. Different
length of GUS staining was performed to avoid masking of difference due to signal
oversaturation (Figure 3.4, Supplemental Figure 3.1 and Supplemental Figure 3.2).
Compared to plate grown younger seedlings which have GUS expressed more
universally in the shoot [23], the older soil grown plants displayed more GUS expression
in shoot apex and young leaves while older leaves have less GUS expression
(Supplemental Figure 3.1). Upon Pst DC3000 infection, the GUS expression in the shoot
apex and young leaves strongly decreased (Figure 3.4, Supplemental Figure 3.1 and
Supplemental Figure 3.2). These results further support that the CCA1 promoter
transcriptional activity in the shoot apex is strongly decreased upon single leaf Pst
DC3000 infection.

CCA1:GUS  MOCK Pst DC3000

6 hour GUS staining

Figure 3.4 Single leaf Pst DC3000 infection decreases CCA1::GUS expression.
CCA1::GUS plant (3 lines) were grown and infected as indicated in Supplemental Figure 2.1A. 3
days post infection aerial tissues were harvested for GUS staining. Images were taken with the
same light and camera setting with the same magnification, more than 4 plants were stained for
each line under each condition and one representative image is shown.
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To closely evaluate the regulation of circadian rhythms by Pst DC3000 infection in
the shoot apex, we reanalyzed data in Figure 2.1 by drawing small circular regions to
include the signal from the shoot apex and analyzed the circadian rhythms in the shoot
apex versus the untreated peripheral tissues. Since there was a reduction of the plant
size by Pst DC3000 infection, to analyze the rhythms in the untreated peripheral tissues,
we normalized bioluminescence counts to the estimated tissue area at each time point.
The amplitude was decreased in both shoot apex and peripheral tissues in most cases
for the three clock reporters tested, with the exception of CCA1::LUC+ amplitude not
significantly decreased in peripheral tissues (Figure 3.5A-C), and the amplitude changes
(ratio of amplitude over mock in log scale) in the shoot apex were more prominent in all
three reporters (Figure 3.5D). Similarly, the period lengthening phenotype was more
drastic in shoot apex (Figure 3.5A-B and E-F). Stronger effects on relative amplitude error

and phase shift are also observed in the shoot apex (Supplemental Figure 3.3).
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Figure 3.5 Localized Pst DC3000 infection regulates circadian rhythms predominantly in
the shoot apex.

(A-B) Luciferase activity from shoot apex and normalized luciferase activity from untreated
peripheral tissues of soil grown Arabidopsis CCA1::LUC+ plants upon single leaf Pst DC3000
infection (orange) or mock treatment (black). Treatments were performed at ZT24 (denoted by
the black arrow). Results indicate mean values [+ SD, n=6] and are representative of 5
independent experiments. (C and E) Mean amplitude (C) and period (E) estimates [+ SEM] of
CCA1::LUC+ (n=30), LHY:LUC+ (n=15) and TOCT1:LUC+ (n=15) apex luciferase activity
rhythms and normalized luciferase activity rhythms of untreated peripheral tissues upon single
leaf Pst DC3000 infection (orange) or mock treatment (gray) for experiments indicated in Figure
2.1. (D and F) amplitude change (ratio over mean mock in log scale) (D) and period change (F)
of rhythms in shoot apex (black) and peripheral tissues (gray) upon single leaf Pst DC3000
infection.Statistical analyses compared to mock treated plants (C and E), or compared between
shoot apex and peripheral tissues (D and F) were performed using the t test. Stars indicate the
level of significance (*p<0.01, **p<0.001, ***p<0.0001).
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Discussion

The relationship between defense and development has been an interesting and
complicated question. As from the instinctive understanding, plant under stress condition
would try to produce offsprings earlier so as to escape before lethal level of stress
happens. However, this is not always true. In the case of abiotic stress, drought could
lead to earlier flowering under LD condition while cold and salinity stress delays flowering
[24]. Jasmonic acid, the phytohormone mediating plant defense against necrotrophic
pathogens, has been reported to promote flowering at low concentration and delay
flowering at high concentration [25,26]. Salicylic acid was shown to accelerates flowering
[27] and in the case of infection by biotrophic pathogen such as Pseudomonas syringae,
the outcome depends on the actual context of infection. Korves et al. reported that
infection of lower titers leads to faster flowering while as the titer went up, the advancing
of flowering time is not as drastic or even revert to the other side [28]. Under our
experimental condition, we used relatively high inoculum (OD 0.2) of the virulent pathogen
Pst DC3000 which will result in a high titer in the infected tissue, and we observed a delay
of SAM development and flowering time (Figure 3.1C and Figure 3.2). The detailed
mechanism remains to be investigated. We cannot totally exclude the possibility that the
loss of leaf tissue due to bacterial infection and the corresponding loss of energy source
could contribute to the observed developmental delay, however, removing a leaf is not a
great control for less energy source since the cutting procedure will trigger wound related
signaling including JA production [29]. We also observed less true leaf number on 6 days
post infection at the same time (Figure 3.1B), while on 3 days after infection, we observed

that most SAMs of MOCK or infected plants were going through floral transition which
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stops the production of rosette leaf primordia. Thus, the observation of less discernable
true leaves under dissection microscope of the infected plant could be either (1) the
initiation of leaf primordia before floral transition was slowed down upon Pst DC3000
infection, or (2) the development and expansion from leaf primordia to discernable leaves
was slowed down upon Pst DC3000 infection. More morphological characterization of the
shoot apices and young leaves before and after the infection need to be done to further
dissect the mechanism.

Work by Takahashi et al. demonstrated that shoot apex as the master oscillator of
the plant, is able to send clock information to synchronize peripheral clocks (for example,
the root clock) [4]. From our study, we found that a localized infection in the peripheral
tissue was able to modulate the shoot apex and systemically change the clock function
at a whole organism level. This provides an example of reverse modulation of the clock
function from the hierarchical organization where peripheral organs could send signals to
modulate the master oscillator. Whether the changes of clock-controlled rhythms in
uninfected leaves is due to the synchronization effect from the already modulated shoot
apex clock, or to the fact that the signals which modulated the shoot apex clock could
also travel to the other leaves is still unknow. Of course, it's possible that both of these
factors contributed to the final result.

Upon localized Pseudomonas syringae infection, the shoot apex was experiencing
both developmental delay and alteration of the circadian rhythm. With our current
knowledge, we don’t know if there was any relationship between these two phenotypes.
Altered circadian clock could lead to growth and development phenotype. For example,

CCA1 and LHY overexpression plants are very late flowering and several clock related
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mutants have abnormal hypocotyl length [14]. At the same time, since shoot apex is very
important to the plant clock, it is not surprising to expect that dramatic changes in the
morphology and organization of shoot apex might influence clock as well. However, we
cannot rule out the possibility that development and clock phenotypes we observed upon

infection are not related.

Materials and Methods

Plant material and growth condition

Arabidopsis thaliana (Arabidopsis) seedlings used in this work were from the
Columbia ecotype (Col-0). CCAT1::LUC+[23], LHY::LUC+[30],TOC1::LUC+ [31] reporter
lines were previously described.

For Pseudomonas syringae infection assays, stratified sterile seeds were grown in
autoclaved soil (Sunshine professional mix, Sungro) under 12h light (~100 umol.m=2.s™)
/ 12h dark cycles (LD) for 14 days at 22°C. Plants were watered (with fertilizer) around
one week old and slightly watered again on the 14" morning. At the beginning of day 15,
plants were transferred to constant light (60 pmol.m2.s"!, 22°C) (LL). On the morning of
day 16 (ZT0), infection assays were performed.

Pseudomonas syringae culture condition and infection procedure

Pseudomonas syringae pv. tomato DC3000 (Pst DC3000) [43] liquid cultures
(King’s B medium: 2% Proteose peptone No.3, 1% Glycerol, 8.6mM K2HPO4 and 6mM
MgSQOa4) were grown in the dark at 28°C (shaking at 175rpm) until OD600 between 0.6
and 0.7 was reached (several dilutions were started to assure that a suitable culture was

available at the time of treatment).
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To prepare Pst DC3000 cell suspension inoculum, bacteria from a liquid culture (OD600
between 0.6 and 0.7) were harvested by centrifugation at 3220 x g for 2min, resuspended
in sterile water (LabChem), and harvested by centrifugation at 3220 x g for 3min. The
bacterial pellet was resuspended in water (LabChem) adjusting OD600 to 0.2 (~1x1078
cfu), and Silwet L77 (Lehle seeds) was added to a final concentration of 0.025%. About
half of a single leaf was dipped into this Pst DC3000 cell suspension or a mock solution
(0.025% Silwet L77) for 1min. After treatment, excess inoculum was blot-dried from the
leaf surface using a sterile filter paper strip and plants were returned to LL condition.
Leaf counting and flowering time scoring

On 6" day post infection, plants were placed under dissection microscope and true
leaf numbers were counted including mock treated or infected leaves. For the small true
leaves in the shoot apex, tweezers were used and any leaf that can be lifted and
unwrapped by the tweezer was counted. For counting flowering time, plants were kept
under LL (60 pmol.m2.s!, 22°C). The days from growing stratified seeds on soil to the
first visual observation of inflorescence were counted as days to flower.
Meristem longitudinal section and staining

On the morning of day 3 post infection, aerial part of mock treated or single leaf
infected plants were harvested and fixed in FAA solution (50% ethanol, 3.7%
formaldehyde, 5% acetic acid) with gentle vacuum for twice, 20min each, followed by
gentle shaking in fresh FAA for 40min at room temperature (RT) and overnight fixing in
FAA at 4°C. Then FAA solution was changed to 70%, 80%, 90% 95% ethanol
consecutively shaking at RT, 1 hour each concentration. Another 1h shaking with 95%

ethanol and 0.2% EOSIN Y to lightly staining the tissue was performed followed by 1h
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95% ethanol shaking to wash away excessive stain. The tissue was embedded in
paraplast by the following procedure: three times of 100% ethanol (E) RT shaking 45min,
25% histoclear (H) 75% ethanol (E), 50% H 50% E, 75% H 25% E, 100% H, 100% H,
100%H shaking at RT 45min each. Then 50% histoclear, 50% paraplast overnight at
58°C. Following that, 6 changes of 100% paraplast were performed with samples after
each change placed in 58°C for at least 4 hours. More changes of paraplast can be done
if the samples still have the smell of histoclear. Then samples were embedded in metal
boats, harden at 4°C for more than 20 minutes.

8 um of longitudinal sectioning was performed and baked onto superfrost slides on
slide warmer overnight (42°C). On the next morning, slides were gently shaken in
histoclear 10min, 3 times to dewax, then dehydrate in isopropanol 3 times 3 minutes. Air
dry for 1h. then dip dried slides into tolouidine blue staining solution (1g tolouidine blue
powder and 6g boric acid dissolved in 100ml water, store in dark) for 5-15 secs. Then
quickly wash off excessive stain with water 3 times. Dry the slides at room temperature
for overnight and mount cover slides with permount.

Imaging analysis

Data sets used were the same data sets as shown in Figure 2.1. To obtain the
shoot apex signal, in MetaMorph image analysis software (Molecular Devices), a mall
circular region of diameter of 10 pixels was drawn to acquire the shoot apex
bioluminescence counts. At each time point, with the bioluminescence counts and
number of bioluminescent pixels information already obtained for the whole plant or the
treated leaf (mock treated or infected leaf), the bioluminescent counts and bioluminescent

pixels were calculated for the untreated peripheral tissues (whole plant subtracting shoot
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apex and treated leaf) for each plant. The size of the peripheral tissues was estimated by
third order polynomial regression (Graphpad prism 6) and bioluminescent counts were
divided by this estimated size. Bioluminescence rhythms of shoot apex and normalized
bioluminescence rhythms of peripheral tissues were analyzed with by Fast Fourier
Transform-Non Linear Least Squares (FFT-NLLS) [44] using the interface provided by the
Biological Rhythms Analysis Software System (BRASS) [45]. Amplitude changes within
each experiment were calculated as the ratio between the amplitude value obtained for
each individual (both for mock and treated plants) and the mean amplitude obtained for
mock treated plants (amplitude change = individual amplitude / mean amplitude mock)
(logto transformed ratios were used for statistical analysis). Normalized phase values
were calculated as [24*(t-24)/p], where p is the period of the corresponding individual
plant calculated by BRASS and t is the fitted acrophase time closest to the second
subjective morning (ZT24) extrapolated using BRASS.
Staining of GUS enzymatic activity

On the morning of day 3 after infection, aerial tissues of CCA1::GUS plant were
collected and incubated in cold 90% acetone for 15-20 minutes. Then acetone was
removed and water was added covering the samples and incubated for 5min. After that,
water was removed and GUS staining solution was added and incubated with sample at
37°C for desired duration. The content of the GUS staining solution is: 13.42mM Na
H2POs, 11.58mM Na2HPO4, 5mM Ferrocyanide, 5mM Ferricyanide, 1% Triton X-100,
2.5mM X-Gluc. After the desired duration of incubation, stained samples were fixed with

FAA and followed by same ethanol washes as described for the meristem longitudinal
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sectioning till the 95% ethanol wash. Samples were preserved and imaged in 95% ethanol

wash.

Supplementary Information
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Supplemental Figure 3.1 Single leaf Pst DC3000 infection decreases CCA71::GUS

expression.
CCA1::GUS plant (line 3) were grown and infected as indicated in Supplemental Figure 2.1A. 3
days post infection aerial tissues were harvested for 3 hour, 6 hour or overnight GUS staining.
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Supplemental Figure 3.2 Single leaf Pst DC3000 infection decreases CCA71:GUS
expression in shoot apex and young leaves.

CCA1::GUS plant (3 lines) were grown and infected as indicated in Supplemental Figure 2.1A. 3
days post infection aerial tissues were harvested for GUS staining. Images were taken with the
same light and camera setting with the same magnification, more than 4 plants were staining for
each line under each condition and one representative image is shown.
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Supplemental Figure 3.3 Single leaf Pst DC3000 infection affects clock controlled rhythms
more in the shoot apex.

Mean RAE (A) and phase shift (B) estimates [+ SEM] of CCA1::LUC+ (n=30), LHY::LUC+ (n=15)
and TOCT:LUC+ (n=15) apex luciferase activity rhythms and normalized luciferase activity
rhythms of untreated peripheral tissues upon single leaf Pst DC3000 infection (orange) or mock
treatment (gray) for experiments indicated in Figure 2.1. Statistical analyses compared to mock
treated plants were performed using the t test. Stars indicate the level of significance (*p<0.01,
**p<0.001, ***p<0.0001).
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Abstract

Gene-centered yeast one-hybrid (Y1H) screens provide a powerful and effective
strategy to identify transcription factor (TF)-promoter interactions. While genome-wide TF
ORFeome clone collections are increasingly available, screening protocols have
limitations inherent to the properties of the enzymatic reaction used to identify interactions
and to the procedure required to perform the assay in a high-throughput format. Here, we
present the development and validation of a streamlined strategy for quantitative and fully
automated gene-centered Y1H screens using a novel cell surface Gaussia luciferase

reporter.

Introduction

The yeast one-hybrid system (Y1H) provides one of the few straightforward
strategies that is commonly used to identify TF-promoter interactions focusing on a single
promoter region. The approach requires two main components: a reporter construct (bait)
that carries a promoter region driving the expression of a reporter gene (e.g. lac2),
typically integrated into the genome of a yeast strain (e.g. YM4271), and an effector
construct (prey) that carries a yeast constitutive promoter driving the expression of a TF
fused to a transcriptional activation domain (AD) (e.g. Gal4-AD). Following transformation
of effector constructs into the reporter strain, TF-promoter interactions are revealed by an
increase in the reporter gene activity that depends on the DNA binding affinity and
specificity of the TF-AD effector for the promoter bait. As initially designed, the effector

constructs for Y1H screens were part of cDNA libraries. However, because TFs are
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typically expressed at low levels and often in a specific tissue, developmental stage or
physiological condition [1-3], these cDNA libraries only provided a partial and biased pool
of potential DNA binding proteins. With the advent of the genomic era, several efforts
were made to develop global TF-effector libraries for different species [4-10]. Adapting
the Y1H system to these TF ORFeome clone collections provided a remarkable
improvement to the approach that enhanced the discovery of functional TF-promoter
interactions in an unbiased and comprehensive manner [8,11-15].

Recently, we established a gene-centered high-throughput Y1H (HT-Y1H)
screening approach using a clone collection encompassing 80% (1956 clones) of all
predicted TFs in the plant model organism Arabidopsis thaliana (Arabidopsis)(8). This
strategy, performed in 384-well plates and entirely in liquid format, evaluated all 1956
potential TF-promoter interactions individually (one interaction per well) using the lacZ
gene as reporter [8,16]. Importantly, this work indicated that ranking TF-promoter
interactions based on the Y1H reporter activity could provide an effective mean for
identifying and prioritizing TFs more likely to be involved in biologically meaningful
interactions [8]. Although gene-centered Y1H screens already identified a number of
novel TF-promoter interactions in Arabidopsis [8,14,15,17-22], we found that
quantification of the B-galactosidase activity is rapidly saturated when performed in a
high-throughput format (i.e. 384-well plates). This issue limits our ability to detect positive
interactions when background reporter levels are high [8], and to accurately sort positive
interactions to select and prioritize potentially relevant TF candidates for further

characterization in vivo.
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As reported previously the ONPG (2-nitrophenyl-B-D-galactopyranoside)-based
method performed in a liquid format provides an accurate quantification of the [-
galactosidase activity in yeast cells but often requires of either multiple dilutions of the
initial samples or an optimized reaction time for each sample to adjust the colorimetric
signal within the linear range [23,24]. While these adjustments are possible when
individual samples are handled, they are impracticable in a high-throughput format where
several thousand reactions are processed simultaneously [8,16]. For this reason, all
enzymatic reactions in HT-Y1H screens performed in a liquid format are stopped at a
fixed time regardless of differences among individual reaction kinetics [16], resulting in a
short linear range and rapid saturation of the B-galactosidase assay (Supplemental Figure
4.1). Furthermore, because each promoter bait usually drives a different background
reporter activity, the progression of the colorimetric reaction has to be continually
monitored and the reaction time subjectively determined by an operator in each
experiment. This step could be theoretically automated; however, it would require of a
sophisticated system to continuously process multiple microplates and determine the
optimal incubation time for the enzymatic reaction in each well. Importantly, similar
limitations were reported for an alternative HT-Y1H screening method that relies on (-
galactosidase-mediated color development in yeast cells spotted on agar plates [25].
While it might be possible to improve either B-galactosidase assay using fluorescent or
luminescent reaction products, such reagents would significantly increase the cost of HT-
Y1H screens and likely limit its widespread usage [24].

lacZ-based HT-Y1H screens are additionally impacted by technical factors that

affect either result analysis or automation efforts. Regarding the former, we found that
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incubation of liquid B-galactosidase reactions at 30 to 37°C in 384-well plates results in
faster enzymatic reaction kinetics for the wells located at the periphery of the microplate,
likely due to uneven temperature distribution. This problem introduces a bias in the
calculation of the baseline B-galactosidase activity used to discriminate between positive
and negative TF-promoter interactions. Likewise, the B-galactosidase assay in agar
spotted yeast cells is subject to false positive calls due to color signal diffusion from strong
positives into neighboring areas [25]. Finally, quantification of the B-galactosidase activity
in a liquid format requires yeast cell permeabilization to allow an efficient enzyme-
substrate encounter [24]. Currently used freeze and thaw cycles provide a simple,
reproducible and cost-effective method for yeast cell lysis [26], however this is a labor-
intensive and rate-limiting step for HT-Y1H screens that is incompatible with automation
[16].

Considering all these factors we reasoned that HT-Y1H screen optimization would
require of a reporter activity that could be reliably quantified at a fixed time over a wide
range of concentrations, and an assay compatible with a fully automated procedure and
performed at room temperature. Here, we analyzed the activity of several luciferase
reporters in yeast cells and found that cell-surface expressed gLUC (gLUC59) activity can
be analyzed directly in a yeast cell culture aliquot at room temperature. We then
exhaustively characterized the quantitative capabilities of the gLUC59 assay in yeast cells
and determined that has a significantly expanded linear range compared to a fixed-time
B-galactosidase assay currently used for HT-Y1H screens. Finally, we used the gLUC59
reporter to establish an optimized Y1H system that is suitable for multiplexed and fully

automated gene-centered screens.
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Materials and Methods

Plasmid constructs and yeast strains

All primers and the corresponding PCR products are listed in Supplemental Table

4.1.
To build pY1ARep (pLacZi vector [Clontech] carrying the SnaBl and Nhel restriction sites
instead of the lacZ gene), the region upstream of the lacZ gene in pLacZi was PCR
amplified and digested with Xhol/SnaBl, and the region downstream of the /acZ gene in
pLacZi was PCR amplified and digested with SnaBl/Ahdl. These fragments were ligated
into the Xhol/Ahdl sites of pLacZi. To generate pY1-RLUC, pY1-LUC+ and pY1-gLUC,
the coding sequence for each luciferase flanked by SnaBl and Nhel sites was PCR
amplified, and cloned into pY1ARep.

Surface reporter vectors for yeast genomic integration were built using the pY1-
PGA59emp backbone, which consists of the pLacZi vector (Clontech) carrying the coding
and terminator sequences of the PGA59 gene (from the Clp10::ACT1p-gLUC59 vector
[27]) instead of the lacZreporter gene. To build pY1-PGA59emp (pLacZi vector [Clontech]
carrying the coding and terminator sequences of the PGA59 gene from Clp10::ACT1p-
gLUC59 [27] instead of the lacZ gene), the region upstream of the lacZ gene in pLacZi
followed by the PGA59 signal peptide (+first 2 aa of PGA59) were amplified by PCR.
Next, the PGA59 coding sequence followed by the PGA59 terminator were cloned
upstream of the region containing the origin of replication of pLacZi by using two PCR
reactions. The final PCR products were digested using Smal/Bbul and Bbul/Ahdl
respectively and ligated into the Smal/Ahdl of pLacZi. To build pY1-gLUC59, the gLUC59

coding sequence was excised from Clp10::ACT1p-gLUC59 [27] by digestion with
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BamHI/PfMI and ligated into the corresponding sites of pY1-PGA59emp. To generate
pY1-RLUC59 and pY1-LUC+59, each luciferase coding gene (without ATG and stop
codons) flanked by Bbul and PfMI (RLUC) or BamHI and PfMI (LUC+) sites were PCR
amplified, digested with Bbul/PfMI or BamHI/PfMI and ligated into the corresponding
sites of pY1-PGA59emp.

To generate the Gateway™ cloning (Life Technologies) compatible versions of

cytosolic and surface luciferase reporter plasmids, an attR1/attR2 recombination cassette
was excised from-pBluescript (Stratagene) [28] using EcoRV restriction digestion and
blunt end ligated into the Smal site of pY1-RLUC, pY1-LUC+, pY1-gLUC, pY1-RLUC59,
pY1-LUC+59, and pY1-gLUC59.
pGLacZi is a Gateway-compatible version of pLacZi (Clontech) [28].
Promoter fragments were PCR amplified from S. cerevisiae genomic DNA (ADH1 and
ADH1A promoters), pBridge plasmid (Clontech) (MET25 promoter), pCRBII-CCA1prA
and pCRBII-CCA1prA(TBSmut) plasmids [14] (CCAT1 -363/-192 wild-type and TBS-I
mutant promoters), and cloned into pENTR/D-TOPO according to the manufacturer’s
protocol (Life Technologies).

To generate reporter constructs, promoter fragments in pENTR/D were transferred
to pGLacZi, pY1-gLUC_GW, pY1-LUC+_GW, pY1-RLUC_GW, pY1-gLUC59_GW, pY1-
LUC+59 GW, and/or pY1-RLUC59 GW using LR clonase Il according to the
manufacturer’s protocol (Life Technologies).

YM4271 reporter strains were generated by recombination of reporter plasmids into the
URABS3 locus of the yeast genome (Clontech). While single or multiple reporter construct

copies may be integrated, stable genomic insertions equalize reporter background levels
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for each bait strain [11]. Briefly, reporter plasmids (unable to replicate in yeast) were
transformed into YM4271 cells (ura3-52). Integration of the reporter plasmid carrying the
wild-type URA3 gene restores the ability of these cells to grow SD medium without uracil.
The genomic integration was confirmed by PCR after several passages onto YPD
medium as previously described [16]. pDEST22-TCP vectors were obtained from the
pDEST22-TF clone library available at the Arabidopsis Biological Resource Center

(ABRC) (http://abrc.osu.edu) under stock #CD4-89 [8].

Quantification of reporter gene activities in yeast

To quantify the activity of different luciferases in yeast, reporter strains were grown
in YPD to saturation overnight at 30°C, then diluted 5 times with fresh YPD medium and
grown in the same conditions for 6 additional hours. For PBS washed cells, a 500 pl
aliquot of this cell culture was centrifuged 5 min at 1000 x g, resuspended in 500 pl of
1xPBS pH 7.4, centrifuged again, and resuspended in 500 pl of 1XPBS pH 7.4. Reporter
gene activity was quantified in 100 ul (96-well format) or 25 pl (384-well format) of the cell
culture or PBS-washed cells. For all luciferases, flash luminescence emission was
determined immediately after addition of 100 pl (96-well format) or 25 pl (384-well format)
of the enzyme substrate (detailed below). Glow emission was measured every two
minutes thereafter up to 60 min after substrate addition. Integration time for the
luminescence detection was 1 sec/well. For LUC+ activity we used: i) two commercial
assays, the Dual-Luciferase® Reporter Assay System (using only the Luciferase Assay
Reagent II, LAR Il) (Promega) and the Bright-Glo™ Luciferase Assay System (Promega),

and ii) two lab-made substrate solutions, D-luciferin (A) (25mM Glycylglycine, 15mM
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MgSO4, 1mM dithiothreitol, 1mM D-luciferin potassium salt [Gold Biotechnology]) and D-
luciferin (B) (0.01% triton X-100, 1mM D-luciferin potassium salt [Gold Biotechnology]).
For RLUC activity we used: i) three commercial assays, the Renilla Luciferase Assay
System (Promega), the Renilla-Glo® Luciferase Assay System (Promega) and the
BioLux® Gaussia Luciferase Assay Kit (New England Biolabs), and ii) two lab-made
substrate solutions, coelenterazine native (A) (1xPBS pH 7.4, 5mM NaCl, 20uM
coelenterazine [Promega]) and coelenterazine native (B) (1xPBS pH 7.4, 5mM NacCl,
20uM native coelenterazine [Biosynth]). Coelenterazine was dissolved in acidified
methanol (10 pl of 1N HCI per ml of solution) at a concentration of 1 mg/ml (100x). For
gLUC activity we used: i) two commercial assays, the Renilla Luciferase Assay System
(Promega) and the BioLux® Gaussia Luciferase Assay Kit (New England Biolabs), and
ii) the same lab-made substrate solutions used to quantify RLUC activity.

To quantify the B-galactosidase activity, yeast reporter strains were grown in YPD
to saturation (overnight at 30°C), then diluted 5 times with fresh YPD medium and grown
in the same conditions for 6 additional hours. A 500 pl aliquot of this cell culture was
transferred to an eppendorf tube and centrifuged for 3 min at 1000 x g. The supernatant
was discarded and the cell pellet was resuspended in 500 pl of Z buffer (60mM NazHPOs4,
30mM NaH2PO4, 10mM KCI, 1TmM MgSOQOs) (pH 7.0). Tubes were centrifuged, the
supernatant discarded, and the cell pellet resuspended in 500 pl of Z buffer. Cells were
lysed by performing four freeze/thaw cycles (liquid nitrogen/30°C water bath) and 100 pl
of the lysate were transferred to a 96-deep well plate. The B-galactosidase reaction was
started by adding 170 pl of ONPG substrate solution (170 pl Z buffer, 68.8 nl of 2-

mercaptoethanol and 28 ug of 2-Nitrophenyl-B-D-galactopyranoside [Sigma]) to each
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well. Plates were incubated at 30 °C between 0.5-24 hours until color development. The
enzymatic reaction was stopped by adding 80 ul 1 M Na2COs per well and cleared by
centrifugation for 8 min at 1000 x g. OD420 was measured in 100 pl of the supernatant
using 96-well plates.

All enzymatic activities were normalized to the cultures’ ODeoo and the [-
galactosidase activities further normalized by the reaction time. Luminescence and
absorbance measurements were performed at room temperature using a Synergy 2 (96-
well) or a SynergyH1 (384-well) multi-mode microplate readers (BioTek) equipped with
an injector device.

To determine the dynamic range for the quantification of B-galactosidase and
gLUC59 activities we used YM4271 cells carrying the ADH1::lacZ and ADH1::gLUC59
reporter constructs. These strains were grown in YPD overnight at 30 °C, then diluted 5
times with fresh YPD medium and grown in the same conditions for 6 additional hours.
After this incubation, ODeoo was determined, cells were harvested by centrifugation and
resuspended to a calculated ODesoo=5 in YPD. Serial dilutions of this cell suspension were
generated using wild-type YM4271 cells grown and treated equally. Aliquots of each
dilution (100 pl) were used to determine the B-galactosidase or gLUC (using the lab-made
coelenterazine native “B” substrate) activities in a 96-well format as described above. A
representative image of gLUC emitted light for each dilution was obtained using a VIM
photon counting camera (Hamamatsu Photonics). The linear range of the calibration
curve was addressed by means of the Lack-of-Fit test and R?, using GraphPad Prism

version 6.00 (GraphPad Software, www.graphpad.com). Only datapoints statistically
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different than background levels were considered (multiple comparisons using one way

ANOVA).

Yeast one-hybrid assays

pDEST22-TCP plasmids and the pEXP-AD empty vector control (Life
Technologies) were transformed directly into the reporter strains (haploid cell
experiments) or into the YU yeast strain [8] (diploid cell experiments) in a 96-well format
as described previously [29]. Transformants were selected in SD medium without
tryptophan (SD-W).

For experiments using haploid cells, transformed YM4271 strains were
resuspended in 70 pl of sterile water (keeping the 96-well format) and 3 pl of this cell
suspension were used to inoculate 96-well deep plates containing liquid SD-W medium
(100 pl/well). Plates were incubated at 30°C for 24-36 hours with agitation. Then, 400 pl
of YPD were added to each well and incubation continued for 6 additional hours. A 100
ul aliquot of this short-term culture was used to determine the ODsoo. A second 300 pl
aliquot of the short-term culture was transferred to a new deep well plate and centrifuged
for 3 min at 1000 x g. The supernatant was discarded and the cell pellet was resuspended
in 150 pl of Z buffer. Plates were centrifuged for 3 min at 1000 x g and the cell pellet was
resuspended in 25 ul of Z buffer. Cells were lysed by performing four freeze/thaw cycles
(liquid nitrogen/30°C water bath), and the B-galactosidase reaction was performed as
indicated above. The B-galactosidase activity was calculated as [OD420 x 1000]/[ODeoo x

time (min) x culture volume (ml)].
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For the experiments using diploid cells, YU-TF effector strains (MATa) were mated
with YM4271-reporter strains (MATa) as reported previously [8,16]. Briefly, effector
strains were resuspended in 70 ul of sterile water (keeping the 96-well format) and 5 pl
of this cell suspension were used to inoculate medium lacking tryptophan (600 pl/well).
Plates were grown for 24-36 hours at 30°C with agitation using microplate shakers (700
rpm). Simultaneously, promoter strains were grown in 250 ml flasks containing 50 ml of
YPD. After incubation, 10 pl of each culture (promoter and TF strains) were transferred
into a new 96-well plate containing 90 ul of YPD per well. Plates were incubated at 30°C
for 24-36 hours without agitation. After mating, cells were washed using SD medium
without tryptophan and uracil (SD-WU) (selection medium for diploid yeast cells) and
resuspended in 180 ul of SD-WU. A 3 ul aliquot of this cell suspension was transferred to
a new 96-deep well plate containing 100 pl of SD-WU and-incubated at 30°C for 24-36
hours with agitation. Then, 400 pl of YPD were added to each well and incubation
continued for 6 additional hours. Finally, growth (ODsoo) and [-galactosidase activity
(ODa420) were determined as described above for haploid cells.

For gLUC assays in haploid and diploid cells, we followed the same steps
described above to determine the ODsoo of each well. A second 100 pl aliquot of the short-
term culture was transferred to a 96-well white plate. Flash and glow luminescence were
determined after the addition of 100 pl of the lab-made coelenterazine native “B” substrate
(1xPBS pH 7.4, 5mM NacCl, 20 uM native coelenterazine [Biosynth]). The gLUC activity

was calculated as Lum/ODeoo.
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B-galactosidase and gLUC activities were then normalized to the average value obtained
for control wells (pEXP-AD). Binding cut-off was set at 2-fold over the mean of the control

value.

Sequence analyses
Protein sequence alignment and phylogeny trees were generated using the

Geneious software version 6.0.6 (http://www.geneious.com) [30].

Results

gLUCS59 outperforms other luciferase reporters in S. cerevisiae

The activity of most luciferase enzymes can be quantitatively measured over a
wide range of concentrations at room temperature. Furthermore, yeast cells are
permeable to some luciferase substrates (e.g. coelenterazine) and luciferase enzymes
can be expressed in the extracellular compartment (e.g. linked to the cell surface [27]),
suggesting that luciferase quantification assays in yeast could be performed without a cell
lysis step. Considering that HT-Y1H screen optimization would require a reporter assay
with a long linear range, performed at room temperature and amenable for robotic
automation, we envisioned that a luciferase reporter could be used to improve the assay.
To determine the type of luciferase enzyme and expression format that would provide the
best Y1H reporter for high-throughput screens, we generated reporter vectors for either
cytosolic or surface expression of the Photinus pyralis (firefly) (LUC+), Renilla reniformis
(RLUC) or Gaussia princeps (gLUC) luciferase reporter genes (Figure 4.1). Yeast surface

expression was achieved by using a translational fusion between each luciferase reporter
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and the GPI-linked cell wall protein (PGA59) of Candida albicans [27]. Two versions of
each reporter vector were generated to allow the insertion of bait promoter sequences via
restriction endonuclease digestion or recombination-based cloning (Figure 4.1). To
evaluate the performance of these luciferase reporters, the constitutive Alcohol
Dehydrogenase | (ADH1) gene promoter of Saccharomyces cerevisiae was cloned into

the cytosolic or surface LUC+, RLUC and gLUC reporter vectors (Figure 4.1).

attIR 1

Gateway (GW)
versions

PGA ter [ -----------

pY1-gLUC59(MCS)

pY1-LUC+59(MCS) PGA ter p--

pY1-RLUC59(MCS) PGA ter

pY1-gLUC(MCS)

pY1-LUC+(MCS)

pY1-RLUC(MCS)

Figure 4.1. Schematic representation of yeast integration vectors for cytosolic and surface-
displayed luciferase reporters.

All reporter constructs were built using the pLacZi vector backbone and replacing the lacZ gene
by each luciferase reporter gene. Surface display vectors also include the PGA59 gene terminator
of C. albicans (see materials and methods). For each construct restriction endonuclease-based
cloning (MCS) and gateway-based cloning (GW) versions were generated.
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These constructs were integrated into the chromosome of YM4271 yeast cells and
the luciferase activity of each resulting strain was quantified in 96-well plates using a suite
of commercially available and lab-made luciferase assays (Figure 4.2). Both flash and
glow luminescence, respectively emitted immediately or between 2-60 minutes after
addition of the substrate, were quantified directly from a yeast cell culture aliquot. Results
of this experiment indicated that the LUC+ reporter activity was higher in glow than flash
bioluminescence assays but exhibited a similar performance when expressed either in
the cytosol or the cell surface (Figure 4.2A-B). RLUC activity was also greater in glow
than flash bioluminescence assays, however glow light emission was significantly higher
when the enzyme was expressed in the cytosol (Figure 4.2A-B). Conversely, the gLUC
activity was significantly higher in flash than glow bioluminescence assays, especially
when the reporter was expressed in the cell surface (Figure 4.2A-B). Comparing the
performance of all reporters, our results indicated that while their activity was similar in
glow bioluminescence assays, the activity of cell surface expressed gLUC (gLUC59) was
significantly better than the other reporters when flash luminescence was measured. It is
important to note that parallel experiments, performed with wild-type YM4271 cells,
indicated that these cells did not display an intrinsic bioluminescence activity with any of
the enzymatic assays used (Figure 4.2). Since quantification of the luciferase activity was
evaluated directly in a cell culture aliquot, we reasoned that growth medium components
could affect the activity of some luciferase reporters, especially those expressed at the
cell surface. To evaluate this hypothesis, we repeated all luminescence measurements
using PBS-washed cells. Interestingly, the luciferase activity for all the reporters tested

was significantly lower after the washing step (Figure 4.2C-D), indicating that the
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luciferase signal displays higher intensity and better signal to background ratio when
measured directly in a yeast cell culture aliquot. Taken together, our initial results
indicated that gLUC59 would be a reporter of choice for gene-centered Y1H screens. To
determine its performance in a higher throughput format, we ran the gLUC59 assay in
384-well plates measuring both flash and glow luminescence. Importantly, we observed
similar luminescence values as those obtained using 96-well plates (Supplemental Figure
4.2), indicating that the gLUC59 reporter was indeed a suitable alternative for automated

gene-centered HT-Y1H screens.
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Figure 4.2 Luciferase activity for cytosolic and surface-displayed reporters expressed in
S. cerevisiae cells.

Luciferase activity from YM4271 strains carrying a chromosomally integrated ADH1::luciferase
(LUC+, RLUC and gLUC as indicated in each panel) reporter construct for either cytosolic (yellow
symbols) or cell surface expression (blue symbols). Alternative substrate assay solutions
indicated on the x-axis of each graph were tested (see materials and methods). Wild-type YM4271
strains were used as controls (white symbols). (A) Flash luminescence determined directly in a
cell culture aliquot immediately after substrate addition (n=3). (B) Glow luminescence determined
directly in a cell culture aliquot between 2 and 60 minutes (2’-60’) after substrate addition (n=30).
(C) Flash luminescence determined using PBS washed cells immediately after substrate addition
(n=3). (D) Glow luminescence determined using PBS washed cells between 2 and 60 minutes
(2’-60’) after substrate addition (n=30). Results were normalized to their respective cell density
(ODeoo) and represent average values + SD (n=3 independent experiments).
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gLUC59 reporter activity correlates with promoter function in intact S. cerevisiae
cells

To further explore the feasibility of using cell surface expressed gLUC for HT-Y1H
screens, we evaluated the linear range of gLUC59 bioluminescence measurements using
increasing concentrations of an ADH1::gLUC59 yeast cell culture. Results of this
experiment indicated that the gLUC59 activity linear range extended to four and three
orders of magnitude, for flash and glow luminescence measurements respectively (Figure
4.3A-B and Supplemental Figure 4.3A). This represented a significant improvement
compared to the quantification range observed for the fixed-time B-galactosidase assay
(1-1.5 orders of magnitude) (Supplemental Figure 4.1), suggesting that the gLUC59
reporter activity could be uniformly and accurately quantified in samples with different
reaction kinetics. Having established that luminescence measurements were well
correlated with gLUC59 concentrations (provided by different concentrations of
ADH1::gLUC59 cells), we next analyzed the ability of the cell surface reporter to detect
different expression levels at constant cell concentrations, the latter being the most likely
scenario encountered in Y1H screens. To do this, an additional yeast reporter strain
carrying a weaker truncated ADH1 promoter (ADH1A) was generated [31]. Reporter cells
carrying either the full-length or truncated ADH1 promoters were grown to the same
density and the gLUC59 activity was quantified. Luminescence was about 3-4 times
higher in reporter cells carrying the full-length ADH1 promoter for both flash and glow
measurements (Figure 4.3C and Supplemental Figure 4.3B). To test a conditional
promoter, we generated a yeast strain carrying the methionine repressed MET25

promoter [32] driving the expression of the gLUC59 reporter. In agreement with the results
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using the constitutive ADH71 and ADH1A promoters, MET25::gLUC59 cells grown in
methionine-depleted medium exhibited higher gLUC59 activity compared to cells grown
in methionine-containing medium using both flash and glow luminescence measurements
(Figure 4.3D and Supplemental Figure 4.3C). These experiments indicated that the
differential expression of gLUC59 translated into quantitative differences of the emitted
bioluminescence. As noted previously, while the fixed-time B-galactosidase assay used
in HT-Y1H screens has a limited quantitative capability, a time-optimized assay for each
individual sample provides an accurate quantification of the B-galactosidase activity [24].
Since our goal was to implement a reporter system with quantitative capabilities similar
to the best performing time-optimized B-galactosidase assay, we decided to use this
method as a reference. Therefore, we generated YM4271 strains carrying the
ADH1::lacZ, ADH1A::lacZ and MET25::lacZreporter constructs and used them to perform
the same experiments described above. Quantification of the B-galactosidase activity
using the time-optimized assay (Figure 4.3E-F) showed similar results to those obtained
using gLUC59 (Figure 4.3C-D). Importantly, these experiments revealed that the gLUC59
assay measuring luminescence emission for only 1-second displayed similar results as
the ONPG-based B-galactosidase assay using an optimal incubation time for each

sample.
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Figure 4.3. Quantitative performance of the gLUC59 reporter in S. cerevisiae cells.

(A) Analysis of the linearity for the quantification of gLUC59 activity using increasing
ADH1::gLUC59 reporter cell concentrations. The linear range is indicated by the red line (Lack-
of-Fit test, F=0.4047, p=0.9554). Luminescence was measured immediately after addition of the
enzyme substrate and the results are average values + SD (n=5 independent experiments). (B)
Representative pseudo-colored image of the dilution series used in C). (C-F) Evaluation of the
quantitative capacity of the cell surface gLUC reporter system (C & D) in comparison to the lacZ
reporter system (E & F) using two ADH1 promoters of different strength (FL= full-length ADH1
promoter and A= truncated ADH1 promoter) (C & E), or the methionine repressed promoter
MET25 (+ and - indicates the presence or absence of methionine in the culture medium) (D & F).
Results were normalized to their respective cell density (ODeoo) and represent the average values
+ SD (n=3 independent experiments).

Given that the gLUC59 reporter had several advantages for HT-Y1H screens when
compared to the commonly used /lacZ reporter, we reasoned that an improved assay for
quantitative HT-Y1H screens could be established using either gLUC59 flash or glow
luminescence assays. However, quantifying glow luminescence in a large throughput

format (i.e. 384-well plates) would require a stable light emission over time as it takes
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several minutes for a luminometer to process one microplate. Since in most luciferase
assays the luminescence rapidly decays after addition of the enzyme substrate, we
evaluated the kinetics of light emission at different gLUC59 concentrations using
ADH1::gLUC59 yeast cells. Our results confirmed a luminescence decrease over time
following a two-step exponential decay kinetic for all the gLUC59 concentrations tested.
After substrate addition the luminescence first decayed rapidly (half-life ~30 sec) for about
2 minutes and then slowly (half-life ~2 min) for the next 10 minutes, and finally reached
plateau levels that were maintained for the following 48 minutes (Figure 4.4A). These
results indicated that glow luminescence in gLUC59-based HT-Y1H screens should be
measured after the slow decay phase to get comparable quantitative results across

multiple wells and plates.

gLUC59 provides an improved reporter system for Y1H screens

We previously established a HT-Y1H screening protocol using a genome-wide
clone collection encompassing most Arabidopsis TFs [8]. Following this protocol, we set
a pilot Y1H experiment using the gLUC59 reporter to investigate the ability of Arabidopsis
class-1 TCP TFs (Supplemental Figure 4.4) to interact with the promoter of the clock gene
CIRCADIAN CLOCK ASSOCIATED1 (CCA1). A pioneering gene-centered Y1H screen
previously uncovered a class-I TCP (TCP21) named CHE (CCA1 HIKING EXPEDITION),
which binds to the CCA1 promoter region and negatively regulates the CCA7 promoter
activity [14]. Through this regulation, CHE modulates the proper period of clock-controlled
rhythms [14]. CHE shares high homology at the DNA binding domain with the other twelve

Arabidopsis class-I TCPs suggesting that at least some members of the subfamily could
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also bind to the CCAT7 promoter [14] (Supplemental Figure 4.4). To evaluate the
performance of the luciferase-based assay parallel Y1H experiments were performed
using the lacZ reporter. Yeast reporter strains carrying a CCA1 promoter region (-363/-
192) that contains a canonical class-I TCP binding site (TBS-I) (GGNCCCAC) were
generated. These strains were independently transformed with prey plasmids that drive
the constitutive expression of each class-I TCP fused to the Gal4 transcriptional activation
domain [8]. Quantification of the gLUC59 or B-galactosidase activity in the transformed
yeast reporter cells revealed that in addition to CHE, ten class-| TCPs (TCP7, 8, 9, 14,
15, 16, 19, 20, 22 and 23) were able to interact with the CCA7 promoter (Supplemental
Figure 4.4C). TCP6 and TCP11, did not show interaction with the -363/-192 CCA1
promoter fragment suggesting that either they were not properly expressed in yeast or
that they did not bind to the TBS-I in the promoter bait. In support to the latter, a sequence
analysis indicated that indeed the DNA binding domains for both TCP6 and TCP11 are
less conserved compared to most other class-I TCPs (Figure 4.4B). To confirm that, as
for CHE, the TBS-I mediated the interactions detected for TCP7, 8, 9, 14, 15, 16, 19, 20,
22 and 23, we performed Y1H assays using gLUC59 and lacZ reporter strains carrying a
mutated TBS-I (GGTCCCAC to TTGAAACA) within the -363/-192 CCA1 promoter region
[14]. These assays revealed a significant reduction in the reporter activity for TCP7, 8, 9,
14,15, 19, 20, 21, 22 and 23 transformed cells, indicating that these TFs interacted with
the CCA1 promoter through the TBS-I (Figure 4.4D). TCP16 was the exception showing
a reduced but still significant induction of the reporter activity suggesting unique DNA
binding abilities for TCP16 among class-I TCPs. Notably, we found a close correlation

between the results obtained with the gLUC59-based Y1H system, using both flash or
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glow bioluminescence measurements, and the lacZ-based Y1H system, using the
reference time-optimized ONPG-based 3-galactosidase assay (Figure 4.4E). This further
confirmed our initial observations regarding the quantitative capabilities of the gLUC59
assay and indicated that the gLUC59 reporter outperforms the lacZ reporter in gene-
centered HT-Y1H screens.

While yeast transformation provides an effective mean to deliver TF prey
constructs into reporter cells in a low throughput format, yeast mating provides a more
convenient alternative when performing HT-Y1H screens using large TF collections (e.g.
1956 Arabidopsis TFs) and multiple yeast reporter strains. For mating-based Y1H
screens, TF constructs are first transformed into a MATa yeast strain, then these cells
are mated with the Y1H reporter strains (MATa), and finally diploid TF-reporter cells are
selected and the reporter activity is quantified [8]. To evaluate if the gLUC59 reporter
could be used in a mating-based approach, we transformed class-I TCP constructs into
YU yeast cells [8] and mated these cells with the reporter strains carrying the wild-type or
TBS-I mutated versions of the -363/-192 CCA1 promoter region. Quantification of the
gLUC59 or B-galactosidase activities in the resulting diploid cells provided similar results,
although with lower overall reporter activities (Figure 4.4F-H), as the ones obtained when
TF constructs were directly transformed into the reporter cells (Figure 4.4C, D, E and
Supplemental Table 4.2). These results further confirmed that the gLUC59 reporter could

be effectively used for mating-based HT-Y1H screens.
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Figure 4.4. gLUC59-based yeast one-hybrid system.

(A) Bioluminescence kinetics decay after substrate addition at increasing concentrations of
YM4271 cells carrying the ADH1::gLUC59 reporter construct. Results were normalized to their
respective cell density (ODsoo) and represent average values + SD (n=8 independent
experiments). (B) Heat map indicating the number of amino acid differences between the DNA
binding domains of class-I TCPs. Rows and columns were sorted based on decreasing sequence
identity scores. (C and F) gLUC59- and B-galactosidase-based Y1H screens to evaluate the
binding of class-I TCP TFs to the -363/-192 CCA1 promoter region. Experiments were performed
in haploid reporter strains transformed with the effector constructs for each class-I TCP (C) or
diploid cells after mating the reporter strain (MATa) with YU cells (MATa) carrying effector
constructs for each class-1 TCP (F). Results were normalized to the reporter activity obtained with
an empty effector construct. Luminescence measurements were performed at 0 (flash) or 25 and
60 minutes (glow) after addition of the gLUC substrate. Each symbol represents the average fold
of induction £ SD (n=6 independent experiments). (D and G) gLUC59- and B-galactosidase-based
Y1H screens to evaluate the binding of class-I TCPs to the -363/-192 CCA1 promoter region
carrying a mutated class-I TCP binding site (TBS-I mut). Experiment and results were performed
as indicated for (C) and (F). (E and H) Comparison of the gLUC59- and B-galactosidase-based
Y1H screening results for the experiments shown in (C) and (D) (R2[flash]=0.9276, R?[glow-
25'1=0.9177, and R?[glow-60']=0.9235), and in (F) and (G) (R?[flash]= 0.9232, R?[glow-25']=
0.9327, and R?[glow-60’]= 0.9346).
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Discussion

Gene-centered Y1H screens provide a straightforward, comprehensive and
unbiased strategy to unveil the TF-interaction landscape of a single promoter region. By
design, the Y1H system is not suited to accurately reveal the strength of TF-DNA
interactions and essentially delivers positive or negative results based on the expression
level of a reporter gene. Thus, establishing a reliable cut-off value for the reporter activity
and confidently determining which are the TF-promoter interactions that result in reporter
activities above or below this limit are critical for the interpretation of Y1H screen results.
This is especially important for promoter baits that drive high expression of the reporter
gene in the absence of effector constructs as high background reporter levels often
confound the identification of positive interactions [8]. The improved quantitative capability
of the gLUC59 reporter presented here provides a strengthened ability to establish cut-
off values and to discern between positive and negative interactions with higher
confidence. In addition, the larger linear range of gLUC59 activity quantification allows
proper ranking of positive interactions, which (as suggested by our previous work [8])
provides a useful criterion to prioritize TF candidates and guide follow-up studies.

Assays to quantify the commonly used 3-galactosidase reporter activity in a high-
throughput format exhibit a short linear range and rapidly reach saturation. In addition,
the procedures have several technical limitations, such as long and variable incubation
times for color development, time-consuming freeze-thaw steps to lyse yeast cells,
temperature distribution bias across microplates, or well-to-well color signal diffusion.
Here, we describe the characterization of a novel reporter system that improves the

quantitative capabilities of gene-centered HT-Y1H screens and that additionally provides
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a simplified assay suitable for full automation. We evaluated six different luciferase
reporters, including three novel cell surface expressed reporters, and determined that
gLUC59 is the most versatile as it displays the best performance for both flash and glow
bioluminescence measurements. The gLUC59 assay additionally provides a cost-
effective option as the highest luminescence intensities were obtained using a lab-made
substrate solution. We also found that, unlike the B-galactosidase activity, the gLUC59
activity can be quantified directly in a yeast cell culture aliquot without additional washing
or cell lysis steps. Furthermore, the assay is performed at room temperature and requires
minimal incubation time after addition of the enzyme substrate. More importantly, in these
conditions the gLUC59 quantification assay displays a linear range that extends for up to
4 orders of magnitude and thus is significantly larger than the one obtained with a fixed-
time B-galactosidase assay [16]. This improved quantification capability allows, using a
luminescence integration time of only 1 second per well, an accurate quantification of the
reporter activity that is comparable to using a B-galactosidase assay where the reaction
time is optimized to fit the specific reaction kinetics in each well. Thus, the gLUC59
reporter enables a uniform Y1H screen procedure for the simultaneous quantification of
multiple reactions with different enzymatic activities. Furthermore, the increased simplicity
of the gLUC59 assay reduces the processing time and enables fully automated gene-
centered Y1H screens including experimental procedure and data analyses
(Supplemental Figure 4.5 and Supplemental Table 4.3). It should be noted that gLUC59
reporter strains are fully compatible with histidine auxotrophic selection, which could be

used in combination with the cell-surface luciferase to call positive interactions [33].
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Furthermore, we showed that the gLUC59 reporter could be used for mating-
based Y1H assays although with a lower sensitivity compared to experiments where
effector plasmids are directly transformed into the reporter strain. This observation is in
line with previous reports that compared transformation- and mating-based Y1H
screens [34] and suggests that the different sensitivity of the assay in haploid and
diploid cells is not dependent on the reporter used but rather an inherent property of
diploid cells that affects the overall expression of reporter genes. A transformation-
based screen might be considered if a higher sensitivity is needed. In fact, our
experiments indicate that the interaction of TCP21/CHE with the CCA1 promoter is
clearly revealed when haploid cells were used, which is consistent with TCP21/CHE
being initially discovered in a small-scale gene-centered Y1H screen using haploid cells
[14]. However, transformation of a genome-wide clone collection (e.g. ~2000
Arabidopsis TF clones) into reporter strains is time-consuming and thus a mating-based
approach would be of choice for gene-centered HT-Y1H screens. Given the increased
quantitative power of the gLUC59 assay we anticipate that by analyzing HT-Y1H screen
results, where thousands of interactions are evaluated simultaneously, it will be possible
to establish more accurate baseline and cut-off values, thereby improving our ability to
define positive interactions and ultimately the sensitivity of mating-based Y1H screens.
In support to this notion the Y1H experiment using diploid cells also revealed the
TCP21/CHE-CCA1 promoter interaction as indicated by the higher gLUC59 reporter
activity compared to the background control (Supplemental Table 4.2).

Results of pilot experiments using the gLUC59-based Y1H assay confirmed its

improved performance. In particular, these experiments indicate that TCP7, 8, 9, 14, 15,
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16, 19, 20, 22 and 28 interact with the CCA1 promoter suggesting that several class-|
TCPs regulate the Arabidopsis clock function through CCA1. These results are in part
validated by a recent report showing that TCP20 and TCP22 bind to the CCA1 promoter
and regulate CCAT expression in planta, and that tcp20/22 loss-of function shortens the
period of clock-controlled rhythms [35]. We found that two class-l TCPs, TCP6 and
TCP11, do not interact with the -363/-192 CCA7 promoter region. In support to this
finding, an amino acid sequence comparison of all class-l TCPs indicates that the DNA
binding domain of TCP6 and TCP11 is significantly different compared to the other
subfamily members (Figure 4.4B and Supplemental Figure 4.4). Furthermore, it was
recently reported that TCP11 shows a different DNA-binding specificity, with preference
for the GTGGGCCNNN sequence, due to a threonine residue at position 15 of the TCP
domain [36] (Supplemental Figure 4.4C). The binding of TCP7, 8, 9, 14, 15, 19, 20, 22
and 23 was mediated by the TBS-I in the CCA1 promoter (Figure 4.4 D and G). However,
this was not the case for TCP16 suggesting that this TF binds to the mutated TBS or to
another element within the -363/-192 region of the CCA1 promoter. In support to the latter,
it is important to note that TCP16 is phylogenetically distant from all other class-I TCPs,
has a DNA binding domain significantly different to most of them (~50% identity) (Figure
4.4 B and Supplemental Figure 4.4), and was shown to preferentially interact with the
consensus binding site for class-1l TCP proteins (GTGGNCCCNN) [37]. Taken together,
our results indicate that most class-I TCPs bind to the CCA71 promoter and thus likely
regulate the clock function, and that TCP16 function is possibly associated to responses
of both TCP classes. Given that class-I TCPs regulate plant responses to several signals

such as light, and biotic and abiotic stress [38], our findings suggest that these TFs
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represent a regulatory hub that controls the Arabidopsis clock function by multiple
environmental cues.

Here, we established a novel luciferase-based Y1H system that is faster, simpler
and more powerful than the current methods used for gene-centered screens
(Supplemental Figure 4.5 and Supplemental Table 4.3). Importantly, the enhanced
quantitative capabilities of the gLUC59 reporter assay improves the detection of positive
interactions and allows a uniform procedure and data analysis regardless of each
promoter bait background activity. In addition, gLUC59-based Y1H screens have minimal
pre-assay requirements, and demand less and shorter steps that are fully compatible with
automation. Notably, these improvements did not create any concomitant disadvantage
when compared to existing methods (Supplemental Table 4.3). Furthermore, the gLUC59
reporter could further contribute to develop future approaches that may require the
isolation of yeast cells carrying positive interactions (i.e. Y1H coupled to next generation
sequencing technologies) [33], as yeast expressing the cell-surface reporter could be
immuno-labeled and purified by cell sorting or other cell isolation methods. Given the
success of gene-centered Y1H screens to unveil TF-promoter interactions and the
continuous development of genome-wide TF clone collections, we anticipate that the
upgraded approach presented here will be widely adopted and further contribute to the
longstanding efforts towards disentangling the intricate mechanisms that regulate gene

expression across species.
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Supplemental Figure 4.1 Analysis of the linear range for the quantification of -
galactosidase activity in a high-throughput format.
The B-galactosidase activity determined in a dilution series of increasing ADH1::lacZ reporter cell
concentrations. Enzyme reaction product was determined at alternative end-points using the
OD420nm (A-F) in 96-well plates. For each incubation time, the linear range for all datapoints
statistically different than background levels (multiple comparisons using one way ANOVA) is
indicated by the solid line. Each point represents average values + SD (n=9 independent
experiments).
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Supplemental Figure 4.2. Luciferase activity for cytosolic and surface-displayed gLUC

Time after substrate addition (min)

reporters measured in 96- and 384-well plates.

Flash (0’) and glow (25’ & 60’) gLUC activity obtained from YM4271 strains carrying a genome
integrated ADH1::;gLUC (cytosolic) (yellow symbols) or ADH1::gLUC59 (cell surface) (blue
symbols) reporter constructs. Wild-type YM4271 cells were used as controls (white symbols).
gLUC activity was determined in 96- and 384-well plates directly in a cell culture aliquot. Results

represent average values + SD (n=8 independent experiments).
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Supplemental Figure 4.3. Evaluation of the quantitative capacity of the gLUC reporter
system (glow light emission).

(A) Analysis of the linearity for the quantification of gLUC59 activity using increasing
ADH1::gLUC59 reporter cell concentrations. The linear range is indicated by the red line (Lack-
of-Fit test, F=0.7876, p=0.6167). Luminescence was meassured 25 minutes after addition of the
enzyme substrate and the results are average values + SD (n=5 independent experiments). (B
and C) Individual glow luminescence measured at 2 minute intervals between 2-60 minutes after
addition of the gLUC enzyme substrate, from YM4271 cells carrying two ADH1 promoters of
different strength (FL= full-length ADH1 promoter and A= truncated ADH1 promoter) (B), or the
methionine repressed promoter MET25 (+ and - indicates the presence or absence of methionine
in the culture medium) (C). Results were normalized to their respective cell density (ODsoo). Each
symbol represents the average value + SD at each time and the line represents the overall
average value = SD considering all times (n=3 independent experiments).
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Supplemental Figure 4.4. Amino acid sequence comparisons for Arabidopsis TCP
transcription factors.

(A and B) Phylogenetic analysis of the full-length protein sequences (A) and the DNA binding
domain protein sequences (B) of Arabidopsis TCP transcription factors. Analysis was performed
with the Geneious software using the UPGMA tree building method. The percentage of replicate
trees in which the associated sequences clustered together in the bootstrap test (1000 replicates)
are shown next to the branches. (C) Multiple sequence alignment for the predicted DNA binding
domain of class-I TCPs. Amino acid sequences were aligned with ClustalW using the Geneious
software. For each position, the percentage of identity is indicated by amino acids in green boxes
(identical in all sequences), amino acids in brown boxes (identical in at least 80% of the
sequences), and amino acids yellow boxes (identical in at least 60% of the sequences).
Consensus sequence and sequence logo are indicated above the aligned sequences.

The following AGI numbers correspond to the TCP transcription factors shown in (a) and (b).
Class-1: TCP6 (At5g41030), TCP7 (At5g23280), TCP8 (At1g58100), TCP9 (At2g45680), TCP11
(At2g37000), TCP14 (At3g47620), TCP15 (At1g69690), TCP16 (At3g45150), TCP19
(At5g51910), TCP20 (At3g27010), TCP21 (CHE; At5g08330), TCP22 (At1g72010), TCP23
(At1g35560); and class-Il: TCP1 (At1g68800), TCP2 (At4g18390), TCP3 (At1g53230), TCP4
(At3g15030), TCP5 (At5g60970), TCP10 (At2g31070), TCP12 (At1g67260), TCP13 (At3g02150),
TCP17 (At5g08070), TCP18 (TBL1; At3g18550), TCP24 (At1g30210).
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liquid solid 2 liquid b
Glycerol stock  Fresh 1,536-colony arrays * Glycerol stock
DAY 0
Yeast growth Yeast growth
~_ - —
A 1d
1.5d ~__ A __—11.5d
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Readout

DAY 6

Readout

DAY 13

Supplemental Figure 4.5. The gLUC59 reporter enables faster and fully automated HT-Y1H
screens.

Timeline and workflow for gLUC59-based HT-Y1H screens performed entirely in liquid format
compared to lacZ-based HT-Y1H screens performed in liquid or solid (agar plates) formats.
"additional days required to prepare fresh 1536-colony arrays; 2Reece-Hoyes et al. (25);
®Pruneda-Paz et al. (8).
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Supplementary tables

Supplemental Table 4.1 PCR primers used in this study
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Supplemental Table 4.2 Statistical analysis of mean LUM/OD600 ratios for each prey
construct compared to the mean ratio for the empty vector control®.
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Supplemental Table 4.3 Summary of gLUC59-based Y1H assay advantages
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Chapter 5 Identification of TCP21 interacting transcription factors with
novel high throughput yeast two hybrid screen system

Introduction

Yeast two hybrid screen, as a powerful tool to discover novel protein-protein
interactions, has been heavily exploited in almost all fields of biological study [1,2].
Traditional yeast two hybrid screen strategy involves a bait protein which is fused with
Gal4 DNA binding domain, and prey protein library which is fused with GAL4 activation
domain. If the bait protein interacts with a prey protein, the GAL4 activation domain will
be brought to the promoter of reporter gene which contains the binding site for GAL4 DNA
binding domain [1,2]. Then the reporter gene is expressed and reporter activity is scored.
The most commonly used reporters are auxotrophic reporters such as HIS3 reporter and
the B-galactosidase reporter which is encoded from the lacZ gene [3]. In recent years,
with the integration of high-throughput sequencing techniques, yeast two hybrid screen
method also evolved with faster screening process and the ability to obtain larger amount
of protein-protein interaction information [4—6]. However, these techniques either starts
with cDNA library which is biased towards highly expressed genes or grow yeast cells as
mixtures rendering proteins that affect yeast fitness less likely to be selected. With the
novel cell surface luciferase reporter which allows for high throughput yeast screens [7]
and the availability of more genome scale individually cloned protein collections [8—11],
development of a gene-centered high throughput yeast two hybrid screening system is
both highly useful and achievable. By integrating the reporter cassette of the MELA1

promoter with multiple GAL4 binding sites driving the expression of the gLUC59 reporter
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into the AH109 yeast genome, we established a stable yeast two hybrid reporter strain
which is fully compatible with the current Arabidopsis transcription factor library [8] and
the screening process can be fully automated. We screened for TCP21(CHE) interacting
proteins with this new system and discovered 68 interactors and discovered that class |

TCPs are significantly enriched.

Results

AH109-gLUC59 reporter strain was constructed for high throughput yeast two
hybrid screens

Since the Arabidopsis transcription factor library was already cloned in the
pDEST22 vector (expressed together with GAL4 activation domain) and transformed in
the YU strain for yeast one hybrid screens [8], we wanted to construct a reporter stain
which is compatible with the existing TF library and suitable for high throughput screens.
Considering that the YU strain originates from Y187 [8], and that Y187 and AH109 strains
are frequently used mating pair for yeast two hybrid assay, we started to create a yeast
two hybrid strain with the cell surface luciferase reporter gLUC59 based on the AH109
strain [3]. The PCRBII vector backbone was used to construct the yeast integration vector
PCRBII-gLUC59: The upstream and downstream sequences of the AH109 MEL1 gene
were cloned to flank the reporter cassette for integration into the AH109 MEL1 locus
through double homologous recombination (Figure 5.1). MEL1 promoter was used to
drive the expression of gLUC59 reporter and triplicate GAL4 binding sites (UAS) were
cloned into the MEL1 promoter to increase the sensitivity of the assay. A geneticin
resistance gene KanMX was also cloned into the cassette for selection of successfully

integrated yeast (Figure 5.1).
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Figure 5.1 Schematic representation of yeast integration vector to create yeast two hybrid
strain with gLUC59 reporter.

The yeast integration vector was constructed with the PCR Blunt Il backbone. The upstream and
down sequences of AH109 MEL1 gene were cloned to flank the cassette to be integrated into the
AH109 genome. The replicate origin of PCRBII vector does not funciton in yeast, thus the reporter
cassette could only be preserved by the yeast through integration into the genome.

After obtaining the yeast with reporter cassette integrated into the genome (hamed
as AH109-gLUC59 strain), we tested if the expression of the luciferase reporter could be
induced. By transforming the AH109-gLUC strain with pDEST32 TCP21-VP64, a fusion
protein of GAL4 DNA binding domain, TCP21and the VP64 which is a tetrameric repeat
of VP16 minimal activation domain [12], was expressed in the yeast. Light signal was
detected from the AH109-gLUC59 yeast carrying pDEST32 TCP21-VP64 after spraying
transformed yeast with gLUC substrate coelenterazine, indicating that the expression of
gLUC reporter was induced by the fusion protein and the expressed luciferase existed on
the cell surface as expected (Figure 5.2). No light was detected in the AH109-gLUC yeast
transformed with pDEST32 MCS (multiple cloning site) where only the GAL4 DNA binding

domain was expressed (Figure 5.2).
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pDEST32 pDEST32
MCS TCP21-VP64

Figure 5.2 Induction of gLUC59 reporter expression by GAL4 DBD-TCP21-VP64 in the
AH109-gLUC59 strain.

AH109-gLUC59 strain was transformed with pDEST32 MCS (multiple cloning site) and pDEST32
TCP21-VP64 respectively. Resulting yeast was sprayed with coelenterazine and imaged in dark
under CCD camera.

Novel TCP21 interactors were identified through yeast two hybrid screen with
AH109-gLUC reporter strain

TCP21 (CHE), as a class | TCP transcription factor, is involved in the regulation of
circadian clock function and defense responses [13,14]. As TCP transcription factors tend
to form dimers to bind DNA [15-17], we screened for transcription factors that can interact
with TCP21. We transformed pDEST32 TCP21 vector into the AH109-gLUC reporter
strain and then mated the resulting yeast with the YU strain carrying the Arabidopsis TF
library (in pDEST22 vector). Diploid cells were selected and cultured for the reading of
gLUC enzymatic activity. A brief illustration of the yeast two hybrid screen process with

the new reporter strain is indicated in Figure 5.3.
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Figure 5.3 High throughput yeast two hybrid screen procedure.

Coding sequence of protein of interest was cloned in pDEST32 vector and transformed into the
AH109-gLUC strain. Then the homogeneous culture from one colony of the resulting yeast was
mated with YU stain carrying the Arabidopsis TF library individually. Diploid cells were selected
and assayed for gLUC reporter activity.

We identified 68 transcription factors that interacted with TCP21 from two
replicates of screen (Figure 5.4A and Supplemental Table 5.2), they were from 20
different transcription factor families (Supplemental Table 5.3). Duplicates of screens with
the pDEST32-MCS were done as control for self-activation of transcription factors (data
not shown). Among the transcription factor families, bHLH, TCP, SRS, VOZ and WRKY
transcription factor families were enriched for TCP21 binding proteins (Supplemental
Table 5.3). In the TCP family, class | TCPs were more enriched for the binding of TCP21
compared to class Il TCPs (Supplemental Table 5.3 and Figure 5.4B) revealing the
complex cooperation between class | TCP transcription factors.

Interaction between TCP19 and TCP21 was confirmed with BiFC assay in planta

TCP19 (AT5G51910) from the class | TCP subfamily was ranked as the top

interactor of TCP21 according to the gLUC activity in the yeast two hybrid screen. We
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tested the interaction between TCP21 and TCP19 with BiFC system in Nicotiana
benthamiana. The YFP fluorescent signal was detected only when TCP19 and TCP21
were co-infiltrated compared to the controls and the fluorescent signal existed in the
nucleus (Figure 5.4C). This result indicates that TCP19 and TCP21 interaction also

happened in planta.
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Figure 5.4 Class | TCPs were enriched for TCP21 interactors.

(A) 68 out of total 1910 TFs were identified as TCP21 interactors in yeast two hybrid screen. (B)
Class | TCPs were enriched for TCP21 interactors (red). Total number of subfamily members in
the screen is indicated as gray. (C) BiFC results in Nicotiana benthamiana systems. strepll tag
was cloned in corresponding vector for control purposes.

Discussion

After the labor-intensive cloning of the Arabidopsis transcription factor library [8],

researchers have gain a lot of information about transcriptional regulation by performing
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yeast one hybrid (Y1H) screens with this TF collection. The early Y1H screens were
performed using B-galactosidase as reporter which has several limitations [7,8]. Then,
with the development of the cell surface luciferase reporter gLUC59, the Y1H screen
process was much more standardized and automated. Taking advantage of the TF library
and the gLUC59 reporter, we established the AH109-gLUC strain for yeast two hybrid
(Y2H) screens. Traditionally, the compatible vectors to perform Y2H screens with AH109
and Y187 partner strains are usually the vector systems that have 2-micron replicate
origin such as pACT and pAS vectors [3]. These vectors replicate to high numbers in
yeast cells [18] and correspondingly produce higher levels of protein product [19].
However, this is problematic to the Arabidopsis TF collection as expressing many
Arabidopsis TFs to high level in yeast has adverse effect on yeast growth which renders
the screen to be low on coverage (data not shown). With the large dynamic range of
gLUC59 reporter and the fact that we increased the number of GAL4 DNA binding site in
the reporter cassette, the AH109-gLUC59 and YU partner strains are working well with
the low copy number pDEST22 and pDEST32 vector system (Invitrogen) which allows
much better coverage of the Arabidopsis TF collection. The procedure of Y2H screen with
AH109-gLUCS59 against the TF collection is very similar to the Y1H screen procedure,
being beneficial to the standardization of the protocol and fully automation of the process.
This Y2H system is not only applicable to the Arabidopsis TF collection. It could be applied
to potentially any protein collection from any organism.

The interaction between TCP21 and other TCP transcription factors revealed the
complexity of transcriptional regulation by TCPs. The dimerization not only happens

between TCP21 and other TCPs, it also occurs between other TCPs [16,17]. On top of
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this complexity, while TCP21 was reported as a transcriptional repressor, TCP20 and
TCP22 were activators of CCA1 transcription indicating differential activities of
transcriptional regulation among the TCPs [13,20]. Thus, different homo- and hetero-
dimers between TCP transcription factors and even between TCPs and transcription
factors of other families could be co-existing in the plant working cooperatively or
competitively. More works need to be done to dissect this complicated network, for
example, determining the spatial and temporal pattern of TCPs could reduce the possible
combination of dimers and narrow down to the real functioning ones under certain

conditions.

Materials and Methods

Construction of PCRBII-gLUC59 vector:

Fragments of the following DNA (1) PCRBII backbone, (2) AH109 MEL1 locus
upstream, (3) MEL1 promoter, (4) gLUC59 CDS-PGA terminator cassette, (5) TEF
promoter-KanMX CDS-TEF terminator cassette and (6) MEL1 locus downstream were
amplified with corresponding template and primers as indicated in Supplemental Table
5.1. Note that the amplified DNA fragments all have a piece of overlapping for Gibson
cloning. The fragments of DNA were cloned into one vector PCRBII-gLUC59 (1xUAS) by
Gibson cloning. To generate PCRBII-gLUC59 with 3 times MEL1 UAS, oligo19 and
oligo20 were annealed to have the 3XUAS fragment and the PCRBII-gLUC59 (1xUAS)
vector were digested with Ndel. Then they were cloned together with Gibson cloning.
Integration of reporter cassette into AH109 genome

PCRBII-gLUC59 plasmid was transformed into AH109 and the resulting yeast

population was plated on YPD plates containing 200mg/L G418 (geneticin). Then single
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colony was streaked on YPD plates with G418 twice and followed by single colony
streaking on YPD without G418 twice to remove selection pressure for any unstable
insertion and possible residue of PCRBII-gLUC59 plasmid in the yeast. After that, reporter
yeast was confirmed by streaking single colony again on YPD with G418 twice and after
the final streak, cells from the plate was scraped and glycerol stocked to be saved as
AH109-gLUC59.
Testing gLUC59 induction in AH109-gLUC59 yeast

pDEST32 TCP21-VP64 and pDEST32 MCS (multiple cloning site) were
transformed into AH109-gLUC59 and plated on SD-L (SD media lacking Leucine) plates
respectively. After positive colonies arose, coelenterazine (20uM coelenterazine native,
1xPBS pH 7.4, 5mM NaCl) was sprayed to the plates. Images were taken in dark with
Wasabi imaging system.
TCP21 yeast two hybrid screen with AH109-gLUC59

pDEST32-TCP21 was transformed into AH109-gLUC59 and selected on SD-L
medium. Single colony was streaked on SD-L again. 50ml of SD-L liquid culture of AH109-
gLUC59 carrying pDEST32-TCP21 was started from single colony and cultured in 250ml
flask for 24-36 hours at 30°C (180rpm shaking). At the same time, SD-T (SD media
lacking tryptophan) liquid medium was added to glycerol stocked YU-TF library (120ul
SD-T medium per well) and cultured at 30 °C (600rpm shaking) for 24-36 hours. After this
culture, transfer 3.5ul of each well of YU-TF library culture (mix each well by pipetting
first) to new plates (the mating microplates) with 40ul YPD medium. Then we added 50ml|
of YPD to the overnight AH109-gLUC culture carrying pDEST32-TCP21, mixed well and

transferred 10-20ul of this cell suspension into each well of the mating microplates. The
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mating microplates were sealed (breathable seal), votexed for 10sec at 1000 rpm and
incubated at 30 °C for 12-48 hours without shaking in a humid environment. Mated cells
were collected by centrifuging at 1000g for 3min and supernatant was removed. After
that, cells were resuspended in 40ul of SD media lacking Leucine and Tryptophan (SD-
TL) by votexing for 15sec at 1000 rpm and then cells were centrifuged at 1000g for 3min
again. Supernatant was then removed to get rid of any residue YPD. And cells were
resuspended in 65ul of SD-TL medium. 10ul of these mated cells were transferred to
new deep 384 well plates containing 45ul of liquid SD-TL medium each well. These plates
were incubated at 30°C (600rpm shaking) for 24-36 hours. Then 120ul YPD was added
to each well and continue to be cultured at the same condition for 5-6 hours. After this
culture process, we mixed the culture well by pipetting and 25ul of this culture was
transferred to clear 384 well plates (absorbance microplate). The absorbance microplates
with culture were first vortexed for 20 sec at 1000rpm and put into plate reader to
determine the OD600 of each well. Another 25ul of the YPD culture was transferred to
384-well white plate and 25ul of native coelenterazine substrate (1xPBS pH7.4, 5mM
NaCl, 24uM native coelenterazine [Biosynth]) was added to each well. The plates were
votexed for 20sec at 1000 rpm and luminescence was read 8-10min later by plate reader
with integration time as 1 sec/well. To calculate the normalized gLUC activity of each well,
means of readings from empty control wells were first subtracted from luminescence
readings and OD600 readings, then Lum/OD600 was calculated as the gLUC activity.
TCP21-TCP19 interaction detection in Nicotiana benthamiana systems

TCP21 and TCP19 was cloned into corresponding BIFC destination vectors by

gateway cloning, and Strepll tag was used as empty control. Agrobacterium strain
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GV3101 carrying BIFC vectors and agrobacterium carrying HA-P19 were cultured
overnight at 28°C. In the second morning, agrobacterium cells were harvested by
centrifugation (4000 rpm, 10min-12min) and resuspended in infiltration buffer (10mM
MgClz, 10mM MES PH5.7, 150uM acetosyringone) to OD600 as 0.5. Equal volume of
each of the combination of desired test pairs and the HA-P10 were mixed and slowly
shaken at room temperature for 3 hours. The cell mixtures were injected into expanded
leaves of young Nicotiana benthamiana plants with 1ml syringe without needle and

fluorescence signal was scored 2-3 days later.
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Supplementary Information

Supplemental Table 5.1 Oligonucleotide sequences

primer name

primer sequence (5' to 3')

purpose

primer 241 AAGGGCGAATTCCAGCACACT to amplify PCRBII backbone
primer 246 TGCAGATATCCATCACACTGG from pCR Blunt Il vector
primer 244 GCTGGAATTCGCCCTTGGATCAAAGGAA to amplify AH109 MEL1 locus
AAATATTTCT upstream sequence from
primer 288 GAAGTCGACTTCGGTAGGGTGCTATCCT AH109 genomic DNA
. CTACCGAAGTCGACTTCTAAGTAAACACC
primer 289 A to amplify MEL1 promoter from
primer 24 GATAATAGCGGATGAGAATTGCATCGTC AH109 genome
GTTGCTTTTATTACCGTTGC
primer 21 ATGCAATTCTCATCCGCTATTATC to amplify gLUC59 CDS-PGA
. TCAGGAGAAACAAAGATGTATAAGGAAC terminator cassette from the
primer256 | 5 PY1-gLUC59 (MCS version)
primer 258 TCTTTGTTTCTCCTGAAGCTTGCCTCGTC
CCCGCCGGGT to amplify TEF promoter-
KanMX CD-TEF teminator
primer 257 8$$§é$1¢éggTCAAGATGGATGGCGGC cassette from pKT140 vector
primer 232 TCTTGAGCTTATTGTTGAGCAAAGC to amplify AH109 MEL1 locus
. GTGATGGATATCTGCAGGATCCCGAGTT downstream sequence from
primer 247 | TcTCAGA AH109 genomic DNA
TTGGCTTTCATTCGGCCATATGTCTTCCG
oligo19 AAAGAATTTCATTCGGCCATATGTCTTCC
GAAAGAATTTCATTCGGCCATATGTCTTC
CGA to anneal to form the DNA
TCGGAAGACATATGGCCGAATGAAATTCT fragment with 3x MEL1 UAS
TTCGGAAGACATATGGCCGAATGAAATTC
oligo20 TTTCGGAAGACATATGGCCGAATGAAAG

CCAA
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Supplemental Table 5.2 TCP21 (CHE)-TF interactions (Yeast two-hybrid)

gLUC activity Interaction rank
Gente(Ldglr)ltifier TF family (cut off normalized) (based on gLUC activity)
Rep 1 Rep2 | Average | Rep1 | Rep2 Average
AT5G51910 TCPabc 83.6 84.7 84.2 1 1 1.0
AT1G28520 VQZzab 49.5 42.6 46.0 2 3 2.5
AT3G50510 LOBa/AS2b 32.4 50.7 41.5 3 2 2.5
AT3G57800 bHLH 2. 11.2 33.5 22.3 5 5 5.0
AT2G40470 LOBa/AS2b 12.7 22.4 17.6 4 6 5.0
AT5G50915 bHLH ab 8.2 40.8 24.5 8 4 6.0
AT2G37000 TCPabc 10.6 21.9 16.2 7 7 7.0
AT3G21330 bHLH ab 10.7 16.3 13.5 6 10 8.0
AT2G31280 bHLHe® 8.1 10.3 9.2 10 12 11.0
AT4G04885 C2H2¢e 5.4 17.7 11.6 14 9 11.5
AT1G32640 bHLH ab 5.7 9.2 7.5 12 14 13.0
AT3G59060 bHLH ab 8.1 7.8 8.0 9 19 14.0
AT2G45680 TCPabe 4.2 11.6 7.9 17 11 14.0
AT2G31210 bHLH 2. 5.6 8.7 7.2 13 16 14.5
AT1G72010 TCPabc 3.5 18.6 11.0 24 8 16.0
AT1G09530 bHLH ab 6.3 7.5 6.9 11 21 16.0
AT5G12330 SRSab 3.5 9.8 6.6 25 13 19.0
AT1G27660 ND 3.5 9.1 6.3 26 15 20.5
AT1G21700 MYB-related 2 4.6 6.5 5.6 16 25 20.5
AT3G17860 ZIMbe 3.9 7.5 5.7 21 22 21.5
AT1G69690 TCPabe 3.1 7.9 5.5 29 18 23.5
AT2G20880 AP2-EREBP ab< 3.9 6.1 5.0 20 27 23.5
AT5G45980 HB abe 3.1 7.6 5.3 31 20 25.5
AT1G48150 MADS ab 3.6 4.6 4.1 23 32 27.5
AT1G06170 bHLH ab 3.5 5.1 4.3 27 29 28.0
AT2G47700 ND 3.7 3.9 3.8 22 36 29.0
AT4G23810 WRKY ab.c 2.8 6.5 4.7 34 26 30.0
AT1G51140 bHLH 2. 3.1 5.0 4.1 30 30 30.0
AT3G24140 bHLH 2. 3.9 3.1 3.5 19 43 31.0
AT3G47620 TCPabc 2.2 6.6 4.4 40 24 32.0
AT5G46880 HB ab 1.8 8.6 5.2 48 17 32.5

To be continued
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Supplemental Table 5.2 TCP21 (CHE)-TF interactions (Yeast two-hybrid) (continued)

. . gLUC activity Interaction rank
Gene(;\dglr)ltlfler TF family (cut off normalized) (based on gLUC activity)
Rep1 | Rep2 | Average | Rep1 | Rep 2 Average
AT1G68810 bHLH ab 2.9 4.6 3.7 33 33 33.0
AT2G18300 bHLH ab 2.0 5.6 3.8 44 28 36.0
AT5G27130 MADS ab 3.4 3.1 3.2 28 44 36.0
AT3G30530 bZ|p abe 2.1 4.8 3.5 42 31 36.5
AT3G15030 TCPabe 3.0 3.2 3.1 32 41 36.5
AT1G55650 ARID ab 2.1 3.5 2.8 41 38 39.5
AT4G01720 WRKY abc 2.1 3.7 2.9 43 37 40.0
AT2G22760 bHLH 2. 1.4 6.7 4.0 58 23 40.5
AT3G27010 TCPabe 5.3 NG 5.3 15 68 41.5
AT4G02590 bHLH ab 1.8 4.2 3.0 49 34 41.5
AT4G11070 WRKY abc 2.3 29 2.6 38 45 41.5
AT1G60250 Orphans? 4.0 NG 4.0 18 66 42.0
AT4G00730 HB ab 2.0 3.2 2.6 46 42 44.0
AT2G23760 HB a.b 1.5 4.2 2.8 55 35 45.0
AT4G04450 WRKY ab.ec 2.3 2.4 2.3 39 51 45.0
AT1G68920 bHLH 2.0 2.4 2.2 2.3 37 55 46.0
AT3G01220 HB ab 1.6 3.3 2.4 54 40 47.0
AT5G41315 bHLH ab 2.0 23 2.1 45 52 48.5
AT1G32240 G2-like ab 1.9 23 2.1 47 53 50.0
AT4G35270 RWP'RKi/ NIN-like 25 1.5 2.0 36 65 50.5
AT1G66600 WRKY abe 2.6 NG 2.6 35 67 51.0
AT3G54390 TRIHELIX 2b 1.5 2.7 2.1 56 47 51.5
AT1G24590 AP2-EREBP abc NG 3.5 3.5 67 39 53.0
AT4G35040 bZ|p abe 1.2 2.8 2.0 62 46 54.0
AT5G16560 G2-like ab 1.4 2.6 2.0 59 49 54.0
AT1G19790 SRSab 1.7 2.2 1.9 51 57 54.0
AT4G22070 WRKY ab.c 1.7 2.2 1.9 52 56 54.0
AT1G34180 NAC ab 1.2 2.6 1.9 61 48 54.5
AT2G24430 NAC ab 1.8 2.0 1.9 50 64 57.0
AT4G33880 bHLH ab 1.1 25 1.8 64 50 57.0
AT5G14010 C2H2abe 1.6 2.0 1.8 53 63 58.0
AT1G68240 bHLH ab 1.5 21 1.8 57 59 58.0

To be continued
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Supplemental Table 5.2 TCP21 (CHE)-TF interactions (Yeast two-hybrid) (continued)

. . gLUC activity Interaction rank

Gene(;\dglr)ltlfler TF family (cut off normalized) (based on gLUC activity)
Rep1 | Rep2 | Average | Rep1 | Rep 2 Average

AT1G64625 bHLH e 1.0 2.2 1.6 65 54 59.5

AT4G37940 MADS ab 1.4 2.1 1.7 60 61 60.5

AT2G31220 bHLH ab 1.1 2.2 1.6 63 58 60.5

AT4G13640 G2-like ab 1.0 21 1.6 66 60 63.0

AT1G72210 bHLH ab NG 21 2.1 68 62 65.0

@ Source: http://pIntfdb.bio.uni-potsdam.de

b Source: http://datf.cbi.pku.edu.cn

¢ Source: http://www.transcriptionfactor.org

NG: no growth of yeast
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Supplemental Table 5.3 TF-family analysis for TCP21 (CHE)-TF interactions

TF-family members Number of TE-family enrichment
TF family screened TCP21-TF
(out of 1910 TFs) interactions o-value @ significance

AP2-EREBP 135 2 9.6E-01 n.s.
ARID 10 1 3.0E-01 n.s.
bHLH 118 22 1.4E-11 il
bZIP 63 2 6.7E-01 n.s.
C2H2 119 2 9.3E-01 n.s.
G2-like 37 3 1.4E-01 n.s.
HB 60 5 5.9E-02 n.s.
LOB/ AS2 35 2 3.6E-01 n.s.
MADS 81 3 5.6E-01 n.s.
MYB-related 58 1 8.8E-01 n.s.
NAC 88 2 8.3E-01 n.s.
ND 83 2 8.1E-01 n.s.
Orphans 38 1 7.5E-01 n.s.
RWP-RK / NIN-like 1 1.7E-01 n.s.
SRS 2 1.2E-02 *

TCP 23 8 5.5E-07 i
TRIHELIX 22 1 5.5E-01 n.s.
vOZ 1 1 3.6E-02 *

WRKY 60 6 1.8E-02 *

ZIM 14 1 4.0E-01 n.s.

TCP subfamily analysis

TCP-classl 12 7 3.7E-08 ek
TCP-classll 11 1 3.3E-01 n.s.

 p-value of enrichment calculated by hypergeometric probability calculator from Geneprof.
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Chapter 6 Conclusions

We exploited a leaf localized Pseudomonas syringae infection approach to assess
the response of circadian clock function to biotic stress and we discovered that localized
Pst DC3000 infection systemically lengthened the period and reduced the amplitude of
circadian rhythms in distal uninfected tissues. Upon Pseudomonas syringae infection, the
production of defense related hormone salicylic acid (SA) is transiently induced. We found
that transient SA treatment to the plant also reduced the amplitude of clock-controlled
rhythms and induced a phase delay. The master regulator of SA signaling, NPR1,
antagonized the clock responses triggered by Pst DC3000 infection or SA transient
treatment indicating a protective role of NPR1. At the same time, the NADPH oxidase
RBOHD which produces apoplastic ROS, partially mediated the observed clock
responses. We also discovered that the observed clock responses triggered by localized
Pst DC3000 infection were more drastic in the shoot apex than the peripheral tissues and
the development of the plant upon localized Pst DC3000 infection was delayed.

Since several TCP transcription factors have been shown to be involved in
circadian regulation and TCP DNA binding activity are regulated by the redox state, to
find the possible link from the ROS production triggered by defense responses to the
regulation of the clock function, we started to explore TCP transcription factors. We
established a novel cell surface reporter gLUC59 for yeast one hybrid assays and with
this system, we discovered that most class | TCP transcription factors were able to bind
CCA1 promoter through TBS. Then we developed a new yeast two hybrid system which

uses the gLUC59 as reporter. With this yeast two hybrid system, we identified 68 TCP21
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interactors and discovered that class | TCPs were especially enriched for TCP21
interactors.

Since these results of TCP transcription factors are just providing a starting point,
more future work need to be done to finally test if TCPs are the link to regulate clock
function by defense signals. Since our results suggest that exceptionally complicated
cooperation exists among TCPs, in the future, spatial and temporal studies need to be
done to narrow down the list of TCPs to be tested.

Another future work to be done is to study the relationship between the modulation
of the clock in the shoot apex and the development delay in the SAM upon localized
Pseudomonas syringae infection. Due to the complicated nature of circadian clock
research itself, little work has been done to study circadian rhythms at different
developmental stage of the plant and research about clock function in different tissues of
the plant has just began. Whether an alteration in the development would have an impact
on the clock or the alteration in circadian rhythms upon infection is driving the observed
development delay at least partially or they are just two unlinked responses upon infection

is an interesting and important question to be answered.
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