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Ethylene-independent functions of the ethylene
precursor ACC in Marchantia polymorpha

Dongdong Li

John L. Bowman©®2™ and Caren Chang®1

The plant hormone ethylene has many roles in growth
and development'. In seed plants, the ethylene precursor
1-aminocyclopropane-1-carboxylic acid (ACC) is converted
into ethylene by ACC oxidase (ACO), and treatment with ACC
induces ethylene responses®. However, non-seed plants lack
ACO homologues®-%, which led us to examine the relation-
ship between ACC and ethylene in the liverwort Marchantia
polymorpha. Here, we demonstrate that ACC and ethyl-
ene can induce divergent growth responses in Marchantia.
Ethylene increases plant and gemma size, induces more
gemma cups and promotes gemmae dormancy. As predicted,
Mpctri-knockout mutants display constitutive ethylene
responses, whereas Mpein3-knockout mutants exhibit ethyl-
ene insensitivity. Compared with the wild type, Mpctr1 gem-
mae have more and larger epidermal cells, whereas Mpein3
gemmae have fewer and smaller epidermal cells, suggesting
that ethylene promotes cell division and growth in develop-
ing gemmae. By contrast, ACC treatment inhibits gemma
growth and development by suppressing cell division, even
in the Mpein3-knockout alleles. Knockout mutants of one
or both ACC SYNTHASE (ACS) gene homologues produce
negligible levels of ACC, have more and larger gemma cups,
and have more-expanded thallus branches. Mpacs2 and
MpacsTMpacs2 gemmae also display a high frequency of
abnormal apical notches (meristems) that are not observed
in ethylene mutants. These findings reveal that ethylene and
ACC have distinct functions, and suggest that ACC is a sig-
nalling molecule in Marchantia. ACC may be an evolutionarily
conserved signal that predates its efficient conversion to
ethylene in higher plants.

Ethylene biosynthesis and responses to ethylene have been
extensively studied in angiosperms’, in which ACC treatment is
commonly used as a substitute for ethylene, given the rapid conver-
sion of ACC to ethylene by the enzyme ACO”. In non-seed plants,
our understanding of ethylene and ACC is much less clear. There
is evidence that the ethylene-signalling pathway, which has been
elucidated mainly in Arabidopsis thaliana’, was present at least
450 million years ago in the aquatic ancestors of land plants*'. By
contrast, the ethylene biosynthesis pathway of seed plants (Fig. 1a)
does not seem to be conserved in non-seed plants. Non-seed plants
lack ACO homologues**, and ACC treatment in non-seed plants
results in very little ethylene production compared with the eth-
ylene production in seed plants treated with ACC'"">. However,
non-seed plants carry homologues of ACC SYNTHASE (ACS;
Supplementary Fig. 1), which encodes the enzyme that is known to
convert S-adenosyl methionine into ACC in seed plants (Fig. 1a).
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This raises questions concerning the relationship between ethylene
and ACC in non-seed plants.

To examine the responses to ethylene and ACC in a non-seed
plant, we turned to the liverwort Marchantia polymorpha.
Marchantia is a complex thalloid liverwort, for which modern
genetic tools have been developed" to accompany its facile classi-
cal genetics. The Marchantia genome is characterized by a dearth
of genetic redundancy® and has homologues of the entire ethyl-
ene signalling pathway, with three ethylene receptor homologues,
MpETRI (Mp1g08860/Mapoly0036s0126), MpETR2 (Mp1g19450/
Mapoly0028s0036) and MpETR3 (Mp2g01150/Mapoly0001s0284),
and single orthologues of MpCTR1 (Mp8g15840/Mapoly0079s0028;
Supplementary Fig. 2), MpEIN2 (Mp1g18880/Mapoly0001s0226),
MPpEIN3 (Mp7g02640/Mapoly0088s0024; Supplementary Fig. 3)
and MpERFI (Mp7g09350/Mapoly0068s0088)>'*. With respect to
the ethylene biosynthesis pathway, Marchantia has two ACS can-
didates, MpACSI (Mp6g04560/Mapoly0034s0060) and MpACS2
(Mp1g17180/Mapoly0001s0058), but no ACO homologues™".
All accession codes are from MarpolBase (marchantia.info).

We tested Marchantia for ethylene responses by growing vegeta-
tive thalli from gemmae under ethylene gas (100 ppm). We found
that this treatment enhanced plant size (Fig. 1b), increased gemma
cup formation (Fig. 1c,d), enhanced gemma size (Fig. le) and
reduced the percentage of gemma cups with non-dormant gemmae
(Fig. 1f). We next tested whether Marchantia knockout mutants of
the ethylene-signalling homologues MpCTRI and MpEIN3 would
result in constitutive ethylene responses and ethylene insensitivity,
respectively, as known for Arabidopsis ctrl (ref. ') and ein3 (ref. '°)
mutants. Using CRISPR-Cas9, we generated knockout mutants
of MpCTRI and MpEIN3 (three independent alleles per gene;
Supplementary Fig. 4 and Supplementary Data 1), and we sampled
all three alleles when analysing these mutants. Consistent with
displaying constitutive ethylene responses, the Mpctrl-knockout
mutants were notably larger, produced more gemma cups, had
larger gemmae and had a lower percentage of gemma cups with
non-dormant gemmae compared with the wild type (WT; Fig. 2a-e).
By contrast, the Mpein3-knockout mutants were substantially
smaller, produced fewer gemma cups, had smaller gemmae and had
a higher percentage of gemma cups with non-dormant gemmae
compared with the WT (Fig. 2a-e), consistent with ethylene insen-
sitivity. The small size of Mpein3 mutant plants was phenocopied
by treating WT plants with a chemical inhibitor of ethylene per-
ception, 1-methylcyclopropene (1-MCP), suggesting that the small
size of the Mpein3 mutants derives from insensitivity to endoge-
nously produced ethylene (Supplementary Fig. 5). We confirmed
that Mpein3 mutants were also insensitive to exogenous ethylene
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Fig. 1| Ethylene treatment enhances thallus growth and gemma size,
induces gemma cups and reduces gemma non-dormancy in WT Marchantia.
a, Diagram of the ethylene biosynthesis pathway in seed plants®. The first
committed step is the conversion of S-adenosyl methionine (AdoMet) to
ACC by ACS. In the second step, ACO converts ACC to ethylene gas.

b-f, Comparisons of plants treated with O ppm or 100 ppm ethylene. In

all of the graphs, data for WT1 (white circles) and WT2 (grey circles) are
mean per WT line +s.d. The bars show the overall mean +s.d. for O ppm
(grey bars) and 100 ppm (green bars) ethylene. All of the P values were
determined using two-tailed t-tests. b, Average plant size (ground cover
area) at 7d, 14d and 21d. n=30 plants per sample (n=15 each of WT1and
WT2). ¢, Representative images of plants aged 14 d. The red arrows indicate
gemma cups at different stages of development. Scale bars, Tcm. d, The
average number of gemma cups on the dorsal surface per ground cover area
of plants aged 28 d. n=30 plants per sample (n=15 each of WT1and WT2).
e, The average size (area) of gemmae from gemma cups of plants aged

one month. n=152 gemmae (n=82 WT1, n=70 WT2) for O ppm ethylene;
n=237 gemmae (n=118 WT1, n=119 WT2) for 100 ppm ethylene. f, The
average percentage of gemma cups containing non-dormant gemmae per
five-week-old plant treated with or without 100 ppm ethylene. Plants per
sample: n=54 (n=27 each of WT1and WT2, scoring 181 and 130 gemma
cups, respectively) for O ppm ethylene; n=60 (n=30 each of WT1and
WT2, scoring 333 and 285 gemma cups, respectively) for 100 ppm ethylene.

(Supplementary Fig. 6). Mpein3 thalli also produced shorter rhi-
zoids, had lighter green edges and gave rise to lighter green gemmae
(Fig. 2a, second, third and bottom rows, respectively). Compared
with the WT, the Mpctr] and Mpein3 mutants produced lower and
higher amounts of ethylene, respectively, suggestive of feedback
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regulation (Fig. 2f). These results demonstrated that MpCTRI and
MPpEIN3 have roles as negative and positive regulators of ethylene
signalling in Marchantia, respectively, therefore showing conserva-
tion with the corresponding Arabidopsis orthologues.

To examine the basis of the size differences in Mpctrl and
Mpein3 gemmae, we counted the number of epidermal cells and
measured epidermal cell size in dormant gemmae stained with
propidium iodide (PI). Compared with the WT, Mpctrl gemmae
had more epidermal cells, whereas Mpein3 gemmae had fewer and
smaller epidermal cells (Fig. 2g-i). Mpein3 dormant gemmae also
exhibited fewer rhizoid precursor cells per thallus area compared
with the WT (Supplementary Fig. 7) and appeared to consist of
fewer cell layers (data not shown). These findings suggested that
ethylene promotes both cell expansion and cell division in gemmae,
and possibly promotes rhizoid initiation.

To confirm that ACC has little or no role in ethylene biosynthe-
sis in Marchantia"', we measured the amount of ethylene produced
in the presence of exogenous ACC. In contrast to Arabidopsis,
treating Marchantia with 10uM or 100uM ACC for 2d did not
confer increased ethylene production (Fig. 3a and Supplementary
Fig. 8a,b). Treating with 500 pM ACC did result in the detection
of some ethylene, although the amount was much less than that
detected in Arabidopsis (Supplementary Fig. 8a,b). Very little ACC
remained in the growth medium after incubation for 2d with
500 uM ACC, suggesting that the ACC in the medium was indeed
taken up by the plants (Supplementary Fig. 8c,d). This was consis-
tent with the reported uptake of *C-labelled ACC by Marchantia
and its conversion into CO,, not ethylene''.

Investigating further, we tested whether ACC treatment can
induce ethylene responses in Marchantia. In contrast to enhanc-
ing growth, treatment with ACC (20 pM) unexpectedly inhibited
thallus growth, particularly in the Mpein3 mutant (Fig. 3b,c). By
testing a range of ACC doses (0.1-100 pM), we observed a shift in
the dose response, such that the Mpein3 mutant was more respon-
sive to ACC compared with the WT (Fig. 3d). This difference was
particularly pronounced at 10pM and 20 pM ACC (Fig. 3b-d);
by contrast, at 100 pM ACC, inhibition of the WT was as severe
as the inhibition of Mpein3 mutants (Fig. 3d). Although these
ACC doses are probably non-physiological, they clearly show that
ACC treatment does not induce the growth-promoting effect of
ethylene. Consistent with the stronger ACC response observed in
Mpein3 mutants, we found that ACC responsiveness in the WT
could be increased to a level similar to that observed in Mpein3
mutants when we inhibited ethylene signalling using 1-MCP
(Fig. 3e). The specific potency of ACC was underscored by
our finding that the WT and Mpein3 mutants did not respond
to 100pM 1l-aminocyclobutanecarboxylic acid (an ACC ana-
logue'”) nor to 100pM cyclopropylamine (a non-analogue's;
Supplementary Fig. 9). This result suggested that Mpein3 mutants
arenothyper-responsive to chemicalsin general. The ACC-induced
growth inhibition was reversible; Mpein3 gemmae that were cul-
tured for 30d on medium containing 100pM ACC were highly
stunted, but subsequent transfer to medium lacking ACC led to
recovery of growth and differentiation, including the subsequent
development of gemma cups and gemmae (Fig. 3f). We examined
the effects of ACC treatment on gemma size by treating Mpein3
gemmae with 100 uM ACC for 24h. After staining the gemmae
with PI, we counted the number of epidermal cells and measured
epidermal cell size (Fig. 3g-i). Although there was no detectable
effect on epidermal cell size, ACC inhibited epidermal cell num-
ber, suggesting that ACC might inhibit cell division in Marchantia
gemmae, in contrast to ethylene. Thus, we demonstrated that
ACC and ethylene have the ability to elicit distinct responses from
each other in Marchantia and, in some cases, ACC counteracts
ethylene responses. A less comprehensive study in the aquatic
liverwort Riella helicophylla showed similar opposing effects,
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in which ethylene treatment enhanced cell growth and ACC
treatment inhibited mitotic activity™.

To investigate the roles of endogenous ACC, we next sought
to examine plants that produce less ACC. To this end, we first
tested whether the two Marchantia ACS homologues MpACS1
and MpACS2 have the ability to synthesize ACC. MpACS]I is more
closely related to a clade containing all of the Arabidopsis ACS genes,
whereas MpACS2 is more closely related to a clade of ACS-like
homologues (Supplementary Fig. 1). When we expressed either
MpACSI or MpACS2 in Saccharomyces cerevisiae, we detected ACC
in the yeast cells (Fig. 4a), suggesting that both homologues encode
proteins that possess ACC synthase activity. We then analysed
the expression patterns of MpACSI and MpACS2 in Marchantia
using promoter-GUS fusions. We observed strong expression of
soMPACS2:GUS in gemmae (in which the signal was particularly
enriched in oil body cells), rhizoid tips and thallus (Fig. 4b). By con-
trast, no expression of , MpACS1:GUS was detected during the veg-
etative life cycle (data not shown), suggesting that MpACSI might
be expressed conditionally or during other stages of the life cycle.
Alternatively, the promoter fragment that we used may have been
insufficient. However, the results are consistent with transcriptome
data from publicly available RNA sequencing (RNA-seq) libraries
showing that, on average, MpACS2 has higher (fourfold) reads per
kb of transcript, per million mapped reads (RPKM) values com-
pared with MpACSI (Supplementary Fig. 10).

To examine the endogenous role of ACC in Marchantia,
we used CRISPR-Cas9 to generate Mpacsl- and
Mpacs2-knockout mutants (three independent alleles each) and
Mpacs1 Mpacs2-double-knockout mutants (three independent
alleles; Supplementary Fig. 11 and Supplementary Data 1). We
sampled all of these alleles in our analyses. As predicted, the single
and double mutants produced significantly less ACC compared
with the WT (Fig. 4c). Despite having little detectable ACC (0.090
nmolg™ fresh weight), the MpacsI Mpacs2 double mutants still
produced ethylene at ~60% of the WT levels (Fig. 4d). This sug-
gested that ethylene biosynthesis involves a non-ACC pathway as
well as partial dependence on ACC. The single and double mutants
displayed several phenotypes that were incompatible with reduced
ethylene signalling, resembling constitutive ethylene responses
instead. The Mpacsl and Mpacs2 single mutants were slightly
larger than the WT (Fig. 4e,f), consistent with growth inhibition
by ACC treatment (Fig. 1b-e). The single and double mutants

also produced more gemma cups per area (Fig. 4g), as observed
for ethylene treatment and in the Mpctrl mutants. Notably, this
is the opposite of what would be observed if the mutants had
reduced ethylene signalling due to lower ethylene production.
Mpacs2 mutant gemmae were also slightly larger compared with
the WT (Supplementary Fig. 12a). Gemmae of the MpacsI Mpacs2
double mutants had slightly larger epidermal cells (Supplementary
Fig. 12b) but, in all of the mutant gemmae, the number of epider-
mal cells was the same as in the WT (Supplementary Fig. 12c).
The single and double mutants also had wider, overlapping thalli
branches and larger gemma cups compared with the WT (Fig. 4f).
Two phenotypes of the MpacsI Mpacs2 double mutants could be
compatible with reduced ethylene signalling—a higher percentage
of gemma cups with non-dormant gemmae (Fig. 4h) and fewer
rhizoids per thallus area (Supplementary Fig. 13).

In addition to the phenotypes described above, a substantial
proportion of gemmae in the Mpacs2 single and Mpacs1 Mpacs2
double mutants exhibited deformed notches, higher numbers
of apical notches (for example, three or four notches instead
of two) and/or ectopic notches (Fig. 4i,j and Supplementary
Fig. 14). Such defects might explain the lack of symmetry in the
thalli shown in Fig. 4f. Moreover, this revealed that endogenous
ACC in Marchantia has a role in gemma development by altering
meristematic pattern formation, a phenotype that is reminiscent
of the phenotype that is observed when the function of MpARF1—
the sole activator auxin response factor in Marchantia—is com-
promised”. MpARFI-mediated auxin signalling, in conjunction
with MpABI3-mediated abscisic acid (ABA) signalling*"*,
has also been shown to promote gemma dormancy in liverworts.
The reduced gemma dormancy in Mpein3 plants is consistent
with a role for ethylene as a diffusible messenger to communi-
cate between an auxin-based signal in the gemma cup base and
ABA-induced dormancy in detached gemmae within the gemma
cups®. Interactions between ACC, ethylene and auxin have
also been reported in Riella, in which auxin and ethylene act in
parallel to promote growth and ACC represses growth'. The
complex synergistic and antagonistic relationships between
ACC, ethylene and auxin observed in Marchantia suggest
cross-regulatory interactions, as observed for auxin and ethylene
in angiosperms™.

Taken together, these results support the conclusion that ACC
hasethylene-independent functions in Marchantia and suggest that

>
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Fig. 2 | Mpctr1- and Mpein3-knockout mutants display constitutive ethylene responses and ethylene insensitivity, respectively. a-i, Comparisons of

WT, Mpctrl and Mpein3 plants. a, Representative images of WT (WT2), Mpctr1 (top to bottom, line 3 (L3), L1, L4 and L3), Mpein3 (top to bottom, L5, L6,
L6 and L6) plants. Top row, dorsal view of plants aged 10 d. Scale bars, 5mm. The red arrow indicates a newly generated gemma cup in Mpctrl. Second
row, ventral view of plants aged 14 d imaged from below (through the agar medium). Scale bars, 5mm. Third row, plants aged 24 d. Plate diameter, 6 cm.
Bottom row, gemma cups of plants aged 30 d. Scale bars, Tmm. b, Average plant size (ground cover area) over 28 d of growth. n=12 plants per genotype;
n=6 each of WT1 (grey) and WT2 (black), n=4 each of Mpctr1 L1 (dotted blue), L3 (light blue) and L4 (dark blue), and n=4 each of Mpein3 L1 (dotted
pink), L5 (light red) and L6 (dark red). ¢, The average number of gemma cups per ground cover area of plants aged 24 d. n=15 plants per genotype (n=8
WT1,n=7 WT2, n=5 of each MpctrT and Mpein3 allele). P=3.51x10-° for Mpctrl compared with the WT. d, The average size (area) of gemmae from
plants aged one month. Gemmae per genotype: n=141WT (n=56 WT1, n=85 WT2); n=375 Mpctrl (n=121L1,n=153 L3, n=101L4); n=467 Mpein3
(n=127 L1, n=164 L5,n=176 L6). P=2.03x107?° and P=6.58 x 10-% for MpctrT and Mpein3, respectively, compared with the WT. e, The average
percentage of gemma cups containing non-dormant gemmae per five-week-old plant. Plants per genotype: n=12 WT (n=6 each of WT1and WT2,
scoring 175 and 181 gemma cups, respectively), n=9 Mpctrl (n=3 of each allele, scoring 103, 98 and 94 gemma cups for L1, L3 and L4, respectively), n=9
Mpein3 (n=3 of each allele, scoring 37, 49 and 42 gemma cups for L1, L5 and L6, respectively). P=2.53x10% and P=1.57 x 10~° for Mpctr! and Mpein3,
respectively, compared with the WT. f, Average ethylene production (nl h™ g™ fresh weight (FW)) of plants aged 10d after incubation for 48 h. n=6 plants
per genotype (n=3 WT1,n=3 WT2, n=2 of each Mpctrl and Mpein3 allele). g, Representative images of WT (WT2), Mpctrl (L4) and Mpein3 (L1)
gemmae stained with PI. The experiment was independently repeated three times. Scale bars, 100 um. h, The average epidermal cell number in gemmae.
n=9 gemmae per genotype (n=5WT1, n=4 WT2, n=3 of each Mpctrl and Mpein3 allele). P=8.32 x10~° for Mpein3 compared with the WT. i, Average
epidermal cell size in gemmae. n=9 gemmae per genotype (n=5WT1, n=4 WT2, n=3 of each MpctrT and Mpein3 allele). For c-f, h and i, data points
(circles) are shown for WT1 (white), WT2 (grey), Mpctri alleles L1, L3 and L4 (light, medium and dark blue, respectively), and Mpein3 alleles L1, L5 and L6
(light, medium and dark red, respectively). Where n<15 (e, fh,i), individual data points are shown, and the shaded bars show the mean+s.d. Where n>15
(c,d), each data point represents the mean per line or allele +s.d., and the shaded bars show the overall mean +s.d. All of the P values were determined
using two-tailed t-tests.
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ACC signalling evolutionarily predated the ability of seed plants  reproduction in the marine red alga Pyropia yezoensis*, suggesting
to efficiently convert ACC to ethylene. An ethylene-independent that ACC signalling may be quite ancient. At the same time, ACC
response to ACC treatment was reported in the induction of sexual  signalling seems to have been retained even after ACC acquired
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Fig. 3 | ACC treatment inhibits plant growth and reduces gemma epidermal cell number. a, Average ethylene production in WT plants aged 10d
incubated with and without 10 uM ACC for 48 h. n=3 for samples with no plants; n=5 for samples with Marchantia (n=3 WT1, n=2 WT2). The P value
was determined using a two-tailed t-test. b, Representative WT (WT1) and Mpein3 (L1 on O pM ACC, L5 on 20 pM ACC) plants aged 28 d grown from
gemmae on medium containing O pM or 20 uM ACC. Plate diameter, 6 cm. Inset: representative magnification of an Mpein3 plant on 20 pM ACC. Scale
bar, 5 mm. ¢, The average size (ground cover area) of WT and Mpein3 plants aged 28 d on medium with and without 20 pM ACC. n=15 per sample (n=8
WT1,n=7 WT2, n=5 of each Mpein3 allele). Different letters indicate significant difference at P<0.05, determined using one-way analysis of variance
(ANOVA) followed by Tukey's post hoc test (P=4.66x107"8). d, ACC dose response (average ground cover area) for WT and Mpein3 plants aged 14 d.
Plants per genotype: n=12 WT (n=6 each of WT1and WT2), n=8 Mpein3 (n=3 L1, n=3 L5, n=2 L6). Different letters indicate significant difference

at P<0.05, determined using Brown-Forsythe and Welch ANOVA followed by a two-tailed Tamhane's T2 post hoc test (P=2.19 x10-% for WT and
P=8.93x107" for Mpein3). e, The average size (ground cover area) of WT plants aged 15d showing a greater response to ACC (20 pM) in the presence
of 1-MCP, an ethylene signalling inhibitor. For ACC and 1-MCP, n=24 WT plants (n=12 each of WT1and WT2). For the control and ACC+1-MCP, n=23
WT plants (n=12 WT1and n=11 WT2). Different letters indicate significant difference at P< 0.05, determined using Brown-Forsythe and Welch ANOVA
followed by a two-tailed Tamhane's T2 post hoc test (P=1.95x10""). f, Representative images (from five biological repeats) of Mpein3 (L1) gemmae

that were grown on medium containing 100 pM ACC for 30 d, then moved to fresh medium either with or without 100 uM ACC and grown for another
20d. Scale bars, 5mm. g, Representative images of Pl-stained Mpein3 (L1) gemmae after 24 h incubation on medium containing O pM or 100 pM ACC.
The experiment was independently repeated three times. Scale bars, 100 pm. h,i, Epidermal cell measurements of Mpein3 gemmae treated with O pM

or 100 pM ACC for 24 h: average cell number (h) and average cell size (i). n=9 gemmae (n=3 of each Mpein3 allele). P values were determined using
two-tailed t-tests. For a, ¢, d, e, h and i, data points (circles) are shown for WT1 (white), WT2 (grey), Mpein3 alleles L1, L5 and L6 (light, medium and dark
red, respectively), and no plants (light blue). Where n<15 (a,d,h,i), individual data points are shown and the shaded bars show the mean +s.d. Where
n>15 (c,e), each data point represents the mean per line or allele +s.d., and the shaded bars show the overall mean+s.d.

its role as the ethylene precursor, as there are several examples
of ethylene-independent ACC responses reported in Arabidopsis
(in reproduction®, primary roots*>”, seedlings*® and guard
cells”), and even a candidate ACC receptor has been pro-
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posed”. The plant hormone jasmonoyl-isoleucine may have
had a similar evolutionary history in that its precursor, dinor
-12-0x0-10,15(Z)-phytodienoic acid (dn-OPDA), was a plant
signal before jasmonoyl-isoleucine biosynthesis®*. dn-OPDA
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generally induces responses that are similar to those induced by Our findings are consistent with previous evidence'"' that
jasmonoyl-isoleucine but also has an ancestral COI1-independent  non-seed plants synthesize ethylene through an ACC-independent
role in thermotolerance™. pathway. Our data also suggest that, in Marchantia, some ACC
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Fig. 4 | Single and double Mpacs1- and Mpacs2-knockout mutants have reduced ACC levels, abnormal thallus shape, increased gemma non-dormancy
and apical notch defects. a, Average ACC content (nmol per optical density (OD) at 600 nm per ml) of yeast cells expressing MpACST and MpACS2
compared with the positive and negative controls (Arabidopsis ACS6 and empty vector, respectively). Data are mean +s.d. n=4 independent colonies.

P values were determined using two-tailed t-tests. b, Representative staining of ,,MpACS2:GUS plants shows expression in the gemmae, rhizoid tip and
throughout the 14-day-old thallus. The experiment was independently repeated six times. Scale bars, 0.5mm (left), 0.5mm (middle), 0.5 cm (right).

¢, Average ACC content of 13-day-old plants of WT, MpacsT and Mpacs2 single mutants, and the Mpacs? Mpacs2 (Mpacs1/2) double mutant. n=3 plants
per genotype (n=2 WT1, n=1WT2, n=1of each allele per mutant). Different letters indicate significant difference at P<0.05, determined using one-way
ANOVA followed by Tukey's post hoc test (P=0.008). d, Average ethylene production during 48 h in WT, Mpacs1, Mpacs2 and Mpacs?Mpacs2 plants
aged 10d. n=6 plants per genotype (n=3 of each WT line, n=2 of each allele per mutant). Different letters indicate significant difference at P<0.05,
determined using one-way ANOVA followed by Tukey's post hoc test (P=0.006). e, The average size (ground cover area) of WT, MpacsT, Mpacs2 and
MpacsTMpacs2 plants aged 17 d. n=15 plants per genotype (n=8 WT1,n=7 WT2, n=5 of each allele per mutant). Different letters indicate significant
difference at P< 0.05, determined using one-way ANOVA followed by Tukey's post hoc test (P=7.64 x107%). f, Representative images of WT (all WT2
except for WT1 at the top), MpacsT (top to bottom, L1, L19, L19 and L29), Mpacs2 (all L2, except for L3 at the top) and MpacsTMpacs2 plants (all L1).

Top row, plants aged 10 d. Scale bars, 5mm. Second row, plants aged 17 d. Plate diameter, 6 cm. Third row, plants aged 30 d. Plate diameter, 6 cm. Bottom
row, gemma cups on plants aged 30d. Scale bars, Tmm. g, The average number of gemma cups per ground cover area of plants aged 24 d. n=15 plants
per genotype (n=8 WT1,n=7 WT2, n=5 of each allele per mutant). Different letters indicate significant difference at P<0.05, determined using
Brown-Forsythe and Welch ANOVA followed by a two-tailed Tamhane T2 post hoc test (P=7.27 x107'°). h, The average percentage of gemma cups
containing non-dormant gemmae per five-week-old plant. Plants per genotype: n=12 WT (n=6 each of WT1and WT2, scoring 45 and 57 gemma cups,
respectively), n=9 MpacsT (n=3 of each allele, scoring 40, 39 and 54 gemma cups from L1, L19 and L29, respectively), n=9 Mpacs2 (n=3 of each allele,
scoring 25, 29 and 38 gemma cups from L1, L2 and L3, respectively), and n=9 Mpacs?Mpacs2 (n=3 of each allele, scoring 38, 43 and 37 gemma cups
from L1, L2 and L3, respectively). Different letters indicate significant difference at P<0.05, determined using one-way ANOVA followed by Tukey's post
hoc test (P=5.91x107"2). i, Representative images of WT (WT2), MpacsT (L29), Mpacs2 (L2) and Mpacs?Mpacs2 (L1) gemmae stained with Pl. The
experiment was independently repeated three times. The white asterisks indicate normal notches. The yellow arrows indicate abnormal notches. Scale
bars, 100 pm. j, The average percentage of gemmae per gemma cup that display apical notch defects (abnormal structure and/or abnormal number) in
plants aged one month. Gemma cups per genotype: n=12 WT (n=6 each of WT1and WT2, scoring 42 and 33 gemmae, respectively), n=9 Mpacs! (n=3
of each allele, scoring 34, 52 and 19 gemmae from L1, L19 and L29, respectively), n=9 Mpacs2 (n=3 of each allele, scoring 37, 37 and 31 gemmae from

L1, L2 and L3, respectively) and n=9 MpacsTMpacs2 (n=3 of each allele, scoring 53, 36 and 93 gemmae from L1, L2 and L3, respectively). Different letters
indicate significant difference at P<0.05, determined using one-way ANOVA followed by Tukey's post hoc test (P=0.045). For c-e, g, h and

j, data points (circles) are shown for WT1 (white), WT2 (grey), MpacsT alleles L1, L19 and L29 (light, medium and dark green, respectively), Mpacs2 alleles
L1, L2 and L3 (light, medium and dark gold, respectively), and Mpacs?Mpacs2 L1, L2 and L3 (light, medium and dark purple, respectively). Where n<15
(a,d,h,i), individual data points are shown and the shaded bars show the mean+s.d. Where n>15 (c,e,g), each data point represents the mean per line

or allele +s.d, and the shaded bars show the overall mean +s.d.

might be used for ethylene production. The mechanisms of both
of these ethylene synthesis pathways have yet to be identified.
Notably, some bacteria and fungi can synthesize ethylene but use
2-keto-4-methylthiobutyric acid or 2-oxoglutarate as precursors’.
Ethylene can also be generated from a variety of precursors dur-
ing cell breakdown, and may therefore have functioned as an early
stress signal in plants™.

Ethylene signalling was well established in the plant lineage
long before there was efficient conversion of ACC to ethylene
by the ACO enzyme'. The ethylene receptor gene is thought to
have originated in the plant lineage from an ancient cyanobacte-
ria that became the chloroplast, and functioning ethylene recep-
tor homologues have been demonstrated in extant cyanobacteria®.
Our finding that ACC and ethylene can elicit opposing responses
suggests that the evolution of ACO may have counteracted ACC
signalling through the production of ethylene and its concomitant
signalling, possibly providing negative feedback or fine-tuning of
ACC responses.

While the Mpacs-knockout mutant phenotypes demonstrate
roles for endogenous ACC in Marchantia, we have not ruled out
the possibility that treatment with high doses of ACC confers
non-specific toxic effects that inhibit growth. If 100pM ACC
was toxic, the toxic effect would appear to be selective, as simi-
lar or higher doses have not shown toxicity in other plants. For
example, there was no detectable cell death when the unicellular
alga Chlamydomonas reinhardtii was treated with 100pM ACC™*,
and treatment with 5mM ACC promoted growth in the unicel-
lular freshwater alga Haematoccus pluvialia®. In the rhodophyte
P. yezoensis, 500 pM ACC slowed growth but also conferred tol-
erance to oxidative stress and promoted sexual reproduction®.
Considering the Mpacs phenotypes that we observed, ACC in
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Marchantia conceivably functions as a growth inhibitor in some
processes, rather than as a non-specific toxin. Notably, chemicals
that resemble ACC did not affect the growth of Mpein3 mutants,
suggesting that the response in Mpein3 mutants is specific to ACC
and not a general stress response (Supplementary Fig. 9).

In seed plants, ACC treatment is closely correlated with ethylene
levels, and ACC is often used as a substitute for ethylene due to the
rapid conversion of ACC to ethylene by ACO. Our results, as well as
other reports, show that this is not the case in non-seed plants and,
therefore, caution is necessary in interpreting ethylene experiments
that rely solely on ACC. Future studies may provide insights into the
alternative pathway of ethylene biosynthesis and the mechanisms of
ACC perception and signalling in Marchantia.

Methods

Plant materials and growth conditions. Marchantia polymorpha WT was
collected from a field location in southeastern Melbourne (37°57' 48.36” S,
145°6’20.41" E)*. Two random plants (named WT1 and WT2) produced from
a cross were maintained, and both lines were sampled as the WT control in all
measurements. Plants were cultured on half-strength Gamborg’s B5 medium
(Research Products International) with 1% (w/v) plant agar (Sigma) at 20 °C under
continuous white light (50-60 umol photonm=2s'). ACC (Sigma) was added
to the growth medium at the specified concentrations. Plants were maintained
vegetatively by plating the clonal progeny, known as gemmae, onto new plates
every 4-8 weeks. Units of plant age (days, weeks, months) refer to the length of
time after plating the gemmae on growth medium.

Arabidopsis thaliana (ecotype Col-0) was grown on Murashige and Skoog (MS)
medium (Sigma) with 1% (w/v) plant agar (Sigma) at 22°C under 16 h light-8h
dark conditions.

Ethylene gas (Roberts Oxygen) or 1-MCP (gift from M. Tucker) treatment was
performed by growing plants in airtight plexiglass chambers (volume, 161) fitted
with septa for ethylene injection (Plas-Labs). Gemmae were treated with 0 ppm or
100 ppm ethylene immediately after plating onto growth medium. Ethylene was
refreshed weekly after the plates were removed for photography. For treatment
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with 1-MCP (1 ppm), the chamber was immediately closed after adding 1.2 mg
1-MCP into 15 ml double-distilled H,O in a 25 ml beaker in the chamber. The
chamber was aired out and the ethylene or 1-MCP was replaced weekly.

ACS phylogenetics. ACS homologues were identified using the Arabidopsis
ACS1 amino acid sequence to query the NCBI Model Organisms/Landmark
protein database using the NCBI BLASTp search tool”. Furthermore, the A.
thaliana ACS1 sequence was used to search the protein databases of Marchantia’,
Selaginella moellendorffii®, Physcomitrella patens’, Picea abies™, Cyanophora
paradoxa® and Galdieria sulphuraria®. We identified ACS homologues in the
chlorophyte Elakothrix viridis, and the charophytes Coleochaete orbicularis,
Chaetosphaeridium globosum, Entransia fibriata, Nitella mirabilis and Penium
margaritaceum using Arabidopsis ACS1 and TBLASTN to query existing
transcriptome assemblies of these charophytes*'. The amino acid sequences

of Spirogyra pratensisACS1 and ACS2, Penicillium citrinum ACS" and other
putative ACS homologues were aligned using the Muscle* plugin in Geneious
(v.5.0.3; www.geneious.com) with the default parameters. A maximum-likelihood
analysis was used to generate the ACS tree in RAXML v.8.2.7 (ref. **) with an

LG substitution model”. The maximum-likelihood tree was evaluated using a
bootstrap analysis with 1,000 iterations.

CTRI and EIN3 phylogenetics. Predicted CTRI- and EIN3-related sequences
were assembled from land plants and charophytes using GenBank and additional
sources as described below. Gymnosperm sequences were obtained from Congenie
(http://congenie.org); fern sequences from Equisetum transcriptomes'’; bryophyte
sequences—other than Sphagnum fallax (Phytozome) and P. patens (Phytozome,
GenBank), Anthoceros” and Marchantia polymorpha (https://marchantia.
info)—from available transcriptomes®’; Mesostigma, Klebsormidium, Mesotaenium
and Spirogloea sequences were derived from genome sequences*~"'; and other
charophyte sequences from GenBank and additional transcriptomes'*™.

Complete or partial coding nucleotide sequences were manually aligned as
amino acid translations using Se-Al v.2.0al1 for Macintosh (http://tree.bio.ed.ac.
uk/software/seal/). Ambiguously aligned sequences were removed to produce
a CTRI alignment of 1,467 nucleotides (489 amino acids) for 127 sequences
and an EIN3 alignment of 906 nucleotides (302 amino acids) for 53 sequences.
Alignments of nucleotides and amino acids were used in subsequent Bayesian
analysis. Bayesian phylogenetic analysis was performed using MrBayes v.3.2.1
(refs. ***). Analyses were performed on both the nucleotide and amino acid
alignments. The fixed-rate model option JTT+I was used on the basis of analysis of
the alignments using ProTest v.2.4 (ref. °). The Bayesian analysis for the nucleotide
dataset was run for 4,000,000 (CTRI) or 2,000,000 (EIN3) generations, which was
sufficient for convergence of the two simultaneous runs (CTRI, 0.0088; EIN3,
0.0042). To allow for the burn-in phase, the initial 50% of the total number of
saved trees was discarded. The graphical representation of the trees was generated
using FigTree (v.1.4.0; http://tree.bio.ed.ac.uk/software/figtree/). Sequence
alignments and command files that were used to run the Bayesian phylogenetic
analyses are available from the corresponding authors on request.

Measuring size (area) of plants and gemmae. Plant size (or ground cover) and
gemma size were determined by measuring their two-dimensional areas. Plants
and gemmae on agar medium were photographed under a stereoscopic zoom
microscope (Nikon SMZ1000), or using a digital camera (Nikon D3200) for larger
plants. Using Image]J (http://rsbweb.nih.gov/ij/), the images were converted to
8-bit, and the threshold was adjusted to cover the plant area as closely as possible,
then the wand (tracing) tool was used to measure the area after setting the pixels
to known lengths.

Gemma cup number and the percentage of cups containing non-dormant
gemmae. All gemma cups on the dorsal surface of the plant, including newly
formed cups, were counted by eye. To calculate the number of gemma cups per
area, the ground cover area of each plant was determined as described above. For
non-dormancy, only the mature gemma cups of five-week old plants were scored.
A gemma cup was scored as dormant if no rhizoids were detected by eye among
the gemmae in the cup, and scored as non-dormant if rhizoids were observed
among gemmae in the cup.

Analyses of PI-stained gemmae. Dormant gemmae of one-month-old plants

or dormant gemmae treated with ACC for 24 h were fixed with formaldehyde/
acetic acid/alcohol (v/v, 3.7%/5.0%/50%) and then cleared with 70% ethanol.

For staining, PI was added to the clearing solution at a final concentration of

10 pgml~". After incubation for 30 min at room temperature, the stained gemmae
were imaged using a Leica SP5X laser scanning confocal microscope. Images were
analysed with ImageJ using a macro script (Supplementary Methods 1) to measure
epidermal cell number and cell size. Rhizoid precursor cells were identified as
having much brighter stained cell walls and counted by eye on the basis of the
images. To score apical notches, dormant gemmae from one-month-old plants
were imaged using a Zeiss Axioskop 50 microscope with a Sony ILCE-7RM3
camera. Notch defects were scored as deformed notches and/or an abnormal
number of notches (three or four notches in one gemmae).
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CRISPR-Cas9 constructs. Gene-specific gRNA recognition sites were selected on
the basis of BLASTN searches against the Marchantia polymorpha genome v.3.1
(ref. °). gRNA sequences were selected if the putative off-targets had no associated
protospacer adjacent motif (PAM) sites to enable Cas9-DNA interaction.
Twenty-base-pair gRNA constructs were generated using a two-step process as
follows. Annealed primer dimers (Supplementary Table 1) were ligated (T4 ligase)
into a Bsal-cut entry vector (pMpGE_En02) carrying a 500 bp endogenous MpU6
promoter upstream of the ligation site’*. An extra G was added to the 5" end

of the gRNAs to enable adequate transcriptional initiation by RNA polymerase

III (ref. *°). Entry clones were sequenced and subsequently recombined into
destination vectors with the Arabidopsis codon-optimized Cas9 (ref. *°) driven

by the Marchantia EF1 promoter (pMpGE010) or a basic destination vector
(pGWB301) using LR Clonase II (Invitrogen). This strategy enabled coexpression
of two gRNAs in plants using two selectable markers™”". Gene nomenclature
follows the Marchantia research community guidelines™.

Marchantia transformation. WT spores were surface-sterilized (0.1% Triton
X-100, 0.5% sodium hypochlorite-12.5%) and grown under continuous white light
in liquid medium (1/2 Gamborg’s B5 medium, 2% sucrose, 0.03% L-glutamine,
0.1% cas-amino acids) and shaking (100r.p.m.) for 7-9 d before Agrobacterium
infection with strain GV3001. The Marchantia sporeling transformation method
was used after these steps™.

Selection of transformants and genotyping. Primary transformants were
selected on medium containing 100 pg ml~" cefotaxime or 200 pg ml~' timentin to
inhibit Agrobacteria, plus 10 pgml~" hygromycin, 5 pgml~" G418 and/or 0.5 pM
chlorosulfuron depending on the binary vector(s) used for transformation™.
Approximately 30 randomly selected T, transformants were transferred to a second
round of selection and were grown for 3 weeks before genotyping to enable visual
screening on the basis of phenotypic differences. To generate the Mpacs2 single
mutant and the MpacsI Mpacs2 double mutant using CRISPR-Cas9, the selection
plates were incubated at 24°C.

Putative mutants were genotyped using the Terra PCR kit (Clonetech/
Takara) with PCR primers flanking the gRNA sites (Supplementary Table 1)
according to the manufacturer’s instructions (three-step PCR). Mutant bands were
distinguished by size using gel electrophoresis, purified and directly sequenced.
A subsequent round of genotyping in the clonal progeny (gemmae) was performed
to test against chimerism. The resulting mutations are shown in Supplementary
Figs. 4 and 11 and Supplementary Data 1.

For all measurements of the mutants, we included all three alleles per genotype.

Promoter-GUS fusions and GUS staining. We PCR-amplified fragments
spanning the 3,009 base pairs and 2,857 base pairs directly upstream of the
respective transcription start sites of MpACSI and MpACS2 from Marchantia
genomic DNA using primers shown in Supplementary Table 1. We cloned each
fragment into an EcoRI-digested pENTR2B entry vector using a Gibson reaction,
and verified the fragments using DNA sequencing (a list of the primers used

is provided in Supplementary Table 1) before transferring the fragments into

the binary transformation vector pMpGWB404 (Addgene) using LR Clonase II
(Invitrogen). Plants were transformed as described above.

Plants were vacuum infiltrated with GUS staining solution containing 0.1 M
sodium phosphate buffer, 0.5 mM potassium ferrocyanid, 0.5 mM potassium
ferricyanide and 1 mM X-Gluc (GoldBio) for 30 min and incubated at 37°C
overnight then cleared with ethanol as described previously™. GUS staining was
observed under a stereoscopic zoom microscope (Nikon SMZ1000). We examined
thalli from ten independent transgenic lines. Hundreds of gemmae were stained.
Hundreds of rhizoids were examined in plants aged 7 d.

Database analysis of MpACSI and MpACS2 expression. Public RNA-seq
libraries (a list of which is provided in Supplementary Data 2) were downloaded
from the NCBI SRA and mapped to the Marchantia genome assembly v.3.1 using
TopHat™. A raw read count matrix was produced using HTSeq code in Galaxy®'.
Reads per million (RPM) values were obtained by dividing all read values over
total read value per library per million. RPKMs were obtained by dividing RPMs
by transcript length. Plotting was performed in R using the code shown in
Supplementary Methods 2.

Yeast expression of MpACSI and MpACS2 and measuring ACC production.

Total RNA was extracted from Marchantia gemmalings or Arabidopsis plants

using the Spectrum Plant Total RNA kit (Sigma) and reverse transcribed using the

iScript cDNA Synthesis Kit (Bio-Rad) according to the manufacturer’s instructions.

The coding sequences of MpACS1, MpACS2 and AtACS6 were amplified from

the cDNA using the primers shown in Supplementary Table 1 and cloned into the

entry vector PDONR221 by Gateway cloning followed by transfer into the yeast

expression vector pAG425GPD-ccdB (AddGene) using LR Clonase II (Invitrogen).
The constructs were transformed into S. cerevisiae (strain BY4741).

Individual colonies carrying pAG425GPD-MpACS1, pAG425GPD-MpACS2,

PAG425GPD-AtACS6 or pAG425GPD (empty vector) were cultured in liquid

YPD medium at 30 °C for several days (optical density at 600 nm (OD,) of >1.8).
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Then, 200 pl of this culture was added to 2 ml of fresh YPD medium, and then
grown for approximately 5h (ODy,, 1-1.2), at which point we pelleted 1 ml of the
culture, then resuspended the pellet in 500 pl sterile double-distilled H,O. The cells
were broken open using an ultrasonic cell disruptor (Misonix microson ultrasonic
cell disruptor) at power level 10 three times for 5s each with 5s between each
disruption. After centrifugation for 5min at 13,000g, 400 pl of the supernatant was
distributed evenly into two glass vials (2 ml). Measurement of ACC was performed
as described for Marchantia.

Measuring ethylene produced by Marchantia and Arabidopsis. For Marchantia,
gemmalings (aged 10 d) were gently detached from agar plates and moved into
sterile 4 ml glass vials (15X 45 mm) containing 300 pl of liquid half-strength
Gamborg’s B5 medium supplied with or without ACC at the indicated
concentrations. One plant was placed into each vial with the dorsal surface facing
upwards non-immersed in the liquid medium, and with only the rhizoids and
ventral surface in contact with the liquid. The vials were incubated in a growth
chamber for 48 h, then ethylene in the vial headspace was removed using a syringe
and measured using a gas chromatograph (Shimadzu GC-2010PLUS). The plants
were subsequently weighed after absorbing the liquid on the surface of the plants
using filter paper. For Arabidopsis, 20 seedlings (aged 10d) were transferred from
MS agar plates into sterile 4 ml glass vials containing 300 pl MS medium and
ethylene was measured as above.

Measuring ACC content in Marchantia and in the incubation medium.
ACC content in Marchantia was indirectly determined by measuring ethylene.
Approximately 70-100 mg of plant tissue (half of a 13-day-old thallus) was placed
into a 1.5 ml microcentrifuge tube and ground using a pestle in 800 pl 95% ethanol.
The mixture was incubated at 85°C for 20 min, then centrifuged at 10,000g for
15min. The supernatant was collected into a clean 1.5 ml tube and another 700 pl
85% ethanol was added to the pellet and vortexed. The mixture was incubated at
70°C for 30 min, and then centrifuged again at 10,000¢ for 15 min. The supernatant
was combined and dried in a SpeedVac, and then 1 ml double-distilled H,O was
added to the tube to resuspend the extracted ACC. Equal volumes of the suspended
solution were transferred to two 2 ml vials. To the second vial, 10 pl of 100 uM ACC
was added as an internal standard, then 40 pl 25 mM HgCl, was added into both
vials. After incubation on ice for 10 min, 200 pl 5% NaClO-NaOH (2:1) was added
to each vial. The contents were vortexed for 55, and then placed back on ice for
5min. Finally, ethylene gas that was chemically converted from the extracted ACC
was measured by withdrawing 250 pl of headspace from the vial with a syringe
and injecting into a gas chromatograph (Shimadzu GC-2010PLUS). Ethylene
production was quantified by comparing to a standard curve of ethylene gas.

For Supplementary Fig. 8, we also measured ACC remaining in 100 pl of the
incubation medium after measuring ethylene production by Marchantia.

Statistical analyses. All statistical analyses were performed using Prism (v.8.0.1,
GraphPad). For comparisons between two groups, we used the t-test (two tailed)
in cases in which data were normally (Gaussian) distributed and both groups had
the same s.d. For comparisons among multiple groups, we used one-way ANOVA
with Tukey’s HSD post hoc test for populations that have normality of residuals
and the same s.d. When s.d. values were unequal, we used the Brown-Forsythe and
Welch ANOVA tests with a two-tailed Tamhane’s T2 post hoc test. For data lacking
anormal distribution of residuals, we used the nonparametric Kruskal-Wallis test
with Dunn’s post hoc test.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available from the
corresponding authors on reasonable request. Publicly available RNA-seq
libraries analysed in this study are listed in Supplementary Data 2. The nucleotide
and/or protein sequences analysed in this study are publicly available from

NCBI SRA (https://www.ncbi.nlm.nih.gov/sra), NCBI Landmark Database
(https://blast.ncbi.nlm.nih.gov/smartblast/smartBlast.cgi?CMD=Web&PAGE_
TYPE=BlastDocs#searchSets), Phytozome (https://phytozome.jgi.doe.gov/pz/
portal.html), GenBank (https://www.ncbi.nlm.nih.gov/genbank/), MarpolBase
(https://marchantia.info/), Congenie (http://congenie.org/) and refs. '**=2,
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