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Abstract
Strigolactones are a group of phytohormones that control developmental processes 
including shoot branching and various plant–environment interactions in plants. We 
previously showed that the strigolactone perception mutant more axillary branches 
2 (max2) has increased susceptibility to plant pathogenic bacteria. Here we show 
that both strigolactone biosynthesis (max3 and max4) and perception mutants (max2 
and dwarf14) are significantly more sensitive to Pseudomonas syringae DC3000. 
Moreover, in response to P. syringae infection, high levels of SA accumulated in max2 
and this mutant was ozone sensitive. Further analysis of gene expression revealed 
no major role for strigolactone in regulation of defense gene expression. In contrast, 
guard cell function was clearly impaired in max2 and depending on the assay used, 
also in max3, max4, and d14 mutants. We analyzed stomatal responses to stimuli that 
cause stomatal closure. While the response to abscisic acid (ABA) was not impaired 
in any of the mutants, the response to darkness and high CO2 was impaired in max2 
and d14-1 mutants, and to CO2 also in strigolactone synthesis (max3, max4) mutants. 
To position the role of MAX2 in the guard cell signaling network, max2 was crossed 
with mutants defective in ABA biosynthesis or signaling. This revealed that MAX2 
acts in a signaling pathway that functions in parallel to the guard cell ABA signaling 
pathway. We propose that the impaired defense responses of max2 are related to 
higher stomatal conductance that allows increased entry of bacteria or air pollutants 
like ozone. Furthermore, as MAX2 appears to act in a specific branch of guard cell 
signaling (related to CO2 signaling), this protein could be one of the components that 
allow guard cells to distinguish between different environmental conditions.
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measurements indicated that only the max2 alleles (and max2-1 d14-
seto5) displayed increased stomatal conductance (Figure 7a and b).

Next we measured the response to several other stimuli: dark-
ness, high CO2, and ABA (Figure 7 and Figure S3) that induce stoma-
tal closure in wild-type plants (Assmann & Jegla, 2016; Merilo et al., 
2013). In response to darkness, both strigolactone biosynthesis 
(max3, max4) and perception (max2, d14-1) mutants had significantly 
slower rate of stomatal closure while upon high CO2 treatment the 
response was impaired in max2 and d14 mutants (Figure 7e and f). 
In contrast, the stomatal response to ABA was not impaired in any 
of the mutants, instead, an enhanced stomatal closure rate was ob-
served in max2-1, possibly due to higher stomatal conductance of 
max2-1 before ABA treatment (Figure 7g and h).

Most of our knowledge on regulation of guard cell signaling is in the 
context of ABA signaling (Merilo et al., 2018), and very few regulators 

specific for other stimuli have been found (Engineer et al., 2016). Thus, 
the differential response of especially max2 with a defective response 
toward high CO2 and darkness, and normal to enhanced response to-
ward ABA, adds a new regulatory layer in guard cell signaling. As an 
F-Box protein, MAX2 might be involved in the targeted degradation of 
some other regulatory component in guard cell signaling.

3.8 | MAX2 regulates stomatal function 
independently of ABA signaling

Multiple results obtained in this study indicated significant dif-
ferences between max2 and other strigolactone signaling-related 
mutants, that is, the max2 mutant was the only mutant exhibiting 
ozone sensitivity and consistently higher stomatal conductance 

F I G U R E  7   Whole-plant stomatal conductance and stomatal closure responses to darkness, high CO2, and ABA foliar spray. (a) Stomatal 
conductance of max2, max3, and max4 mutants (n = 7–11). (b) Stomatal conductance of max2 and d14 mutants (n = 10–20). (c) Darkness-
induced stomatal closure of max2, max3, and max4 mutants (10 min after induction; n = 7–11). (d) Darkness-induced stomatal closure of 
max2 and d14 mutants (10 min after induction; n = 10–20). (e) High CO2-induced stomatal closure of max2, max3, and max4 mutants (10 min 
after induction; n = 6–12). (f) High CO2-induced stomatal closure of max2 and d14 mutants (10 min after induction; n = 10–23). (g) ABA-
induced stomatal closure of max2, max3, and max4 mutants (40 min after induction; n = 6–12). (h) ABA-induced stomatal closure of max2 
and d14 mutants (40 min after induction; n = 13–23). All graphs present the mean ± SEM. Asterisks denote statistically significant differences 
according to one-way ANOVA with Tukey HSD post hoc test. The time course data used to calculate the bar graphs (c–h) can be found in 
Figure S3
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(Figures 4, 6 and 7). To further explore the function of MAX2 in 
the guard cell signaling network, we crossed max2 with mutants 
defective in ABA biosynthesis (aba2), guard cell ABA signaling 
(ost1), and a scaffold protein GHR1 (ghr1) that is required for ac-
tivation of the guard cell anion channel SLAC1. Next, single and 
double mutants were subjected to measurement of stomatal 
conductance. Interestingly, all double mutants had significantly 
higher stomatal conductance than the corresponding single mu-
tants (Figure 8), suggesting that MAX2 acts in a signal pathway 
that functions in parallel to the well-characterized stomatal ABA 
signaling pathway.

4  | DISCUSSION

Plant defense responses to pathogen infection are highly com-
plex and include many different signaling pathways (Koornneef & 
Pieterse, 2008; Pieterse et al., 2012). While hormones associated 
with stress, for example, salicylic acid, jasmonic acid, ethylene, 
and abscisic acid have long been studied for their role in pathogen 
responses, hormones typically associated with development influ-
ence the outcome of plant–pathogen interactions (Pieterse, Leon-
Reyes, Ent, & Wees, 2009). While the function of strigolactones 
in Arabidopsis was initially characterized for their role in shoot 
branching (Bennett et al., 2006, Hayward et al., 2009, Stirnberg, 
Furner, & Leyser, 2007), they appear to be important in patho-
gen sensitivity. Mutants involved in strigolactone sensing (max2, 
d14) and biosynthesis (max3 and 4) were more sensitive to P. sy-
ringae DC3000 spray infection than Col-0 (Figure 1b). Pathogen 

infection assays can be performed in many different ways, with 
different levels of inoculums and different delivery methods to the 
plants (e.g., spray infection or syringe infiltration). We designed 
our experiment to use different levels of inoculum to test the 
reproducibility of the observed pathogen sensitivity phenotype. 
This revealed a differential response, where only max2 showed 
significantly increased sensitivity at higher inoculum (Figure S2). 
This suggests that the role strigolactone in pathogen responses 
is condition-dependent and its function is better described as a 
modulator of the defense response rather than a master regulator. 
Similarly, the very modest transcriptional response of pathogen 
defense genes to the application of the synthetic strigolactone an-
alogue GR24 (Figure 3 and Mashiguchi et al., 2009) also indicates 
that strigolactones are not direct regulators of defense signaling. 
At the same time, as the max2 phenotype is very robust, this sug-
gests a broader role for MAX2 in several signaling pathways in 
addition to strigolactone signaling. Moreover, the high levels of 
SA that accumulated in both max2 alleles in response P. syringae 
DC3000 spray (Figure 2) were consistent with the results in Piisilä 
et al. (2015) where SA levels were measured with gas chromatog-
raphy combined with mass spectrometry.

We propose that the role of strigolactone signaling compo-
nents, especially MAX2, in plant defense, is related to the regula-
tion of stomatal function, which subsequently influences pathogen 
and defense responses. This was clearly indicated by an increased 
ozone sensitivity of max2 mutant plants (Figure 4). Arabidopsis mu-
tants and accessions with more open stomata are ozone sensitive 
as more ozone can enter the plant (Brosché et al., 2010; Overmyer 
et al., 2008). Similarly, more open stomata would also allow higher 
entry of pathogenic bacteria, for example, P. syringae. Additionally, 
the impaired stomatal closure in response to P. syringae infection 
likely contributes to sensitivity (Piisilä et al., 2015). In pathogen and 
ozone sensitivity studies, the strong max2-4 allele was clearly more 
impaired than the weak max2-1. When weak alleles of max2 (max2-
1) and d14 (d14-seto5) were combined in the max2-1 d14-seto5 dou-
ble mutant, a similar phenotype to the strong max2-4 was observed 
in pathogen (48 hpi) and ozone (24 hr) responses (Figures 1 and 3). 
This is consistent with the current understanding of D14 and MAX2 
interacting in strigolactone perception (Lv et al., 2018). However, 
the fact that d14-1 and strigolactone biosynthesis mutants max3 
and max4 were not ozone sensitive suggests that MAX2 has a more 
versatile role in stress responses than the other strigolactone sig-
naling-related proteins. Previously, MAX2 was also shown to have 
a role in karrikin signaling (Li et al., 2017), pointing toward different 
signaling roles for this F-box protein, possibly by targeting the degra-
dation of proteins in different signaling pathways (Figure 9).

To further evaluate the role of strigolactones in regulation of 
guard cell signaling, we used several different methods and genetic 
tools. To our surprise, we could not observe GR24-induced stomatal 
closure in either stomatal aperture or stomatal conductance assays 
(Figure 5). Ha et al. (2014) rescued the drought phenotype of the 
strigolactone biosynthesis (max3 and max4) mutants with strigo-
lactone spray. Moreover, by using epidermal peels, Lv et al. (2018) 

F I G U R E  8   The basal level of whole-rosette stomatal 
conductance of double mutants measured with intact plants. Four-
week-old plants were measured, and the stomatal conductance 
is the average from 5–6 plants. Data are presented as the 
mean ± SEM. In statistical analysis, we conducted a logarithmic 
transformation on the data and then univariate analysis of variance 
combined to Tukey HSD post hoc test
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showed that the stomata close in response to GR24 and strigolac-
tones were concluded to be common regulators of stomatal closure 
in planta (Zhang, Lv, & Wang, 2018). One challenge in using GR24 is 
that no standard method for dissolving this chemical is established, 
and possibly, the solvent of GR24 might affect the results. Thus, we 
dissolved GR24 both in DMSO and acetone but neither of the solu-
tions resulted in clear differences from mock in the size of stomatal 
aperture or in stomatal conductance.

There are several methods to measure stomatal function. First, 
we performed a classical porometer measurement in order to ex-
plore if the growth stage (or age) of the leaves affected stomatal 
conductance. All of the strigolactone biosynthesis and perception 
mutants had a higher stomatal conductance except for d14-seto5 
(Figure 6) that consistently had weaker phenotypes than the other 
mutants, which is also evidenced by its growth phenotype (Figure 
S4). As the strigolactone mutants have a “bushy” phenotype (Figure 
S4), with leaves often laying on top of each other, the porometer 
measurements have the advantage of measuring a specific area in-
dependent from the rest of the plant. However, the data provided by 
the porometer are also limited, since the porometer sensor area is 
rather small, and thus, only a small area of a leaf is measured and we 
only measured the abaxial side of the leaf.

To complement the porometer data, we used a custom-made 
device that measures the whole-rosette gas exchange and allows 
parallel analysis of 8 intact plants and their real-time responses to 
stomata-affecting factors, such as CO2 concentration, darkness, 
and the phytohormone ABA (Kollist et al., 2007). In contrast to po-
rometer measurements, only max2 and max2 d14 mutants had in-
creased stomatal conductance when the intact whole rosettes were 
measured (Figure 7a and b). These lines displayed also increased 
ozone-induced cell death confirming earlier reports where increased 
stomatal conductance has led to increased ozone sensitivity of dif-
ferent Arabidopsis accessions and mutants (Brosché et al., 2010; 
Overmyer et al., 2008). The difference in results obtained with these 
two methods might have several explanations: (a) in promoter mea-
surements, only a small leaf area is measured, and thus, there is large 
edge-to-area ratio which can be source of error (Long & Bernacchi, 
2003), besides Arabidopsis leaves are vulnerable and clamping them 

to measuring head could lead to wounding. (b) There are pitfalls in 
whole-rosette gas exchange measurements as well. There is always 
significant variation of leaf ages, and some extent shading between 
neighboring leaves can occur. These constraints can create a micro-
climate and variation in leaf temperatures, which is a key input for 
calculation of stomatal conductance. Accordingly, it is not correct to 
compare numerical values of whole-plant gas exchange with those 
of leaf porometry. The challenges of accurate gas exchange mea-
surements are further discussed in Long, Farage, & Garcia, 1996 
and Long & Bernacchi, 2003. Transpiration is another broadly used 
physiological parameter to estimate plant water transport, and cal-
culation of transpiration is more robust as it does not require values 
for leaf temperature. We also calculated whole-plant transpiration 
of the studied mutants, and this analysis led to the same result, that 
is, transpiration was significantly higher only in max2 and max2 d14 
lines (Figure S5). (c) As porometer measurements were performed 
at the University of Helsinki, and the whole-rosette assays at the 
University of Tartu, other factors affecting growth conditions could 
sensitize the biosynthesis mutants (max3, max4) to have more open 
stomata in the Helsinki growth conditions. Further research might 
resolve this issue, but given the consistent phenotype of max2 across 
several different assays and growth conditions, the response of this 
mutant strongly suggests an important role for MAX2 in guard cell 
signaling. Increased stomatal conductance can result from either in-
creased stomatal aperture or stomatal density. In max2-1 and max2-
4, we previously observed increased stomatal aperture compared to 
wild type (Piisilä et al., 2015). However, given the different results in 
stomatal conductance, stomatal aperture and responses observed 
for the strigolactone-related mutants between different methods 
and growth conditions (Figures 6 and 7; Bu et al., 2014; Ha et al., 
2014; Lv et al., 2018), we cannot exclude that the increased stomatal 
conductance could be a result of both increased aperture as well as 
increased number of stomata.

Testing stomatal responses to several different treatments 
showed that high CO2-induced stomatal closure was impaired in 
max2 and d14-1 (Figure 7e and f). A sudden darkness treatment 
during the normal light period is partially initiated by the same mech-
anism as CO2 signaling. Removal of light stops photosynthesis and 
this leads to increase of CO2 concentration inside the leaf, similar to 
the situation when elevated CO2 is applied. The darkness-induced 
stomatal closure was reduced in max2, max3, max4, and d14-1; that 
is, the response to darkness was more broadly impaired than the 
response to high CO2. Of the different stimuli and treatments that 
lead to stomatal closure, the response to darkness might be the least 
studied. Thus, the impaired darkness response in both strigolactone 
biosynthesis and perception mutants opens the possibility for fur-
ther studies into this branch of guard cell signaling.

To further study the relationship between strigolactone and 
ABA, we examined whether ABA signaling and MAX2 share the 
same elements in guard cell signaling. For this, we crossed max2 
with other guard cell signaling mutants ost1, ghr1, and the ABA bio-
synthesis mutant aba2. The resulting double mutants (max2 ghr1, 
max2 ost1, and max2 aba2) had a higher stomatal conductance 

F I G U R E  9   MAX2 acts in different signaling pathways to target 
proteins to ubiquitin-mediated degradation. In strigolactone 
signaling, MAX2 interacts with the strigolactone receptor D14 
(Seto et al., 2019). In karrikin signaling, MAX2 interacts with the 
karrikin receptor KAI2 (Guo, Zheng, Clair, Chory, & Noel, 2013; Li 
et al., 2017). In guard cell signaling, a proposed new function for 
MAX2 is to target a component X in guard cell CO2 signaling to 
degradation

MAX2 MAX2 MAX2D14 KAI2 X

Strigolactone
signaling

Karrikin
signaling

Guard cell CO2

signaling
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than any of these mutants individually. Thus, it appears that MAX2 
functions on a pathway that is parallel to ABA signaling (see also Lv 
et al., 2018). As very few regulators of ABA-independent guard cell 
signaling have been found (Assmann & Jegla 2016, Engineer et al., 
2016), the impaired CO2 and darkness response in max2 implicate 
that the F-Box protein MAX2 has a crucial role in targeting as yet 
unidentified important guard cell regulator to ubiquitin-mediated 
protein degradation (Figure 9). This regulator would not be any of 
the well-known components of the ABA signaling pathway, for ex-
ample, the PYR/PYL receptors, PP2C phosphatases, or OST1 kinase 
(Assmann & Jegla 2016, Engineer et al., 2016). A future screen for 
MAX2-interacting proteins using, for example, MAX2 co-immuno-
precipitation from isolated guard cells could be used to unravel other 
components of this specific branch of guard cell signaling and give 
new information on how different signaling pathways interact to 
regulate stomatal function.
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