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Abstract

Inactive auxin conjugates are accumulated in plants and hydrolyzed to recover phytohormone action. A family of metallo-
peptidase orthologues has been conserved in Plantae to help regulate auxin homeostatic levels during growth and develop-
ment. This hydrolase family was recently traced back to liverwort, the most ancient extant land plant lineage. Liverwort’s
auxin hydrolase has little activity against auxin conjugate substrates and does not appear to actively regulate auxin. This
finding, along with data that shows moss can synthesize auxin conjugates, led to examining another bryophyte lineage,
Physcomitrella patens. We have identified and isolated three M20D hydrolase paralogues from moss. The isolated enzymes
strongly recognize and cleave a variety of auxin conjugates, including those of indole butyric and indole propionic acids.
These P. patens hydrolases not only appear to be “cryptic”, but they are likely to have derived from soil bacteria through
Horizontal Gene Transfer. Additionally, support is presented that the plant-type M20D peptidase family may have been
universally lost from mosses after divergence from the common ancestor with liverwort.

Keywords Physcomitrella patens - Horizontal gene transfer - Auxin conjugate regulation - Amidohydrolase - Cryptic
genes - Moss evolution

Introduction differentiation. Because it is so vital for growth and develop-

ment, auxin homeostasis is closely controlled by the activi-

Auxin can be found in all known Plantae species. This
phytohormone has the ability to stimulate, promote, delay,
or inhibit many physiological processes (Bandurski et al.
1995; Davies 1995), including gravitropism, phototropism,
ethylene production, and cell elongation, division, and
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supplementary material, which is available to authorized users.
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ties of biosynthesis, transport, conjugation, and molecular
decay (Ljung et al. 2002; Korasick et al. 2013; Kasahara
2016).

Conjugated indole acetic acid (IAA), the most common
form of auxin, is commonly believed to be non-functioning
(Ludwig-Miiller 2011). Conjugates come in two forms,
bound to either one or more amino acids or ester-linked to
sugar(s). These two conjugate types are found in assorted
tissues of all Plantae, from bryophytes through angiosperms
(Sztein et al. 1999, 2000). Although older studies suggest
that a majority of IAA in a plant is stored in the conjugated
form (Bandurski et al. 1995; Campanella et al. 1996), more
recent work (Novak et al. 2012; Yu et al. 2015) suggests
that endogenous levels of auxin conjugates are not as high
as previously estimated. Free, functioning auxin is obtained
by hydrolyzing the conjugate from the indole ring and car-
boxyl side-chain of the phytohormone. However, some auxin
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conjugates (IAA-Glutamate and IAA-Aspartate) have been
found in Arabidopsis to be chemical “dead-ends” that are not
hydrolyzed and employed as a degradation pathway (Sauer
et al. 2013).

There is support that auxin amidohydrolases first evolved
in photosynthetic bacteria, eventually becoming conserved
in charophytic algae, which was the progenitor lineage of
all terrestrial plants (Hori et al. 2014; Campanella et al.
2018). However, note that a parallel and independent evo-
lutionary path emerged for amidohydrolases in soil bacte-
ria. For example, an IAA-Aspartate amidohydrolase, that
bears a striking homology to AtILR1 (Arabidopsis thali-
ana IAA-leucine Resistant), was isolated from Enterobacter
agglomerans (Chou et al. 2002). Additional highly plant-
like hydrolases have been characterized from Arthrobacter
ilicis (Leong et al. 2009) and Pseudomonas (Rowsell et al.
1997). All these bacterial hydrolases evolved to parallel
M20D peptidase evolution, including a structural penchant
for manganese ion binding. These bacterial correspondences
may support the long-held theory among protein evolution-
ary biologists that there are a limited number of conditions
for constructing certain types of enzymes.

The recent isolation and characterization of an auxin
amidohydrolase from the oldest land plant lineage known,
liverwort (Wellman et al. 2003), illuminated the evolution
of this family of enzymes in tracheophytes. Evidence was
presented, based on phylogenetics and structural homology,
that the only MpILR1 gene from liverwort was the ancestral
genetic precursor to all tracheophyte auxin amidohydrolases
(Campanella et al. 2018). However, what remained unan-
swered was where the other bryophytes might fit into this
molecular evolutionary model. Ludwig-Miiller et al. (2009a)
proposed moss might have diverged as a “dead-end” in terms
of auxin conjugate hydrolysis. There is general agreement
that, although mosses are able to produce auxin conjugates,
up until now no evidence for active auxin conjugate hydroly-
sis has been detected (Sztein et al. 1999, 2000; Cooke et al.
2002; Ludwig-Miiller et al. 2009b).

Liverwort shows strong evidence of being a regulatory
dead-end since the MpILR1 hydrolase demonstrates very
little activity against auxin conjugate substrates (Cam-
panella et al. 2018). That observation raises the question
of how evolution of this pathway occurred in moss. Liver-
worts, hornworts, and mosses are thought to have evolved
50-75 million years before the emergence of the ancestral
lineage of present-day tracheophytes (Ligrone et al. 2012).
Additionally, mosses and hornworts appear to have diverged
from a shared predecessor anywhere from 15 to 20 million
years after liverwort first evolved (Qiu et al. 2006, 2007;
Shen et al. 2017).

Motivated to determine if moss has a single, semi-active
auxin amidohydrolase like liverwort, we probed the genome
of Physcomitrella patens with in silico homology searches

to detect orthologues for MpILR1. We were surprised to
identify four putative homologues of the M20 peptidase fam-
ily in P. patens, because we expected no more than the one
hydrolase observed in liverwort (Campanella et al. 2018).
Three of the four hydrolases (PpIAR32, PpIAR33, and
PpIAR34) (Physcomitrella patens IAA-Aspartate Resistant)
were verified as being part of the moss genome, while one
is presumably a contaminant. In this paper, we characterize
the enzymatic nature of these three auxin amidohydrolases,
examine evidence for their evolutionary origin, and suggest
what implications those origins have on the evolution of
active auxin conjugate hydrolysis in tracheophytes.

Materials and Methods
Detection of Moss Hydrolase Homologues

The liverwort orthologue MpILRI DNA sequence (Cam-
panella et al. 2018) was employed in BLAST analyses
(Altschul et al. 1990) of the P. patens genome (v2.5) (Zim-
mer et al. 2013) on the Phytozome Web site (http://www.
phytozome.jgi.doe.gov). Four orthologues were detected by
this investigation (Phpat.1Z030500.1, Phpat.1Z047400.1,
Phpat.1Z2039000.1, and Phpat.12023000.1). Successive
BLAST searches on GenBank with these newly discovered
moss sequences indicated that they had the greatest sequence
similarity to the IAR-like hydrolases, so they were dubbed
PpIAR31, PpIAR32, PpIAR33, and PpIAR34. Default
search parameters were utilized with BLAST. In version 3.3
of the genome, the designations were as follows: PpIAR32:
Pp3s46_160V3.1; PpIAR33: Pp3s34_741V3.1; PplAR34:
Pp3s32_480V3.1.

Genomic PCR Probing

Moss whole DNA extraction employed approximately 30 mg
of dried P. patens tissue. Extraction was performed with the
QIAGEN DNeasy Plant kit using the company’s directions
(QIAGEN Corp., Hilden, Germany). DNA concentration
was ascertained with a NanoDrop ND-1000 Spectropho-
tometer (Thermo Fisher Scientific Inc., Waltham, Massa-
chusetts), and genomic DNA stored at —20 °C.

Two replicates with each set of primers and two controls
using commercial 18S primers were prepared—so four reac-
tion tubes total were set up for each of the hydrolase genes
examined. Two reactions contained 5 pl of moss DNA, 1 pl
of each appropriate primer (Supp. Table 1), 12.5 ul of Mas-
termix (Denville Scientific Inc., Holliston, Massachusetts),
and 5.5 pl of sterile DI water—equaling a total volume of
25 ul. The second two reactions contained 5 ul of moss sam-
ple 1 DNA, 1 pl of universal 18S primers (QuantumRNA

@ Springer
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Classic II 18S Internal Standard, Thermo Fisher Scientific
Inc.), 12.5 pl of Mastermix, and 6.5 pl of sterile DI water.

All primers were constructed by Invitrogen (a division
of Thermo Fisher Scientific Inc.). Samples were preheated
in the thermocycler [Eppendorf Mastercycler ep gradient S
(Eppendorf, Hauppauge, New York)] for 1 min at 95 °C and
subsequently treated to the following program for 40 cycles:
95 °C for 45 s, 54-56 °C for 45 s, 72 °C for 60 s. Annealing
temperatures varied by primer set (Supp. Table 1).

PCR products were electrophoresed in 1 X TAE on 2%
agarose gels (Marine BioProducts Inc., B.C., Canada) for
30 min, stained with stock ethidium bromide (Thermo Fisher
Scientific Inc.), and then analyzed by UV Transillumina-
tor (Ultra-Lum Inc., Paramount, California) with digital
photography.

RNA Extraction and RT-PCR

Moss whole RNA extraction employed approximately 10 mg
of dried P. patens gametophytic tissue. Extraction was per-
formed with the Norgen Plant/Fungal Total RNA Purifica-
tion Kit using the company’s directions (Norgen Biotek
Corp., Ontario, Canada) and after purification treated 15 min
at 20 °C with 2 units DNase (Promega Corp, Madison, WI).
Total RNA concentration was ascertained with a NanoDrop
ND-1000 Spectrophotometer (Thermo Fisher Scientific Inc.,
Waltham, MA), and RNA stored at — 70 °C.

The primers employed to amplify mRNA of PpIAR32,
PpIAR33, and PpIAR34 for expression analysis are listed in
Supplementary Table 1. For the expression analyses, single
150-ng, 25-pl reactions were carried out in RNase-free 0.2-
ml microfuge tubes using an Mx3000p Real Time Thermo-
cycler (Stratagene, La Jolla, CA). The SuperScript IV One-
Step RT-PCR (Thermo Fisher Scientific Inc., Waltham, MA)
was employed according to the manufacturer’s instructions
to amplify the specific cDNA of PpIAR32, PpIAR33, and
PpIAR34. The reverse transcriptase reaction was incubated
at 50 °C for 15 min, followed by 98 °C for 3 min. The PCR
step was performed for 40 cycles at the following times and
temperatures: 10 s at 95 °C, 10 s at 56 °C, and 30 s at 72 °C.
This program was completed by a final extension for 5 min
at 72 °C. 18S RNA was used as an expression control (prim-
ers: QuantumRNA Classic II 18S Internal Standard, Thermo
Fisher Scientific Inc.). Expression analysis was analyzed by
1.5% agarose gel electrophoresis in 1x TAE for 30 min at
a constant 150 V.

Cloning and Construction
Synbio Technologies (Monmouth Junction, New Jersey)
synthesized the DNA sequences of PpIAR32, PpIAR33,

and PpIAR34 for our use. PpIAR32 was designed to be
ligated in-frame into the expression vector PetBlue2

@ Springer

(Novagen Corp. (EMD Chem. sub.), Madison, Wisconsin).
PpIAR33 and PpIAR34 were designed as an entire cassette.
The cassette included a Shine-Dalgarno sequence in the 5’
untranslated region with a T7 inducible IPTG promoter just
upstream.

The PpIAR32 insert was ligated into the BamHI site of a
pUCS57 plasmid in Synbio Tech. We amplified the PpIAR32
fragment from the pUCS57 plasmid using PCR (F-primer:
5'-GTTCATGCAAGCATTGGTTT-3', R-primer: 5'-GAT
CCCTGACCCATTTTTCA-3') with the following 40-cycle
program: 95 °C for 45 s, 56 °C for 45 s, 72 °C for 60 s
(primers from Invitrogen Corp., a division of Thermo Fisher
Scientific Inc.). The fragment was blunt-end ligated into the
EcoRYV site of the PetBlue2 plasmid using the directions
of the kit manufacturer (Novagen Corp.). We utilized heat
shock to transform the ligation mixture into NovaBlue E.
coli cells (Sambrook et al. 1989).

The PpIAR33 and PpIAR34 constructs were dissolved in
1 ml sterile water to give ~40 ng/ul concentration and 1 pl
used directly for transformation into NovaBlue Cells.

Transformants were all selected on Luria—Bertani media
(50 pg/ml ampicillin) and blue—white selection (Sambrook
et al. 1989). Alkaline lysis was employed to isolate plasmids
from transformants (Sambrook et al. 1989). DNA sequenc-
ing of the insert regions was done by manufacturer’s instruc-
tions, utilizing BigDye Terminator version 3.0 with an ABI
model 3730 DNA Analyzer (Applied Biosystems Inc., CA).

Enzyme Preparation from E. coli and Hydrolase
Enzyme Assays

MpIAR32, MpIAR33, and MpIAR34 cultures were grown
16-18 h at 37 °C in 5 ml Luria—Bertani medium (100 pg/ml
ampicillin). For gene induction, 2 ml was transferred from
each culture into a flask with 50 ml Luria—Bertani culture
medium (100 pg/ml ampicillin, 1 mM IPTG). Untrans-
formed NovaBlue control cells were grown without added
IPTG. We performed induction of transgene expression for
4 h with continuous shaking of the cultures.

We prepared enzymes as in our previous studies by sonic
disruption and lysis of cells (Campanella et al. 2003a, 2004,
2008). Protein extracts (100 ul employed per assay) were
either stored at — 80 °C long term or directly utilized for the
enzyme assays.

The methods of Campanella et al. (2008) were followed
precisely for the performance of enzyme assays for auxin
conjugate hydrolysis. IAA-amide conjugates employed were:
IAA-Aspartate, -Alanine, -Glycine, -Leucine, -Isoleucine,
-Phenylalanine, and -Valine (Sigma-Aldrich, Saint Louis,
Missouri). We also utilized IBA-Alanine (Sigma-Aldrich)
and IPA-Alanine (Campanella et al. 2008). The HPLC pro-
tocol of Campanella et al. (2003a) was used to analyze final
hydrolysis test samples.
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Experiments were replicated four to six times employ-
ing the various enzyme preparations. We then calculated
the mean for these independent experiments + the standard
error. We utilized the uninduced cultures as controls and
estimated enzymatic activity in picomoles of IAA, IBA, or
IPA released from the IPTG-induced cultures minus the val-
ues acquired in non-expressing controls.

Exogenous Treatment of Auxin Conjugates
to Gametophores of Physcomitrella patens

For each P. patens sample between 200 and 500 mg fresh
weight were used. Two discrete experiments were executed
with three biological replicates each, separately incubated
with the respective conjugate.

The gametophores were pre-cultivated for 4 weeks on
agar plates with KNOP medium (Ludwig-Miiller et al.
2009b). The gametophores were then transferred to 6-well
plates with 10 ml liquid KNOP medium and 100 uM of the
respective conjugate or without conjugate. Conjugates used
were [AA-Ala, IAA-Gly, IBA-Ala, IPA-Ala. For each con-
dition, one well was used. The moss plants were incubated
24 h at RT*° with continuous shaking at 100 rpm. The game-
tophores were removed for harvesting from the medium and
completely rinsed with water. Subsequently, they were dried
on filter paper and the fresh weight determined.

The plant material was homogenized using 2 ml iso-
propanol:1% acetic acid (95:5, v/v) and sea-sand. During
extraction, the heavy isotope labeled standards were added
to all samples 100 ng 13CG-IAA (Ehrenstorfer GmbH, Ger-
many) and to the samples incubated with the IBA conju-
gate 50 ng 13C8/15N1-IBA (a gift from Dr. Jerry D. Cohen;
Barkawi et al. 2008). The extracts were incubated under
continuous shaking for 1.5 h (4 °C, 800 rpm) and then cen-
trifuged for 10 min and 13,000xg at 8 °C. The supernatant
was removed and evaporated to the aqueous phase under
a stream of N,. To better adjust the pH, we added 500 ul
H,O0 to each sample and adjusted with 1 M HCI. Samples
were extracted two times with two volumes of ethyl acetate.
The organic phases were removed under a stream of N, and
combined. The organic phases were then evaporated to dry-
ness and resuspended in 200 pl methanol. For methylation,
200 ul trimethylsilyldiazomethane (Sigma-Aldrich, Ger-
many) diluted 1:10 in diethylether was added and incuba-
tion was performed for 30 min at room temperature (Geilfus
et al. 2018). The samples were incubated for 30 min at RT
and then evaporated to dryness under N,. The sample was
finally dissolved in 50 pl ethyl acetate for GC-MS analysis,
and 1 pl was injected in a Varian Saturn 2100 ion-trap mass
spectrometer using electron impact ionization at 70 eV, con-
nected to a Varian CP-3900 gas chromatograph equipped
with a CP-8400 autosampler (Varian, Walnut Creek, CA,
USA). Injection was with splitless mode (splitter opening

1:100 after 1 min) onto a Phenomenex (Aschaffenburg, Ger-
many) ZB-5 column (30 m X 0.25 mm X 0.25 pm) employing
helium carrier gas at 1 ml/min. The temperature program
was as described in Campanella et al. (2008).

Auxin contents were calculated using the isotope dilution
equation (Cohen et al. 1986) with m/z 130 and 136 for IAA
and m/z 130 and 139 for IBA. Because no heavy labeled
standard for IPA was available to us, the calculation was an
estimation based on the labeled IAA standard.

Codon Usage Analysis

We took DNA coding sequences of auxin conjugate hydro-
lases from Archaea, Eubacteria, and eukaryotes (algae,
bryophytes, tracheophytes) and performed a principal coor-
dinate analysis for codon usage in open reading frames. The
program EMBOSS CUSP (Lu et al. 2005) was applied to
determine the relative abundance values. With this abun-
dance data, a dissimilarity matrix (Bray and Curtis 1957)
was calculated by Vegan (Oksanen et al. 2016). The princi-
pal coordinate analysis was then implemented using classical
multidimensional scaling (R Core Team 2014; Gower 2015),
and the final plot generated using ggplot2 (Wickham 2009).

Global Alignment and Phylogenetic Tree
Construction

MatGAT v1.1 (Campanella et al. 2003b) in default configu-
ration was used to generate the amino acid sequence similar-
ity matrix of the amidohydrolase homologues.

Phylogenetic tree construction was implemented using
CLUSTAL X v1.81 (Thompson et al. 1997) in default
mode. Amino acid sequences of hydrolase homologues
were aligned by CLUSTAL X, and neighbor-joining values
ascertained (1000 bootstraps applied) (Saitou and Nei 1987;
Felsenstein 1985). While CLUSTAL generated the genetic
branch distances and bootstrap values, the radial phylogram
itself was visualized by TreeView (Page 1996).

Accession Numbers

The Phytozome accession numbers for the P. patens
hydrolase genes (PpIAR32, PpIAR33, and PpIAR34) are
Pp3s46_160V3.1, Pp3s34_741V3.1, and Pp3s32_480V3.1.
The following GenBanked genes were employed in the
phylogenetic analyses: liverwort (OAE20874.1), K. flac-
cidum (GAQ79540), Arabidopsis (NP_175587.1), fern
(XP_002981614.1,), spruce (EF085410.1), Brevibacil-
lus (WP_092267846, WP_055746795), Bacillus simplex
(WP_076372044), Lysinibacillus (WP_054610332), Bacil-
lus (WP_049662221), rice (XP_015621783), Enterobacter
agglomerans (AF006687), Arthrobacter ilicis (EU400596).

@ Springer



1432

Journal of Plant Growth Regulation (2019) 38:1428-1438

Results

The PplAR31 Gene Cannot be Detected in the P.
patens Genome

Our initial study of Rensing et al.’s (2008) v1.1 moss
genome database made us aware that bacterial DNA
contamination could account for the presence of “plant”
amidohydrolases we detected. To assure ourselves that
we were studying moss genes, we designed PCR primers
for unique regions of the PpIAR31, PpIAR32, PpIAR33,
and PpIAR34 genes so that they could be easily identified.
We performed PCR using moss nuclear DNA as the tem-
plate and found that the amplified fragments of PpIAR32,
PpIAR33, and PpIAR34 could be detected, but not that of
PpIAR31 (Supp. Fig. S1). The 18S DNA positive controls
were seen with all the samples. Negative bacterial controls
were included, employing primers derived from the auxin
amidohydrolases of E. agglomerans (AF006687) and A.
ilicis (EU400596). No PCR amplification was detected in
moss DNA from these negative controls (data not shown).

Further evidence that PpIAR31 was a genomic sequenc-
ing artifact in the moss v2.1 was observed in the newest
v3.3 genome. The Lang et al. (2018) version 3.3 of the P.
patens genome was not available; at the time this research
was first initiated and PpIAR31 was first detected. We
employed the Phytozome Web site to perform a BLAST
search using the PpIAR31 DNA sequence with v3.3, but
we could no longer detect the original sequence from the
earlier v2.1.

Evidence for Horizontal Gene Transfer in the PplAR
Family

There are several strands of evidence that suggest that
PpIAR32, PpIAR33, and PpIAR34 all originated in bac-
teria by HGT. Initially, we employed principal coordinate
analysis of codon usage (Fig. 1). On the PCoA, the bryo-
phyte (moss) genes intersect strongly with Eubacteria, less
so with Archaea, and barely with Plantae. These results
suggest that these isolated moss genes use prokaryotic
codons more frequently than those of eukaryotes.

Further, we analyzed the intronic structure of the three
genes using the Phytozome BLAST software. However,
PpIAR32, PpIAR33, and PpIAR34 have no introns present
in their genomic sequences. These data are in direct con-
trast to the liverwort MpILR which has a genomic struc-
ture of five exons and four introns that has been conserved
all the way through angiosperms (Campanella et al. 2018).
Again, the lack of introns supports a bacterial origin for
the moss hydrolases.

@ Springer

We next performed a global amino acid alignment
using MatGAT vl1.1 (Campanella et al. 2003b) and gen-
erated a similarity matrix to compare the structure of
PpIAR32, PpIAR33, and PpIAR34 to an orthologous
group of eubacterial and plant hydrolases (Supp. Fig. S3).
PpIAR32 showed strongest similarity to hydrolases from
Bacillus simplex (48.2%) and Lysinibacillus (46.5%)—no
plant hydrolase had a higher homology than 30% (Supp.
Fig. S3). The same pattern was observed with PpIAR33
with similarity values of ~79% with Brevibacillus spl and
sp2 orthologues. The Arthrobacter IAA-Alanine hydro-
lase (Leong et al. 2009) shows a more distant similar-
ity to PpIAR33 at 51.4%. PpIAR34 demonstrates a high
similarity value of 93.8% with the Bacillus enzyme (Supp.
Fig. S3). Again, no plant similarity values were as high as
these, suggesting a stronger homology to eubacteria than
to eukaryotes.

Finally, an unrooted, neighbor-joining phylogram was
generated utilizing amino acid sequence data for each moss
hydrolase (Fig. 3). The non-rooted, radial tree shows the
hydrolases separating into two clades. The eukaryotic clade
includes angiosperms, spruce, algae, fern, and liverwort. The
prokaryotic clade includes all three moss hydrolases (Fig. 3).
High bootstrap values of primarily over 70% help to support
the branch relationships. This last analysis supports all the
others and lends high probability that PpIAR32, PpIAR33,
and PpIAR34 all arose from HGT.

The PplAR Hydrolase Family has Strong Activity
Against a Variety of Auxin Conjugates

In vitro auxin conjugate hydrolysis tests were conducted
with all of the heterologously expressed moss proteins
to establish substrates and potential enzymatic activity
(Table 1). All three amidohydrolases recognized a variety

Table 1 Enzyme/substrate specificity of the P. patens auxin hydro-
lases

Substrate PpIAR32 PpIAR33 PpIAR34
IAA-Alanine 20.9+7.6 95.5+82.0 313.3+11.7
IAA-Glycine 24.042.3 27.1+3.4 0
TAA-Aspartate 0 0 0
IAA-Leucine 0 0 234.4464.7
IAA-Isoleucine 0 0 446.9+138.7
IAA-Valine 10.1+6.6 0.349+0.27 0
IAA-Phenylalanine 0 0 322.74+64.0
IPA-Alanine 150.54+52.5 229.04+1324 O
IBA-Alanine 10.8+2.9 69.7+24.5 2043.7+263.1

All hydrolase values are expressed as picomoles of auxin released per
minute per milliliter (average from 4 to 7 replicate experiments) plus
or minus the standard error. Untransformed E. coli (NovaBlue) cells
were employed as negative hydrolysis controls
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Fig. 1 Principal coordinate
analysis of codon usage to
determine if the moss hydro-
lases have bacterial origins and
are likely to have come from
Horizontal Gene Transfer. The
two-dimensional plot was cre-
ated using ggplot2 (Wickham
2009)

Coordinate 3

02 01
Coordinate 2

Table2 Auxin released in Plantae from exogenous conjugate treat-
ment

Conjugate Average release auxin
(ng/g fr. wt+ standard
dev.)?

Control 12.89+4.18

TAA-Alanine 60.63 +4.55

TAA-Glycine 74.15+22.39

IBA-Alanine 57.17+23.64

IPA-Alanine 32.78 £25.07

*For each sample, between 200 and 500 mg fresh weight was used.
Two separate experiments were performed with three biological sam-
ples each, which were separately incubated with the respective con-
jugate

of TAA conjugates, as well as IBA and IPA conjugates.
PpIAR32 and PpIAR33 converted IAA-Ala, -Gly, and -Val,
as well as IPA-Ala and IBA-Ala to the free auxin. PpIAR34
differed from the two paralogues and recognized TAA-Ala,
-Leu, -Ile, -Phe, and IBA-Ala. The hydrolytic abilities of
PpIAR32 and PpIAR33 were completely redundant, while
PpIAR34 seemed to hydrolyze those conjugates not recog-
nized by the other two enzymes.

Physcomitrella patens can Hydrolyze Several
Different Conjugates In Vivo and Release Auxin

Finally, we examined the ability of the P. patens gameto-
phytic tissues to hydrolyze conjugates in vivo (Table 2).
The level of auxin released from the exogenously treated
plants was anywhere between ~2.6- and 6.2-fold greater
than the mock-treated controls. IAA-Glycine seemed to be
most prone to degradation at 74.15 +22.39 ng/g fresh weight

Individual Source

Archaea reeees
Bryophyta —
Eubacteria - —
Eudicots

GYymnosperms  « « e .

me<opOo

Monocots

0.0 0.1

of moss gametophytic tissues. Sporophytic tissues were not
analyzed.

Discussion

Auxin Regulation and the “Dead-End” Nature
of Moss Hydrolases

Horizontal Gene Transfer has been observed innumerable
times in the last decade across the whole Plantae kingdom
(Bock 2009; Yue et al. 2012; Fang et al. 2017). The HGT
process appears to be common among plants as a form of
diversifying the genome by expanding the gene pool. This
process of gene movement across species is thought to drive
genomic and phenotypic alteration and augment reproduc-
tive fitness. Yue et al. (2012) identified 57 families of over
900 genes assimilated from viruses, fungi, and Eubacteria
into the P. patens genome. The majority of HGT sequences
identified in this moss were derived from miscellaneous bac-
terial lineages.

We have concluded that the auxin amidohydrolases iden-
tified in the P. patens genome (PpIAR32, PpIAR33, and
PpIAR34) have their evolutionary source in HGT and not in
earlier plant lineages. We base this conclusion on the phylo-
genetic evidence (Figs. 2, 3), codon usage analysis (Fig. 1),
and the lack of conserved intronic structure in the three moss
hydrolases. In every instance, the moss hydrolases appear to
be more similar to eubacterial genes than eukaryotic genes.

Because these hydrolase genes apparently have their
source in HGT, we do not see any evidence that they are
required for the homeostatic regulation of auxin in moss. P.
patens does not appear to be in the evolutionary line of auxin
amidohydrolases that Campanella et al. (2018) suggested
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1 2 3 4 5 6 7 8 9 10 11 22 13 14 15
1. PpIAR32
2. PpIAR33 361
3. PpIAR34 22.9 48.0
4. Enterobacter 25.7 40.6 40.1
5. Arthrobacter 26.7 51.4 45.4 45.4
6. Brevibacillus sp.l1 44.7 79.4 48.4 43.3 52.8
7. Brevibacillus sp.2 40.8 79.0 47.9 45.4 55.8 89.5
8. Bacillus simplex 48.2. 32.9 32.3 36.1 33.8 30.4 34.4
9. Lysinibacillus 46.5 31.8 30.9 30.7 33.3 32.0 33.5 86.3
10. Bacillus 22.1 48,0 :93.8 39.7 44.9 47.9 48.5 31.4 30.1
11. Arabidopsis 2740: 47.3 38:9 45:0 50:2 45:2 49:5 35.7 371 38:5
12. Fern 24.9 50.9 43.2 44.0 54.8 51.4 53.8 33.3 34.3 41.7 61.8
13. Spruce 30.8 42.9 36.1 43.3 43.7 44.3 45.6. 35.1 37.4 36.8 64.9 6L.1
14. Rice 23+2: 439 37.7 37.6 43.0° 45+3 45,1 30.2 32.8 37:2 51.1 54.8 52.5
15. Liverwort 30+8 466 37.4 41.5 46.1 47.4 472 35.9 370 35.9 60:8 6l:2 68:5 47.8
16. Algae 27.8 48.0 39.9 44.2 48.7 46.2 49.8 32.7 36.2 40.6 63.0 57.0 58.8 48.9 62.2

Fig.2 Similarity matrix comparing the P. patens hydrolase amino the default values for protein analysis. Values in bold indicate high
acid protein sequence homology to a panel of Eubacterial and Plantae levels of similarity for the three moss hydrolases
orthologues. The matrix was generated with MatGAT v1.1 by using

Fig.3 A non-rooted, radial
phylogram of the M20/M25/
M40 peptidase protein family
members. CLUSTAL X was
employed for alignment, and
bootstrapping was performed
1000 times. The moss hydro-
lases in the prokaryotic clade
are indicated by bold

Eukaryotic clade

Liverwort

Prokaryotic clade

Enterobacter agglomerans

Arthrobacter ilicis

Brevibacillus sp2 PpIAR34

Brevibacillus sp1 Bacillus

1000

" Bacillus simplex
PpIAR32 o

Lysinibacillus

began in charophytic algae. Even though PpIAR32, in moss. To have any effect on auxin regulation, they would
PpIAR33, and PpIAR34 are capable of active hydrolysis,  need to have been actively expressed. Because they are not
none of the hydrolases that we identified in the moss genome  expressed, these genes are essentially non-functional and the
are expressed in any tissues. For the P. patens genome v3.3,  paralogues have become “passengers” in the moss genome,
Lang et al. (2018) performed expression analyses under 30  or what is sometimes referred to as “cryptic” genes.

different environmental conditions in all tissues, and none Although P. patens is the lone moss species whose com-
of these hydrolases are expressed under any circumstance  plete genome is presently accessible for study, we can make
(Supp. Fig. S2). We performed control BLAST searches some tentative statements about the Sphagnum fallax (peat
with Arabidopsis sequences of actin, phytochrome C, and  moss) genome v0.5 that is available on the Phytozome
GH3 to quality test the P. patens v3.3 expression analysis ~ Web site, as well as a number of other moss species. We
and found all three conserved genes expressed in the cDNA  performed Phytozome BLAST searches with Arabidopsis
library (data not shown). Additionally, we performed our  sequences of AtILR, AtIAR, actin, phytochrome C, and GH3

own RT-PCR expression analysis with each moss amidohy-  to probe for amidohydrolases and positive controls in the
drolase, and we could detect no expression of these genes in . fallax genome v0.5. We detected no homologues for the
gametophytic tissues (Supp. Fig. S3). M20D peptidase genes in peat moss, although the positive

We conclude that the transference of these three amido-  control searches for the three conserved genes identified

hydrolases had little impact on auxin conjugate regulation  orthologues for each (data not shown).
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In addition to the sphagnum genomic analysis, we per-
formed BLAST searches on moss transcriptome data from
the 1000 plants Web site (onekp.com). The 1000 plants Web
site (Matasci et al. 2014) stores transcriptomic data from 41
moss species. We employed the MpILR1 gene from liver-
wort as well as the AtILR1 Arabidopsis hydrolase as BLAST
probes. We detected no M20D peptidase orthologues in
any of the 41 species probed using both DNA and protein
sequences.

Our results therefore suggest strongly that the charo-
phytic-derived M20D peptidase homologue may have been
universally lost from mosses after divergence from the com-
mon ancestor with liverwort. The lack of any prokaryote-like
amidohydrolase orthologues in the moss species probed in
the 1000 plants Web site also suggests that P. patens may
have been unique among mosses to undergo HGT and restore
peptidases back into its genome. These results support that
moss is indeed a “dead-end” for auxin conjugate hydrolysis
and that the clade may be unique among all Plantae to not
possess this regulatory plant-type hydrolase even in the “low
functioning” state of the liverwort MpILR1 (Campanella
et al. 2018).

HGT Timing and Hydrolytic Activity in P. patens

It is difficult to propose at what point in evolution the ami-
dohydrolase HGT took place from bacteria to P. patens.
Because this species is between 425 and 450 million years
old, the transfer could have occurred anywhere from its ini-
tial divergence to relatively modern times—especially given
that we are probably not talking about a single event. Note
that since PpIAR32 (Fig. 2) bears such low similarities to
the others at 36% (PpIAR33) and 22.9% (PpIAR34), they are
unlikely to have arisen from gene duplication from PpI/AR32.
However, it is possible that PpIAR33 arose from PpIAR34
from gene duplication (or vice versa) because the similarity
between those two genes is much higher at 48.0%. Therefore,
there were probably at least two HGT events.

The two to three transfer events could have taken place
with potentially millions of years between each. However,
the lack of observed bacterial orthologues for this gene fam-
ily in tracheophytes suggests that they were likely transferred
more recently in evolutionary time to P. patens, long after
the common ancestor for moss and vascular plants. Another
factor that suggests relatively recent HGT is that all three
hydrolases retain their hydrolytic activity. If they remained
tens of millions of years under neutral selection in the moss
genome, they would most likely have lost activity through
many random background mutations.

Whether the transfer from bacteria occurred early or
more recently in evolutionary time, P. patens, and per-
haps peat moss as well, appears to have differentially lost
the “original” auxin amidohydrolase inherited from the

common charophytic algal ancestor that it shares with
liverwort (Hori et al. 2014). Although we find homo-
logues for the Klebsormidium flaccidum amidohydrolase
(GAQ79540.1) in liverwort, and tracheophytes starting
with fern, we cannot find evidence of an orthologue for
this gene in P. patens. If this “original” moss enzyme
was lost and HGT eventually supplied new, though non-
expressed hydrolase orthologues, we can initially conclude
that Ludwig-Miiller et al.’s (2009a) proposal that moss is
a dead end for conjugate hydrolysis appears to be correct.

However, discounting the activity of these three ami-
dohydrolases creates a difficulty in explaining our experi-
mental observations. Exogenous treatment of P. patens
tissues with auxin conjugates yielded detectable auxin
hydrolysis and release. There are three possibilities to
explain the observed in vivo hydrolysis.

First, it is conceivable that there is an uncharacter-
ized, expressed enzyme in the moss genome that bears
little homology to the M20D peptidases and hydrolyzed
the exogenous auxin conjugates. Given that we and oth-
ers (Bock 2009; Yue et al. 2012; Fang et al. 2017) have
detected multiple HGT events in plants, it is feasible
that an additional HGT event brought in a trans-specific
enzyme to the P. patens genome, for example from virus
or fungi, that we cannot detect by homology searches with
plant genes.

Second, there may be additional M20D paralogues in P.
patens that are expressed. This seems possible, but we have
done extensive BLAST searches on P. patens v3.3 and found
no other expressed amidohydrolases. However, a putative
hidden paralogue may be undetectable because the v3.3
version may still be an incomplete reflection of the moss
genome. In light of this hypothesis, Smolko et al. (2018)
reported in a recent review the detection of at least one
expressed amidohydrolase (Pp1s9535_1V6.1) in an unre-
leased v6.1 of the P. patens genome for which transcriptome
data are available at the Physcomitrella eFP browser at bar.
utoronto,com (Ortiz-Ramirez et al. 2016). In addition, mod-
eling revealed that the v6.1 enzyme bears high homology
to the Arabidopsis AtILL2 protein (Arabidopsis thaliana
ILRI-like) (Smolko et al. 2018), indicating that it could be
an active enzyme in Plantae. However, as seen in this pre-
sent study, the v6.1 protein also has higher homology to
bacterial sequences than to plant hydrolases. Our BLAST
search of P. patens on Phytozome with the Pp1s9535_1V6.1
sequence did not appear in the Lang et al.’s (2018) v3.3 of
the sequence database.

The third—Ileast likely—possibility is that we are see-
ing background degradation, and the chemical milieu of
our negative control buffer did not sufficiently complement
that of the inside of the moss tissue in terms of pH, ion
concentration, etc. to manifest similar background degra-
dation. It may be that auxin conjugate degradation can also
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occur within moss tissues because of specific chemico-
physiological conditions and not just because of peptidases
present.

Of course, it cannot be ruled out that very low expression,
not detected by us or Lang et al. (2018), occurs that would
lead to enough protein present to explain the basal levels of
hydrolytic activities we see after incubation of plants with
different IAA amide conjugates.

Although we cannot detect the charophytic-descendent
of the auxin conjugate amidohydrolase gene in the P. pat-
ens genome, the ability to synthesize auxin conjugates for
regulatory purposes appears to still be present. Ludwig-
Miiller et al. (2009b) found that the PpGH3 synthetases can
produce: TAA-Ala, -Asp, -Gln, -Glu, -Gly, -Ile, -Leu, -Met,
-Trp, -Val, and -Cys. Physcomitrella can even synthesize
ester conjugate compounds (Ludwig-Miiller et al. 2009b).

Although no one has examined P. patens to determine
which auxin conjugate is the native product, the most likely
of these compounds to be present in vivo may be IAA-Val,
because this conjugate has been found commonly in several
other moss species (Sztein et al. 1999). A more recent study
from Drabkova et al. (2015) examined conjugates present in
a large number of bryophytes and found the most common
moss conjugate was IAA-Aspartate at low concentrations.
They concluded that liverworts prefer conjugation as a regu-
latory scheme while mosses favor degradation strategies to
maintain homeostasis. This conclusion would also support
the “dead-end” hypothesis.

Conclusion

Auxin conjugate degradation in P. patens appears to have
diverged from the pathway beginning in algae and liver-
wort (Campanella et al. 2018). Tracheophytes and hornworts
are thought to have a common ancestor, whereas mosses
diverged at an earlier point (Ligrone et al. 2012; Shen et al.
2017). Both bryophyte lineages are thought to come from
a common ancestor with liverwort. If hornworts and tra-
cheophytes indeed have a common ancestor that diverged
away from mosses, then we may find the same conserved
hydrolase in hornwort (Fig. 4).

It is possible that mosses, when they diverged away from
the hornwort/tracheophyte line, lost this gene (Fig. 4). We
will not know how pervasive that loss may have been until
we look at the genomes of other moss species. In addition,
we need to examine hornwort with the same physio-evolu-
tionary questions that we have considered here. Does horn-
wort retain the auxin hydrolase conserved in tracheophytes,
does this putative hornwort enzyme have greater hydrolytic
activity than MpILR1, and is regulation by auxin conjugate
hydrolysis an active process in hornwort?

@ Springer

Hornwort?  Tracheophytes

Moss? (P. patens)

Liverwort

Charophytic algae

Fig.4 Proposed model of how the conserved M20 aminopeptidases
evolved from algae up into Plantae. The dark, thick contiguous line
indicates the diverging path through which we believe the gene family
has evolved. The dotted line to hornwort indicates a lack of informa-
tion on the genome. The thinner line into moss indicates that other
than P. patens, the process of molecular evolution of this family is not
clarified in this group of bryophytes. The model is based on that of
general bryophyte evolution from Ligrone et al. (2012)
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