Supplementary information for

Underwater CAM photosynthesis elucidated by /soetes genome

Wickell et al.



Supplementary Note 1. RNA editing in the Isoetes taiwanensis chloroplast genome

The mitochondrial genome of Isoetes engelmannii was previously shown to have one of
the highest numbers of RNA-editing sites known to date?, in which a total of 1,782 sites were
affected, and both the canonical C-to-U and the reverse U-to-C edits were found. However, it is
unclear if the plastid genome of Isoetes also exhibits a similar level of RNA-editing. Here we
mapped our RNA-seq data (that were not poly-A enriched) to the I. taiwanensis plastome, and
identified a total of 465 RNA-editing sites. While 43 editing sites were located in noncoding
regions, 422 were found in 70 protein coding genes. Of these, the majority were of the C-to-U
type (399 sites) with U-to-C editing found at 23 sites. The total number of RNA-editing sites in
Isoetes is comparable to plastomes of other seed-free plants, but substantially lower than
Selaginella, where more than 3,400 sites were reported?. There appears to be a bias toward
edits at the first codon position with 233, 56, and 122 editing events found at the first, second,
and third positions respectively. Despite this, slightly more than half of edits (54%), including all
identified U to C edits, were silent. The most heavily edited gene was petN with editing
detected in 5.6% of its nucleotides. In addition, psb genes were generally highly modified,
comprising 5 of the 10 most edited genes (Supplementary Fig. 2). The reason behind such
concentrated editing is unclear.

Supplementary Note 2. Gene family evolution

To assess gene homology between /. taiwanensis and other plants, we conducted an
Orthofinder analysis containing 25 species from across the plant phylogeny. Our analysis placed
647,535 genes into 40,144 orthogroups. Of those, 12,890 orthogroups contained at least one
gene from I. taiwanensis with 3,391 being unique. A total of 6,241 I. taiwanensis genes are
singletons that were not assigned to any group. Surprisingly, I. taiwanensis genes showed
greater orthogroup overlap with seed plants than with any seed-free taxa (Supplementary Fig.
4). While this relationship may have been driven by the relatively high number of angiosperm
taxa included in the original analysis relative to other groups, a similar trend was not seen in
Selaginella moellendorffii (Supplementary Fig. 4).

Supplementary Note 3. Genes related to lignin biosynthesis

One of the foremost features of vascular plants is lignification. The three major types of
lignin monomers (hydroxyphenyl, guaiacyl, and syringyl; H-, G-, and S-lignin) are sourced from
the phenylpropanoid pathway, and lycophytes use intriguing biochemical routes towards these
compounds. In Selaginella moellendorffii, S-lignin is produced via two enzymes, CAFFEIC
ACID/5-HYDROXYFERULIC ACID O-METHYLTRANSFERASE (SmCOMT) and FERULATE 5-
HYDROXYLASE (SmF5H); both evolved independently from the canonical angiosperm COMT and
F5H counterparts®*. Similar to S. moellendorffii, I. taiwanensis lacks canonical COMT and F5H
genes, but has orthologs of SMCOMT and SmF5H as well as the rest of lignin biosynthesis
enzymes—offering putative routes towards all types of lignin (Supplementary Figs. 5-17). This
result implies that the evolution of such an alternative S-lignin pathway might predate the
divergence of Selaginella and Isoetes. However, the presence of S-lignin in Isoetes species



appears ambiguous®. Residue analyses of I. taiwanensis COMT candidates found that, in
contrast to the functionally characterized SMCOMT (Smoel_227279), the catalytic triad (HDE)
contains a radical substitution (HNE) (Supplementary Fig. 12); further, in contrast to all other
gene families (Supplementary Figs. 12 and 17), none of the [tCOMT homologs showed
detectable gene expression. Future work on lignin biochemistry and enzyme assays are needed
to clarify the evolution of S-lignin biosynthesis in lycophytes.

Supplementary Note 4. Genes related to stomata development

The presence of genes associated with stomatal development in Isoetes is of interest
because the production of functional stomata varies throughout the genus. Some aquatic and
at least one terrestrial species do not produce stomata or have non-functional stomata
occluded by wax®. Amphibious species, such as I. taiwanensis, do produce functional stomata
under aerial conditions®, but not when they are submerged. It is important to note that
stomatal control is thus not relevant in aquatic CAM plants.

A recent study using transcriptomic data found evidence for loss of stomatal patterning
genes EPIDERMAL PATTERNING FACTOR 1/2 (EPF1/2) and TOO MANY MOUTHS (TMM)’, even
though this species is known to produce stomata®. In /. taiwanensis, while our genomic
evidence corroborated the absence of EPF1/2 orthologues, we did find two copies of TMM, one
of which was expressed at low levels in leaf tissue (Supplementary Fig. 18). In addition, we
confirmed the presence of orthologues of other stomatal patterning genes, such as
SPEECHLESS/MUTE/FAMA (SMF) and FAMA (Supplementary Fig. 19). Thus, despite their aquatic
growth habit, Isoetes appear to have retained much of the genetic machinery required for
stomatal development (Supplementary Table 1). This is what we might expect given Isoetes’
amphibious nature, and highlights the danger of inferring gene absence from transcriptomic
data alone.

Supplementary Note 5. Genes related to root development

The homology of Isoetes roots has been the source of some controversy. Isoetes
‘rootlets’ are highly similar to the ‘stigmarian’ roots of ancient lycopsids and their superficial
resemblance to aboveground structures has led some researchers to speculate that Isoetes
‘rootlets’ are in fact modified leaves®. However, a recent study' of the /. echinospora
transcriptome identified ROOT HAIR DEFECTIVE SIX-LIKE (RSL) genes, which have been used as a
marker for root development in vascular plants'*2, We found multiple copies of RSL genes in
the I. taiwanensis genome and subsequent phylogenetic analysis placed 5 copies in the RSL
Class | clade and a single copy in the RSL Class Il clade (Supplementary Fig. 20). Taken together,
our results are consistent with the earlier transcriptome-based study and provide evidence for
homology of root structures across vascular plants, at least at the genetic level.

Supplementary Note 6. Isoetes time-of-day global gene expression

Time-of-day (TOD) gene expression underlies the fundamental separation of carbon
capture during CAM photosynthesis and looking at the global regulation of the transcriptome



provides clues to the architecture of CAM in different plants!31°>, We carried out a TOD time
course In I. taiwanensis plants that were grown under light/dark cycles and constant
temperature (LDHH) and were sampled every 3 hours for 27 hours. As expected in TOD time
courses, the individual timepoints were separated in two-dimensional space consistent with the
time they were sampled, which results in a clockwise representation of expression
(Supplementary Fig. 25). Replicates also cluster close together consistent with a high-quality
time course.

Cycling genes were predicted using a model fitting approach implemented in
HAYSTACK!®, which resulted in the identification of 3,241 cycling genes that represented 10% of
the expressed genes (Supplementary Fig. 27a,b). Genes displayed peak expression, or phase, at
every hour over the day, with two pronounced concentrations of genes at dawn (Zeitgeber 0;
ZT0) and at dusk (ZT14) (Supplementary Fig. 27a). In general in flowering plants, a
concentration of genes with peak expression at or before dawn (lights-on) has been
observed®*17~27 The concentration of cycling genes near dawn and dusk is consistent with the
circadian clock and TOD expression playing a role in synchronizing biology so that the organism
can anticipate daily environmental changes, which enhances fitness?®2°.

TOD regulated expression ensures biological processes are phased to specific times over
the day'’. We identified significant gene ontology (GO) terms at every hour over the day and
then plotted these terms to highlight that they are TOD-specific (Supplementary Fig. 27c;
Supplementary Data 4). In general, I. taiwanensis is similar to other organisms with chloroplast
machinery ramping up before dawn, photosynthesis pathways active at dawn, energy sensing
pathway midday, response to the biotic and abiotic environment at dusk, and cellular processes
occur in the evening. We did note various transport related GO terms in genes with peak
expression midday (ZT=05) suggesting they may be ramping up to anticipate the dark phase of
the day for CAM photosynthesis. Enrichment of transport related GO terms was primarily
driven by TOD expression of three vacuolar ATPase genes: Itaiw_v1_scaffold_100_g37807,
Itaiw_v1 scaffold_19 g14206, and Itaiw_v1_scaffold_7 g06931. Vacuolar ATPase is essential
to establishing an H* gradient that in turn, drives transport of malate across the vacuolar
membrane!3. Unfortunately, no other transport proteins that could be clearly linked to malate
transport were found in this cluster. Likewise, ALMTs which have been indicated as important
drivers of vacuolar malate influx and efflux in pineapple (Ananas)'* and Kalanchoe®> did not
exhibit TOD expression profiles in I. taiwanensis.

Supplementary Note 7. Comparison of Isoetes’ TOD gene expression with other land plants
The number of genes controlled in a TOD fashion in I. taiwanensis is on the low side
(10%) compared to most other plants tested to date!’?13°, Therefore, we wanted to see if there
were commonalities of the I. taiwanensis cycling genes to species with high quality data or that
were closely related. Arabidopsis has the most diurnal and circadian time courses available of
any species ranging from different conditions to different tissues and genetic backgrounds. One
study found that 90% of all Arabidopsis genes cycled under at least one of 11 environmental
conditions suggesting that the type of external signal is important for the number of cycling
genes detected!’. Since we only looked at one condition of light/dark cycles and constant
temperature (LDHH), we asked how the cycling orthologs compared between /. taiwanensis and
Arabidopsis by condition. Since I. taiwanensis and Arabidopsis are distant evolutionarily, we



utilized reciprocal best BLAST hits (RBHs) between the two proteomes to approximate
orthologs. There are 8,064 RBHs between I. taiwanensis and Arabidopsis, 1,280 (16%) of which
cycle in Isoetes (Supplementary Fig. 28a). Overall, a higher percentage of both Arabidopsis and
I. taiwanensis RBHs cycle compared to the global set of each, consistent with more highly
conserved genes cycling in plants®.

It has been shown that the closely related moss Physcomitrium patens and Selaginella
moellendorffii have 18 and 39% of their genes under TOD regulation respectively?. Leveraging
these datasets, we asked what the relationship between TOD peak expression between /.
taiwanensis and these species. We found 8,565 and 8,724 RBHs between P. patens and
between S. moellendorffii, and 851 and 1,050 shared cycling genes respectively. The differences
in the TOD peak gene expression were spread out between [. taiwanensis and S. moellendorffii
consistent with generally differently phased processes (Supplementary Fig. 28b); a similar trend
was found between the 427 shared cycling genes between I. taiwanensis and Arabidopsis
(LDHH condition). However, in contrast, . taiwanensis and P. patens had a distinct phase
difference with genes either sharing a similar phase or having antiphasic expression. One
interpretation of this pattern is that /. taiwanensis and P. patens are similar in general in how
they govern TOD information (in contrast to S. moellendorffii), yet since I. taiwanensis is a CAM
plant some activities are phased to a distinct TOD. Antiphasic expression between [. taiwanensis
and P. patens could also be the result of the potential GI/PRR1 morning specific loop identified
in I. taiwanensis (see below; Fig. 5). Additional experiments are required to better understand
the TOD relationship across CAM and non-CAM plants.

Supplementary Note 8. TOD expression of core circadian clock genes

Central to global TOD expression is the cycling of the core circadian clock, which has
been best worked out in the model plant Arabidopsis3'. The plant circadian clock has both
negative and positive feedback loops based on two gene families, the single MYB (sMYB)
transcription factors and the PSEUDO RESPONSE REGULATOR (PRR). The sMYB family is made
up of founding members LATE ELONGATED HYPOCOTYL (LHY)*?, CIRCADIAN CLOCK ASSOCIATED
1 (CCA1)* and later the REVEILLE (RVE) family34. The RVE family is composed of 8 members:
RVE1, RVE2, RVE3, RVE4, RVE5, RVE6, RVE7 and RVES; all of the sSMYBs are expressed in the
morning or midday!’. The PRR family has 5 members: PRR1. PRR3, PRR5, PRR7, and PRR9. PRR1
is the founding member that was identified in an early genetic screen and named TIMING OF
CAB1 EXPRESSION (TOC1)%*. The PRRs have peak expression over the entire day starting at
dawn (PRR9), midday (PRR7), evening (PRR3 and PRR5) and early night (PRR1)7:3%. Another
fundamental aspect of the circadian feedback loop are genes expressed at dusk or early in the
dark phase such as GIGANTEA (GI) and the evening complex (EC); the EC is comprised of genes
that are such as EARLY FLOWERING 3 (ELF3), ELF4 and LUX ARRHYTHMO (LUX)3.

Since it has been shown that the phase of peak expression of core circadian clock genes
is conserved from algae to higher plants?37:38, we looked at the cycling patterns of the /.
taiwanensis circadian clock orthologs as an additional quality control of the time course and to
identify potential differences in the core circadian clock. Potential orthologs were identified by
searching our Orthofinder families using published core circadian clock genes across species.
We found that the core circadian clock orthologs in I. taiwanensis displayed similar expression



such as the sSMYB genes were expressed predominantly at dawn (RVE), while PRRs, ELF3 and
LUX were expressed midday to dusk (Supplementary Fig. 29). In addition, the expression of core
clock genes was similar to the related lycophyte S. moellendorffii.

However, we did note some differences in the core clock components as well, such as
TOC1 and G/ that in addition to having several extra copies compared to most genomes, also
display an altered peak phase of expression (Fig. 5). It is possible that this may reflect a general
difference in CAM plants. Therefore, we looked at the three other CAM plants Sedum album,
Kalanchoe fedtschenkoi and Ananas comosus (pineapple) for which there is TOD transcriptome
information. Most of the core circadian clock components cycled with a similar phase as other
land plants and also similar to I. taiwanensis. Some phase differences between the obligate
CAM plant K. fedtschenkoi and Arabdiopsis have been noted for some of the core clock genes®,
and some genes change phase between C3 and CAM in the facultative S. album?3. However,
neither obligate or facultative plants displayed the antiphasic expression for G/ and TOC1/PRR1
we observe in I. taiwanensis (Supplementary Fig. 30).



Supplementary Table 1. Isoetes taiwanensis has retained many genes
essential to stomatal development.

Gene symbol Copy number I. taiwanensis gene |IDs

SCRM/2 5 | Itaiw_v1_scaffold_13_g10966,
Itaiw_v1_scaffold_4 g04754,

Itaiw_v1_scaffold_77_g34972,
Itaiw_v1 scaffold 80 g35483,
Itaiw_v1_scaffold 81 g35616

TMM 2 | Itaiw_v1_scaffold_84_t35898,
Itaiw_v1 scaffold 61 t31916

EPF1 0| NA

EPF2 0| NA

EPFL6 1| Itaiw_v1_contig_13 g42546,

Itaiw_v1_contig_28 g43228,
Itaiw_v1_contig_48 g43721,
Itaiw_v1 contig_881 g47963,
ltaiw_v1 scaffold 22 g15913,
Itaiw_v1 scaffold 22 g15923,
Itaiw_v1 scaffold_43 g26242,
Itaiw_v1 scaffold_6_g06021

EPFL9 0| NA

SMF 3 | ltaiw_v1_contig_32_t43316,
Itaiw_v1 scaffold 5 t05017,
Itaiw_v1 scaffold 57 130612

FAMA 1 | ltaiw_v1_scaffold 13 g11103

MUTE 0| NA
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Supplementary Figure 1. Isoetes taiwanensis genome size estimate based on short read k-mer
frequency. The genome size was estimated to be 1,647,045,703 bp by k-mer frequency (k=19) analysis
using lllumina 2x150 bp short reads.
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Supplementary Figure 2. The Isoetes taiwanensis plastome shows a high degree of RNA editing. A
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edited nucleotides.
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Supplementary Figure 3. Comparison of BUSCO scores for Isoetes taiwanensis and other seed-free
plant genomes. BUSCO analysis showed that the /. faiwanensis genome assembly is comparable to other
seed-free plant and charophyte genome assemblies with regard to completeness.
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Supplementary Figure 7. Unrooted phylogeny of 4-coumarate CoA ligase (4CL) homologs in Isoetes
taiwanensis and across Chloroplastida. Relevant clades are labeled using gradient color; homologues of
note are highlighted with colored font (teal for Arabidopsis, orange for Selaginella moellendorffii, red for 1.
taiwanensis). Full bootstrap support for highlighted clades is indicated by a filled circle. To the right of the
phylogeny residues relevant to substrate binding and function of canonical 4CL as reported by Hu et al.*°
are shown. Unusually short /. taiwanensis sequences in highlighted clades are labeled with an asterisk.
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Supplementary Figure 8. Unrooted phylogeny of cinnamoyl CoA reductase (CCR) homologs in
Isoetes taiwanensis and across Chloroplastida. Relevant clades are labeled using gradient color; homo-
logues of note are highlighted with colored font (teal for Arabidopsis, orange for Selaginella moellendorffii,
red for I. taiwanensis). Full bootstrap support for highlighted clades is indicated by a filled circle. To the right
of the phylogeny residues relevant to phenolic ring binding pocket, the catalytic triad, NADP+ binding, salt -
bridges, and CoA binding of CCR as reported by Pan et al.*! are shown. Unusually short /. taiwanensis
sequences in highlighted clades are labeled with an asterisk.



HXXD-type acyl transferases

Supplementary Figure 9. Unrooted phylogeny of hydroxycinnamoyl-Coenzyme A shikimae/quinate
hydroxycinnamoyltransferase (HCT) homologs in Isoetes taiwanensis and across Chloroplastida.
Relevant clades are labeled using gradient color; homologues of note are highlighted with colored font (teal
for Arabidopsis, orange for Selaginella moellendorffii, red for I. taiwanensis). Full bootstrap support for
highlighted clades is indicated by a filled circle.
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Supplementary Figure 10. Unrooted phylogeny of coumarate 3-hydroxylase (C3H) homologs in
Isoetes taiwanensis and across Chloroplastida. Relevant clades are labeled using gradient color; homo-
logues of note are highlighted with colored font (teal for Arabidopsis, orange for Selaginella moellendorffii,
red for 1. taiwanensis). Full bootstrap support for highlighted clades is indicated by a filled circle. Unusually
short I. taiwanensis sequences in highlighted clades are labeled with an asterisk.



Supplementary Figure 11. Unrooted phylogeny of ferulate 5-hydroxylase (F5H) homologs in Isoetes
taiwanensis and across Chloroplastida. Relevant clades are labeled using gradient color; homologues of
note are highlighted with colored font (teal for Arabidopsis, orange for Selaginella moellendorffii, red for 1.
taiwanensis). Full bootstrap support for highlighted clades is indicated by a filled circle.
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Supplementary Figure 12. Unrooted phylogeny of caffeic acid/5-hydroxyferulic acid O-methyltrans-
ferase (COMT) homologs in Isoetes taiwanensis and across Chloroplastida. Relevant clades are

labeled using gradient color; homologues of note are highlighted with colored font (teal for Arabidopsis,

orange for Selaginella moellendorffii, red for I. taiwanensis). Full bootstrap support for highlighted clades is
indicated by a filled circle. To the right of the phylogeny residues relevant to substrate binding and function

of COMT as reported by Louie et al.*? are shown.
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Supplementary Figure 13. Unrooted phylogeny of cinnamyl-alcohol dehydrogenase (CAD) homologs in
Isoetes taiwanensis and across Chloroplastida. Relevant clades are labeled using gradient color; homologues
of note are highlighted with colored font (teal for Arabidopsis, orange for Selaginella moellendorffii, red for I.
taiwanensis). Full bootstrap support for highlighted clades is indicated by a filled circle. To the right of the phyloge-
ny residues relevant to substrate binding and function of CAD binding pocket, NADP+- and Zn?*binding accord-
ing to Youn et al.®® as reported by Louie et al.*? are shown. Unusually short /. taiwanensis sequences in highlight-
ed clades are labeled with an asterisk.

86

Azfi_s0002.9003837



'V Substrate recognition

AT1 GB

* lon and cofact Gl
recagniion e cocao Qi) 5 '1'8
e"naz:t%% o0 a1 21409036168
i
e B %%lflrr?r P :
annaT% acum } 111
0.7 iana ta cum ,'
\ 5 afiagnacu 132% ‘}‘11550.1
Thec acao §§§§8b81 p
6 06980.1
cum
T j%ﬁ?%a
BT
99 l j ESS%%%E:@%E%M
] <) ,B%%chgo B - affold00046.27
6.
Emartany apo 1003056%113t2
81 Itaiw_v1_gentig_11_t42494-RA*
Itaiw_v1_scaffold bad B’;%G
vrr: T v scaffold_26_t18388-RA*
W stsc?aaWoF
|a| v1 Y %i ARA
99 Itaiw_ v
9 S%%{I v %p %g P
b|es1&§I
;% é; etum montanurﬁjné@gg 1t01
n&turp ‘morﬂaqum é %235“07
100 ne umfmonpanum f‘g g@@?ﬁg
o 100 %ra .2% ntanum
100 L o%%t\'/‘é_ gﬁ ERECe
100 Os;sanvra $38900.1
1 — Beifiig]
100 Br% |§a p
Sava ’%}sq%%s
Smuscm Ia—
0P o g g
orbicula
| seulta Bl %%)ab%ss _MA_9065834g0010 0
90
98 100 F’emu
57
1 |—|: 02
96 &l 6’ V31 chcumcannatumﬂgb\g 4‘086?%80'991 i4
100
wOW'LlM;;;| Ité"" ?03;?9 5, 5)033_0092.1
55 ﬁieﬂ;ﬁ: f;s 0020
Ppscwsl}" Aun_pm
: Ws Bjeun § e
AT3!
egcra :&é’zoo 1p
9057 .
95

61
60

100

Ia {ncml)
. J
evm.mo
Aa —evm.mo
3?&%@%%‘@%%1 ig %14
i evm m?g 3 1452.3

437
ICO

—
1 |
5 Zmrcumcannatum
98] 3 Csc t%a DIN382
5) 2 (H%ICU §%§1L00‘P2&?
MapoF

98 100 plpra 0 c ~g6_i4
wafm&f@ég@% o-147650RA
0
Itaiw_v1 scafqud ﬁfé‘ﬂ? 10-RA
173

sotaenlum ME001906S02383

Cbraunii_g4499_t1

65 kfI
78] Wwannansu;wﬁ P
oo tr—1% i AL
%rseub smd ‘?’2
95 oty %X@ 2898501540

braunii_g4503_t1

S(if fold_3_t03231-RA*
aiw_v1_contig_383_t46752-RA*

Apurygym. deeI ut&orgor%gﬂe

AagrBONN ev eém{g g§m§§|§1‘6&8 818§§

;%?; 56000%010
BT822 0050 50010

(1)0186 1

Al

PRz

B EEEEEEEEER ]

. ——-
=

'
EEE BEEEE T s

©
G
G
i
N
i
Al
i
A
]
s
s
L]
P
o)
]
N
|
A
A
A
]
]

M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
A
P
P
M
M
M
M
P
P
M
M
c
c
M
M
M
M
M
M

0
G
G
G
G
E
s
s
P
S
s
S
s
S
el
s
S
s
A
s
S
s
S
e
s
S
s
S
s
S
el
S
s
s
S
S
w
el
S
El
s
S
s
S
P
A
P
T
T
A
W
T

] ek ?"I?w'b_OIOﬁb

LI
B BB B

r

1@
zn =

'
CEECRCRRRRRRRRAMeCRRRRRRRRRRRARARARRARRRRRRRRARARARARARAROARRRRARARARARARARARARARRARARARARAQD I

PHONDNDNDNNNOCN NN NN NN NDNDNNNNNNHENHNNNHNNH®HN®KH |

[
ECLELELEL LN

'
OPPEPEPFOOOOOEIEY I PrrrrPMoOEE I P B
' '

DNNNNNNNDNGD | DNDNDNNNNNNNNNNDNDNDNDNHNHNKHNHNNHKN
|

ECEEEEELE]

B T I A I T I I I IR R B

EEEEEDR

0 0 B e e 0 D D D D D e D D D B e B

PEETETETY - R
L

| B Al 80010 1 9 9
e

Supplementary Figure 14. Unrooted phylogeny of caffeoyl-CoA O- methyltransferase (CCoAOMT)

homologs in Isoetes taiwanensis and across Chloroplastida. Relevant clades are labeled using gradi-
ent color; homologues of note are highlighted with colored font (teal for Arabidopsis, orange for Selaginella

moellendorffii, red for I. taiwanensis). Full bootstrap support for highlighted clades is indicated by a filled

circle. To the right of the phylogeny residues relevant to substrate, ion and cofactor recognition by CCoAO-
MT as reported by Ferrer et al.** are shown. Unusually short /. taiwanensis sequences in highlighted clades

are labeled with an asterisk.
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Supplementary Figure 15. Unrooted phylogeny of caffeoyl shikimate esterase (CSE) / monoacylglyc-
erol lipase (MAGL) homologs in Isoetes taiwanensis and across Chloroplastida. Relevant clades are
labeled using gradient color; homologues of note are highlighted with colored font (teal for Arabidopsis,

orange for Selaginella moellendorffii, red for I. taiwanensis). Full bootstrap support for highlighted clades is
indicated by a filled circle.
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Supplementary Figure 16. Overview of the detected homologues for key enzymes of the phenylpro-
panoid and lignin biosynthesis pathway in Isoetes taiwanensis. a, Phylogenetically detected homologs
for key enzymes of the core phenylpropanoid pathway as well as routes towards H, G, and S lignin are
distributed across 23 groups. b, Putative and simplified biosynthetic routes toward lignin in I. taiwanensis as
inferred from homologs detected. In both a and b, the number of detected homologs are shown in gradient
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pathway in Isoetes taiwanensis . Note that no COMT homologues and only a single copy of CAD were
in the phylogeny in Supplemental Figure 13.

Supplementary Figure 17. Expression of genes in the phenylpropanoid and lignin biosynthesis
expressed. The latter is labeled
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Supplementary Figure 18. Orthologues of TMM found in Isoetes taiwanensis. a, Phylogenetic place-
ment of two copies of the stomatal development gene TMM from . taiwanensis with b, normalized expres-
sion (TPM) data from one copy expressed in leaf tissue) with a shaded ribbon representing the standard
deviation. The copy of TMM expressed in leaf tissue is highlighted using blue text in the phylogeny. Source
data are provided in Supplementary Data 2.
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Supplementary Figure 19. Isoetes taiwanensis possesses stomatal development genes in the SM-
F/FAMA clade. A phylogeny showing the placement of SMF and FAMA genes found in /. taiwanensis rela-
tive to other land plants. Branch thickness corresponds to bootstrap support.
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Supplementary Figure 20. ROOT HAIR DEFECTIVE SIX-LIKE (RSL) genes are present in Isoetes
taiwanensis. A phylogeny showing the placement of Class-I and Class-Il RSL genes found in I. taiwanensis
relative to other land plants. Branch thickness corresponds to bootstrap support.
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Supplementary Figure 22. A whole genome duplication predates the divergence of two major Isoetes
clades. Comparison of ortholog divergence (Ks) between two distantly related species of Isoetes dates an
ancient WGD (ISTE; blue box) to before the divergence of their respective clades. The Ks plot for 1. taiwan-
ensis was generated from genomic data and the initial peak truncated to highlight ISTER peak. The Ks plot
for I. lacustris was generated from transcriptomic data. Source data are provided as a Source Data File.
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Supplementary Figure 23. Isoetes taiwanensis self synteny plot. Collinearity analysis identified
depth throughout the genome. Source data are provided as a Source Data file.
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Supplementary Figure 24. Ks distribution of syntenic gene pairs differs from that of the whole
genome. A peak in the genome-wide Ks distribution (blue) around 1.8 was not evident when Ks
analysis was restricted to syntenic gene pairs (orange). Source data are provided as a Source Data file.
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Supplementary Figure 25. RNA-seq samples used for gene expression analyses cluster together by
time point. A Multidimensional scaling plot of RNA-seq data shows clustering by time point in a clockwise
manner following the removal of outliers. Source data are provided in Supplementary Data 2.
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Supplementary Figure 26. Comparison of cycling copies of MDH across CAM species. Plot shows
relative gene expression (z-score of TPM normalized RNAseq data) for all MDH copies that are known to
cycle in terrestrial CAM plants as well as two copies from Isoetestaiwanensis. Orthologous genes are
marked with an asterisk (*). Source data are provided for I. taiwanensis in Supplementary Data 2 and for
other taxa in a Source Data file.
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Supplementary Figure 27. Global TOD expression in . taiwanensis. a, The phase of peak expression of
the cycling genes as called by HAYSTACK. b, The number of cycling genes (grey; 10% of expressed
genes) compared to the expressed (orange) and non-expressed (blue). ¢, Enriched GO terms at each time
point. GO terms are plotted by significance (-1 * log10(p)) with highly significant (white) and non-significant
(black) values for each time over the day to highlight the TOD specificity. Source data are provided in
Supplementary Data 3.
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Supplementary Figure 28. Multispecies comparison of global TOD expression. a, Number of genes
that cycle with a specific phase of the reciprocal best BLAST hits (RBHs) between Arabidopsis thaliana and
Isoetes taiwanensis. Left column is time (hrs) of peak expression; sum is number of RBHs that cycle; total is
the percent of expressed genes that are predicted cycle in that dataset. Larger numbers of cycling genes
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(green) and fewer (red) are highlighted. LDHC (light/dark; hot/cold); LLHC (continuous light; hot/cold);

LDHH (light/dark; continuous hot); long (longdays; 16hrs light/8 hrs dark; continuous hot); short (shortdays;
8hrs light/16 hrs dark; continuous hot); LL_LDHC (continuous light after LDHC); LL_LLHC (continuous light
after LLHC); LL12_LDHH (first 2 days in continuous light after LDHH); LL23_LDHH (second and third day in
continuous light after LDHH); DD_DDHC (continuous dark after DDHC). b, Phase shift between RBHSs of
Physcomitrium patens (blue) and Selaginella moellendorffii (orange) with /. taiwanensis. Source data are

provided as a Source Data file.
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Supplementary Figure $S29. Many circadian associated genes exhibit typical cycling behavior in
Isoetes taiwanensis. Plots showing TOD expression of circadian associated genes in I. taiwanensis. ).
Average of TPM normalized expression data for /. taiwanensis is plotted with a shaded ribbon representing

the standard deviation. Cycling genes are named for their nearest orthologues in Arabidopsis. Source data
are provided in Supplementary Data 2.
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Supplementary Figure 30. Expression of key circadian associated genes is shifted in I. taiwanensis.
relative to terrestrial CAM plants a, GIGANTEA (Gl), b, PSEUDO-RESPONSE REGULATOR 1 (PRR1)
¢, LATE ELONGATED HYPOCOTYL (LHY) orthologs in Isoetes (blue lines), Ananas (gold lines), Sedum
(red lines), and Kalanchoe (green line) normalized expression over the day. Day (yellow box); Night (black
box); Zeitgeber time (ZT) is the number of hours (hrs) after lights on (0 hrs). Source data are provided for /.
taiwanensis in Supplementary Data 2 and for other taxa in a Source Data file.
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