How might highly resilient plant immunity have evolved? A “multiverse” hypothesis
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SUMMARY

Flowering plants have highly resilient core immunity, which is likely key to withstanding assaults from
fast-evolving pathogens for millions of years. A major means of enabling resilience is acquisition of
backup immune signaling mechanisms, which effectively conceal evolutionary goals from pathogens.
However, it seems impossible to acquire backup mechanisms via incremental adaptation under constant
pressure from faster-evolving organisms. Here | propose a hypothesis for how a system with backup
mechanisms could have evolved using concepts borrowed from a multiverse hypothesis in cosmology.

Pathogens can evolve much faster than plants

Many plant pathogens are microbial and can evolve much faster than plants. Two factors that positively
affect the rate of evolution (the nucleotide substitution rate) in the neutral theory of molecular
evolution are mutation rate and effective population size [1]. The mutation rate is typically defined on a
per-generation basis. The mutation rates of DNA viruses, bacteria, to Arabidopsis are in a similar range
(10° to 10°® substitutions/nucleotide/generation) whereas those of RNA viruses are higher (10°to 10*
substitutions/nucleotide/generation) [2-4]. Therefore, the evolution rate in a fixed time interval, such as
a year, is also highly dependent on generation time. Generally, the larger the effective population size
and the shorter the generation time, the faster evolution is. Viruses could have generation times on the
order of 10 minutes, and bacteria could have generation times on the order of 1 hour, while the fastest-
cycling flowering plants have generation times on the order of a month. While the population size of a
single species of bacterium could easily be many orders of magnitude larger than that of a plant species,
their effective population size could be even larger due to frequent horizontal gene transfer across
different species of microbes [5]. Thus, in the race of evolution, plants have lopsided disadvantages
relative to their microbial pathogens. In contrast, we, as vertebrates, have a big advantage against fast-
evolving pathogens. We have adaptive immunity, which is a super evolution machine inside each of us
[6]. Plants do not have adaptive immunity. How have plants managed to stay in this world under
pressure from fast-evolving pathogens?

Backup mechanisms provide resilience to plant immunity and buy time for plants

One key factor for plants to withstand pathogen evolution despite their lopsided disadvantages is
resilience of the plant immune system. The core part of immunity of flowering plants is highly resilient.
A pathogen effector can target immune signaling components and compromise the immune functions of
the components, but the immunity is not strongly affected. One of the simplest ways to achieve such
resilience is to acquire multiple backup mechanisms in the system: while one signaling mechanism could
be shut down by a pathogen effector, a backup mechanism can take over the signaling task;
consequently, the immune system does not suffer a strongly negative impact from the effector [7].

For example, we have demonstrated that at least three signaling mechanisms can back each other up in
Arabidopsis Effector-Triggered Immunity (ETI) elicited by the Pseudomonas syringae effector AvrRpt2



(AvrRpt2-ETI) [8-10]. Simultaneous removal/inactivation of five major immune signaling sectors, the
jasmonate (JA), ethylene (ET), PAD4, and salicylate (SA) sectors and ETI-mediating, PTI-inhibited sector
(EMPIS), results in almost complete loss of AvrRpt2-ETI. From this state of almost no AvrRpt2-ETI, any
one of the three mechanisms is sufficient to restore AvrRpt2-ETI: the PAD4 sector only; the JA and SA
sectors together, and EMPIS only. None of the three mechanisms is necessary, and thus the mechanisms
back up one another and conceal themselves from pathogens, i.e., the backup mechanisms conceal the
evolutionary goals from pathogens [7].

Another example we found is that coevolution of homologous immune regulators can confer resilience
to immunity [11]. In the CBP60 protein family, members of two subfamilies, the CBP60g and SARD1
subfamilies, are positive, partially functionally redundant immune regulators, while those of the third
CBP60a subfamily are negative regulators [12-15]. We hypothesized two coevolutionary mechanisms:
(a) the members of two positive regulator subfamilies in a single species are selected to be divergent
from each other to avoid simultaneous targeting by a single pathogen effector (which ensures that a
member in the other subfamily can back up the signaling function); and (b) the negative regulator
subfamily member in the same species is selected to be similar to one of the positive regulators so that
simultaneous targeting of positive and negative regulators by a pathogen effector moderates the
negative impact of the effector on immunity. We detected coevolutionary signatures consistent with
these hypotheses in each of 12 diverse eudicot linages we examined. Two positive regulators that
cannot be targeted by a single pathogen effector (coevolutionary mechanism (a)) can conceal
themselves from a pathogen as discussed in the previous paragraph. However, since the two positive
regulators are only partially functionally redundant, the effect of concealing the evolutionary goals is
partial as well - effector targeting of one of the positive regulators has some (but not a large) negative
impact on immunity. Protection of one of the positive regulators by a negative regulator (coevolutionary
mechanism (b)) can complement this partial weakness. Coevolutionary mechanism (b) can suddenly
change which positive regulator is more susceptible to effector targeting when the identity of the
positive regulator that is more similar to the negative regulator suddenly flips.

Concealing evolutionary goals for pathogens and changing them suddenly can confer resilience to core
plant immunity. Resilient core immunity can buy time for plants to evolve specific solutions to particular
pathogen effectors, such as evolution of specific R genes [7]. Thus, resilient immunity is likely a main
reason flowering plants have been faring quite well in the evolutionary war against pathogens.

Evolution of multiple backup mechanisms appears impossible for plants

OK. Flowering plants are doing fine now, but how did they get here? How have flowering plants acquired
such resilient immunity, or more specifically, backup mechanisms in the immune system? It is difficult to
imagine that incremental adaptation could innovate multiple backup mechanisms: pathogen evolution
would rapidly negate whatever single evolutionary innovation a plant acquired; in this way, plants would
never be able to evolve a system that requires multiple innovations, i.e., multiple backup mechanisms,
under pathogen pressure. Multiple backup mechanisms must have been invented almost simultaneously
(in the evolutionary time scale).

In addition to components of the backup mechanisms, the parameter values that control the backup
mechanisms, particularly those that control relationships among the backup mechanisms, also need to



be right. A parameter of a system describes how one component of the system interacts with another
component or with itself (e.g., the self-decay rate). Generally, immunity is expensive energetically and
resource-wise [16] and has a negative impact on plant growth when immunity is not needed, i.e., when
plants are not attacked by pathogens [17]. For better fitness, immunity needs to be suppressed when it
is not needed. On the other hand, when immunity is needed, it should be induced rapidly and
sufficiently strongly (but not more strongly than needed). Thus, the multiple backup mechanisms
needed to be sufficiently well-controlled at the moment of their invention. If the parameter values at
the beginning were sufficiently good, incremental adaptation could optimize the parameter values.

We can describe acquisition of new mechanisms and different parameter values of an existing system in
a consistent manner using a parameter space of the system. Acquisition of new mechanisms can be
described as dimensions that previously had zero values (one newly acquired mechanism usually
corresponds to more than one new non-zero dimensions). Thus, evolution of a system can be described
as changes in the coordinates in a parameter space.

These discussions revealed a requirement for plants to acquire multiple backup mechanisms in the
immune system: almost simultaneous changes in multiple dimensions of the parameter space. We need
an evolutionary mechanism different from incremental adaptation to meet this requirement.

A multiverse hypothesis in cosmology

Since | will use an analogy from a multiverse hypothesis in cosmology, | will briefly explain the
cosmological hypothesis and the concepts | borrow from it. There are about 20 fundamental physical
constants that cannot be derived from the current physics theories, the standard model of particle
physics and general relativity [18]. Instead, the values of the constants need to be measured and the
theories can use these constant values to make many other precise predictions. It appears that the
values of the physical constants are fine-tuned [19]. If the physical constant values were a little different,
the universe would rapidly collapse or rapidly become very flat (no complexities) after its birth (i.e., a Big
Bang). Since our universe had the physical constant values just right, it was able to have a long lifetime
(about 14 billion years so far [20]) and to have evolved complexities, such as galaxies, stars, planets, and
lives. One possibility is that the ultimate theory of everything would reveal that the physical constants
must have these values — we just do not yet know such a theory. Another possibility is that we are
merely agents in a computer simulation and the creator of the simulation determined the constant
values of our (simulated) universe (“simulation hypothesis”; [21]). A third possibility is that we are just
extremely lucky. A superstring theory predicts an extremely high, but finite, number of possible physical
constant values [22], and a set of constant values for a universe is randomly chosen from the numerous
possible sets during a Big Bang [23]. With an extremely low but non-zero probability, a universe could
have the right physical constant values to be long-lasting with complexities. Another part of the third
possibility is that numerous Big Bangs are happening all the time [24], i.e., numerous universes are being
born all the time, hence the name of the multiverse hypothesis. When an extremely high number of
trials occur, even an outcome with an extremely low probability should happen. For example, even if the
probability that one particular outcome occurs is 102, the probability this outcome never occurs after
10'* trials is pretty much O (= e~1% < 0.0001). Extremely lucky universes may have evolved intelligent
lives that observe their own universes (“anthropic principle”), which has happened in our universe. The
concepts | borrow from the multiverse hypothesis of cosmology are: (1) numerous trials, each of which



makes big, fundamental changes are happening all the time; (2) with numerous trials, an outcome with
an extremely low probability happens; (3) only the very few successful outcomes are recognized
retrospectively.

Whole genome duplication followed by extensive genome reorganization is a Big Bang of plant
evolution

A Big Bang in plant evolution must be a massive genome reorganization event. It has been pointed out
that a whole genome duplication (WGD) is often phylogenetically associated with the base of a major
plant clade [25, 26]. For example, I-WGD and e-WGD are shared by all seed plants and all flowering
plants, respectively [27]. However, WGD alone is unlikely to lead to big evolutionary innovations.
Natural and artificial homo-polyploidization (i.e., WGD) of flowering plants is generally not associated
with large phenotypic changes (e.g., [28]) — taxonomists uninformed about homo-polyploidization would
not classify plants with homo-polyploidy into taxonomic families different from those of the starting
plants. The big innovation opportunities are in the following processes [29, 30]. Duplicated genes could
undergo neofunctionalization. For example, innovation of major immune regulator subfamilies,
CBP60g/SARD1 positive and CBP60a negative immune regulator subfamilies, occurred through a gene
duplication event around the time of e-WGD [11]. Similarly, a pivotal immune signaling mechanism
comprised of the EDS1/PAD4/SAG101 protein family appears to have arisen around the time of -WGD
[31]. No protein molecules that have the overall structural organization of the EDS1/PAD4/SAG101
protein family, which contains both a lipase-like domain and an EP domain, have been observed in any
organisms outside seed plants while essentially every seed plant has the EDS1/PAD4/SAG101 protein
family. This innovation may have been possible when a lipase gene duplicated in Z-WGD — a duplicated
lipase gene might have been free to be fused to an EP domain gene. Thus, neofunctionalization could
add new dimensions to the parameter space.

Duplicated genes could also undergo specialization. For example, a segmental genome duplication of the
isochorismate synthase (ICS) gene around the time of a- or B-WGD resulted in two copies of the gene,
ICS1 and ICS2 [32]. The duplication allowed the expression of /CS1 to be highly specialized for an
immune function as the ICS product isochorismate is a major precursor for salicylate synthesis in the
plastid in Arabidopsis [33]. A low but constitutive level of ICS2 expression in Arabidopsis maintains a
minimal level of isochorismate production for phylloquinone biosynthesis, which is essential for
Photosystem | [34]. Such specialization could drastically change some parameter values. In addition,
deletion of one of the duplicated genes could also change such parameters. For example, in a simple
case, the activity level of the gene product could be cut in half when one of the duplicated genes is
deleted. It is easy to imagine much more complicated parameter value changes caused by deletion of
one of the duplicated genes when two genes have been specialized. Thus, neofunctionalization,
specialization, and deletion of the duplicated genes could have large impacts on the system parameter
space.

There are many small-scale gene duplication events, such as tandem duplication of a single gene, which
also allow neofunctionalization, specialization, and deletion of the duplicated genes. Then what is
special about WGD compared to small scale gene duplication? It is that WGD provides innovation
opportunities to many genes almost simultaneously. This allows system-level evolutionary innovation.



Outcomes of neofunctionalization, specialization, and deletion of multiple genes following WGD are
affected by stochasticity (e.g., where in the genome mutations have occurred in what order?) and
selection imposed by pathogens and other environmental factors (including drastic ones that led to a
mass extinction). As pathogen selection could change drastically in a short time, such as by invasion of
completely new pathogens into an area, every WGD followed by large genome reorganization would
broadly survey a massive parameter space. Parameter subspaces that can represent resilient immune
systems could be very small within a massive parameter space. This is why the probability of acquiring
successful parameter sets for resilient immunity is extremely small.

A multiverse hypothesis of evolution of resilient plant immunity

| have argued above that massive genome reorganization by WGD and subsequent neofunctionalization,
specialization, and deletion have a chance to evolve a resilient immune system, but with an extremely
low probability. To realistically observe an outcome with an extremely low probability, the number of
trials must be extremely high. In our case, this translates to the idea that the frequency of WGD events
must be very high. One thing we should remember is that evolution of a very new resilient immune
system does not need to happen very often. For example, major evolutionary innovations for plant
immunity are associated with -WGD and e-WGD, i.e., emergence of seed plants and flowering plants,
respectively. We are talking about hundreds of millions of years here.

Let’s try a thought experiment. Assume the following: on average 1 in 10,000 seeds of a single
Arabidopsis individual had WGD; an Arabidopsis individual set 10,000 seeds once a year; and there are
10 million individuals in the world all the time. Then, in 100 million years, 10*®* WGD events happen. And
we are only considering a single plant species. WGD events in any extant land plant species could lead to
a new land plant clade with a more resilient immune system. Thus, with this time scale and number of
plants, the frequency of WGD per plant does not have to be very high to achieve an extremely high
number of trials.

In summary, a multiverse hypothesis of evolution of resilient plant immunity consists of three parts: (1)
the frequency of WGD is sufficiently high to have an extremely high number of trials in hundreds of
millions of years; (2) with an extremely low probability, an WGD event followed by neofunctionalization,
specialization, and deletion can evolve a new resilient immune system; (3) Only an extremely small
number of cases resulted in species with highly resilient immune systems. Retrospectively, these species
are recognized as the most recent common ancestors (MRCAs) of highly divergent clades of successful
modern plant species.

Can we test the multiverse hypothesis of resilient plant immunity evolution?

One major criticism of the multiverse hypothesis of cosmology is that the hypothesis is fundamentally
untestable as we cannot observe outside of our own universe [35]. Is the multiverse hypothesis of
resilient plant immunity evolution testable? Yes and no. It is not possible to test a specific case, such as
whether the acquisition of highly resilient immunity that occurred in the MRCA of flowering plants
resulted from WGD followed by neofunctionalization, specialization, and deletion. This is because we
cannot obtain information regarding the genome organization and the level of immune resilience right



before and right after the acquisition event. The acquisition event including neofunctionalization,
specialization, and deletion following WGD may span many generations although it may appear to be a
very short time span when compared to the evolutionary time scale of flowering plants. However, it is
possible to collect data that support the probabilistic argument in the hypothesis. We could survey the
frequency of WGD in several diverse plant species. Such a survey is feasible with current technologies.
The estimated trial number per year across multiple species will give a ballpark idea of the order of
magnitude of the probability necessary to acquire resilient immunity in hundreds of millions of years.

Did acquisition of highly resilient immunity help radiation of flowering plants?

Flowering plants are the dominant form among land plants these days [36, 37]. Is it likely that
acquisition of resilient immunity helped flowering plants radiate to the current level? Flowering plants
have characteristic traits that separate them from other groups of land plants: (i) many of them have
intimate interactions with highly mobile animals, e.g., flying insects, for pollination and seed dispersion;
(i) plants that rapidly spread into new environments are often flowering plants. Both these
characteristics of flowering plants tend to increase the possibility of encountering new pathogens. In
such cases, plants would not have evolved specific solutions to new pathogens as the plant species
would never have encountered the pathogens. It is conceivable that acquisition of resilient core
immunity may have allowed flowering plants to evolve these characteristic traits.

Concluding remarks

How can a system that appears to require the values of many of its parameters to fall into the right
values almost simultaneously evolve in nature? The resilient plant immune system is one such system. |
propose a multiverse hypothesis that assumes occurrence of an extremely low probability outcome of
sufficiently good multiple parameters through an extremely high number of trials resulting from a very
large number of individuals and a very long time-scale. With numerous massive genome reorganizations
via WGD followed by neofunctionalization, specialization, and deletion, the extremely low probability
event of acquisition of highly resilient immunity may have occurred.
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